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Abstract

:

Titanium nitride (TiN) thin films deposited by high-power pulsed magnetron sputtering usually have a high compressive residual stress, which is not conducive for the adherence of TiN thin films. This study investigated the potential of Ti2AlN for releasing the compressive residual stress of HPPMS-deposited TiN thin films and evaluated the adherence strength and hardness of TiN/Ti2AlN multilayers by introducing the Ti2AlN MAX phase to form TiN/Ti2AlN multilayers. The results showed that smooth TiN/Ti2AlN multilayers with the TiN (111) and Ti2AlN (002) textures were successfully synthesized by HPPMS deposition and subsequent vacuum annealing. The compressive residual stress in TiN was released by Ti2AlN. The adherence strength of the TiN/Ti2AlN multilayers was improved after the release of the compressive residual stress, and the hardness of TiN/Ti2AlN multilayers was close to the annealed TiN. This study provides a novel approach for releasing the residual stress of hard ceramic thin films using the MAX phase.
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1. Introduction


Titanium nitride (TiN) thin films deposited by direct current magnetron sputtering (DCMS), with physical/chemical stability and wear and corrosion resistance, are widely used in the surface modification of metals [1]. However, DCMS sputter species with a low ionization ratio produce defects such as holes and cracks in the TiN thin film and restrict its application in conditions that cause wear and corrosion [2]. Recently, an ionized physical vapor deposition technique called high-power pulsed magnetron sputtering (HPPMS) [3] has emerged for texture, low surface roughness [4], dense, and defect-free TiN thin film deposition.



During the TiN thin film deposition by HPPMS, ion bombardment creates compressive residual stress [5], which affects the adherence of TiN thin films to a substrate [6] and reduces the wear and corrosion resistance of films [7]. Introducing a Ti layer to form a Ti/TiN multilayer reduces the compressive residual stress and improves the adherence strength of thin films, which is ascribed to the plastic deformation of Ti [8]. However, the soft Ti layer reduces the hardness of thin films. Therefore, an interlayer with plastic deformation to release the compressive residual stress of TiN and high hardness to maintain the hardness of the TiN multilayer must be urgently developed.



MAX phases, a thermodynamically stable nanolaminate, has unique properties combining ceramics and metals [9]. Ti2AlN is a type of MAX phase, and its thin film has been successfully synthesized by physical vapor deposition (PVD) [10] or vacuum annealing (Ti+Al)/AlN multilayers [11]. In our previous work, a Ti2AlN thin film synthesized by the vacuum annealing of Ti/AlN multilayers deposited by HPPMS was shown to have a hardness of 32.5 ± 2.1 GPa [12]. In this work, we formed TiN/Ti2AlN multilayers by introducing Ti2AlN; this technique allowed us to study the potential of Ti2AlN for releasing the compressive residual stress of HPPMS-deposited TiN thin films. Moreover, the microstructure and mechanical properties of TiN/Ti2AlN multilayers, such as adherence and hardness, were also evaluated.




2. Experiments


The Ti/AlN layer transforms to the Ti2AlN phase during annealing at 600 °C [12]. A method with two steps of multilayer thin film deposition followed by vacuum annealing was chosen to prepare TiN/Ti2AlN multilayers with different modulation periods and ratios, as shown in Table 1. First, the TiN/(Ti/AlN) multilayers were deposited onto polished stainless steel (SS, 316 L, φ = 10 × 1.5 mm2) and a silicon wafer (Si, 30 × 10 mm2) by an unbalanced magnetron sputtering system [13] with a high-power pulsed magnetron sputtering (HPPMS) power source (HPS-450D, Chengdu Pulse Tech, Chengdu, China), as showing in Figure 1a. Specifically, 12 nm AlN was deposited followed by 18 nm Ti deposition for yielding high-quality crystallization Ti2AlN [12], and 30 or 60 nm TiN was deposited in sequence. These steps were repeated 4 or 6 times for multilayer fabrication, and the resulting samples are called as-deposited TiN/(Ti/AlN) multilayers. The as-deposited TiN/(Ti/AlN) multilayers were then vacuum annealed at 600 °C for the synthesis of TiN/Ti2AlN multilayers. The schematic diagram of TiN/(Ti/AlN) and TiN/Ti2AlN multilayers is given in Figure 1b. The thickness of TiN/Ti2AlN multilayers was controlled to be approximately 360 nm. A 200-nm Ti interlayer, deposited by DCMS at 500 W, was introduced to improve the adherence of the multilayers to their substrate. The TiN deposition parameters were the same as those used in our previous work [6], and the Ti and AlN deposition parameters and vacuum annealing process were identical to that of our previous work [12]. For comparison, a 360 nm monolithic TiN thin film was fabricated with the same deposition parameters.



X-ray diffraction (PANalytical, X’pert, Eindhoven, The Netherlands) in θ–2θ mode with Cu-Kα radiation was employed to explore the crystalline structures of the as-deposited and annealed TiN/(Ti/AlN) multilayers. Field-emission scanning electron microscopy (JEOL, JSM-7100F, Tokyo, Japan) was employed to observe the surface and cross-section microstructures of the as-deposited and annealed TiN/(Ti/AlN) multilayers. The surface roughness of the as-deposited and annealed TiN/(Ti/AlN) multilayers was measured by means of atomic force microscopy (Bruker, Multimode 8, Dover, DE, USA) in a semi-contact (tapping) mode with a scan area of 1 μm × 1 μm. The adherence of the as-deposited and annealed TiN/(Ti/AlN) multilayers was evaluated by means of a scratch tester (Lanzhou Institute of Chemical Physics, MFT-2000, Lanzhou, China) fitted with a spherical Al2O3 indenter in the dimension of a 6 mm diameter. A nano-indentation tester (Agilent, Nano Indenter G200, Santa Clara, CA, USA) was used to examine the hardness of the as-deposited and annealed TiN/(Ti/AlN) multilayers in the load–unload mode with a force of 1 mN.




3. Results and Discussion


Figure 2 shows the θ–2θ XRD results of the as-deposited and annealed TiN/(Ti/AlN) multilayers with different TiN/(Ti/AlN) modulation periods and ratios on SS substrate. All the as-deposited and annealed TiN/(Ti/AlN) multilayers were crystallized. As shown in Figure 2a, the diffraction peaks of the as-deposited TiN thin film were TiN (111), Ti, and SS substrate. For the as-deposited multilayers of TiN:(Ti/AlN) 2:1, the diffraction peaks were TiN (111), Ti, and SS substrate. The diffraction peaks of AlN were not observed, which could be ascribed to the limited AlN proportion in multilayers. In the as-deposited multilayers of TiN:(Ti/AlN) 1:1, except for TiN (111), Ti, and SS, substrate diffraction peaks were observed, and the AlN phase was identified.



After vacuum annealing, as shown in Figure 2b, the diffraction peaks of the annealed TiN thin film were TiN (111), Ti, and SS substrate. For annealed TiN/(Ti/AlN) multilayers with different modulation periods and ratios, except for TiN (111), Ti, and SS, the substrates were identified, and the Ti2AlN diffraction peak was also observed, indicating that the TiN/Ti2AlN multilayers were successfully synthesized. A comparison of the results to the standard powder XRD peaks (PDF#38–1420 [14]) of TiN showed that the TiN in the as-deposited TiN/(Ti/AlN) and TiN/Ti2AlN multilayers had an (111) out-of-plane texture. In addition, the Ti2AlN peak was around 12–13°, suggesting that the Ti2AlN phase had an (002) out-of-plane texture [15], which is due to the high ionization fraction of the plasma flux of HPPMS [12].



It is worth noting that the TiN (111) diffraction peak shifted to a lower angle in the as-deposited TiN/(Ti/AlN) multilayers, and the shift increased as the TiN:(Ti/AlN) modulation ratio decreased from 2:1 to 1:1, as shown in Figure 2c. The shifts to a smaller angle of the TiN (111) diffraction peak of HPPMS as-deposited TiN thin film was ascribed to the compressive residual stress in the thin film, and a higher compressive residual stress exhibits a higher shift [6]. Therefore, the as-deposited TiN/(Ti/AlN) multilayers had a compressive residual stress, and the compressive residual stress increased as the TiN:(Ti/AlN) modulation ratio decreased from 2:1 to 1:1. There is lattice mismatch between the Ti and AlN interface, which generates compressive residual stress [12]. As the modulation ratio decreased from 2:1 to 1:1, the interface density in the as-deposited TiN/(Ti/AlN) multilayers increased, resulting in a higher compressive residual stress.



After vacuum annealing, the TiN (111) diffraction peak of the annealed TiN thin film shifted to a lower angle. However, the TiN (111) peaks of the TiN/Ti2AlN multilayers did not shift, indicating that the compressive residual stress in the TiN/Ti2AlN multilayers was released. The annealing process could release residual stress in magnetron sputtering deposited thin films [16], and the compressive residual stress of TiN was partly released. The Ti2AlN phase has the potential for releasing the TiN internal stresses in electric current-assisted sintering bulk materials [17]. In addition, the compressive residual stress of TiN thin film can be reduced by the plastic deformation of Ti [8]. Therefore, the compressive residual stress in TiN/Ti2AlN multilayers may be further released, especially by a (002) textured Ti2AlN [18].



In summary, the TiN/Ti2AlN multilayers with TiN (111) and Ti2AlN (002) texture were successfully synthesized by HPPMS deposition followed by vacuum annealing. In addition, the compressive residual stress in TiN/Ti2AlN multilayers was released by Ti2AlN.



Figure 3 shows the surface and cross-section morphologies of the as-deposited TiN/(Ti/AlN) and annealed TiN/Ti2AlN multilayers on Si substrate. The TiN/(Ti/AlN) and TiN/Ti2AlN multilayers in this study had a smooth surface, without defects such as holes and cracks. The high fraction of ions in the plasma flux of HPPMS enhanced the diffusion of adatoms, which suppressed the formation of defects. Hillocks, which are the protrusions of grain, appear on the surface of the multilayers. After vacuum annealing, the hillocks on the surface did not change.



The cross-section scanning electron microscope image shows that, during vacuum annealing, Ti reacted with the Si substrate. It has been reported that the vacuum annealing process has the advantages of lowering the Ti2AlN synthesis temperature and improving the phase purity of Ti2AlN [12]. However, the reaction between the Ti interlayer and the Si substrate may limit the application of TiN/Ti2AlN multilayers. The as-deposited and annealed TiN showed a typical columnar cross-section structure. The as-deposited TiN/(Ti/AlN) multilayers demonstrated a well-defined multilayer structure with distinct interfaces. After vacuum annealing, the TiN/Ti2AlN multilayers maintained a well-defined multilayer structure. In brief, the TiN/Ti2AlN multilayers, fabricated by HPPMS deposition and subsequently vacuum annealing, had a compact structure without defects such as holes and cracks.



To further investigate the surface quality of multilayers, AFM was employed to outline the surface geomorphologies of the TiN/(Ti/AlN) and TiN/Ti2AlN multilayers on the SS substrate, and the results are shown in Figure 4. The surface roughness (Rms) of the TiN/(Ti/AlN) and TiN/Ti2AlN multilayers was lower than 3 nm. The TiN/(Ti/AlN) multilayer was deposited by HPPMS, and the high fraction of ions in the plasma flux generated by HPPMS enhanced surface diffusion to produce a smooth surface [19]. During vacuum annealing, because the annealing temperature and duration were moderate [20], the smooth feature was reserved in the TiN/Ti2AlN multilayers.



Figure 5 shows the scratch topographies of the TiN/(Ti/AlN) and TiN/Ti2AlN multilayers on an SS substrate. The as-deposited TiN thin film began to peel off and crack after the load increased to 40 N. In the as-deposited multilayers of TiN:(Ti/AlN) 2:1, the multilayers peeled off and cracked when the load increased to 30 N. As the TiN:(Ti/AlN) modulation ratios approached 1:1, when the load increased to 20 N, the multilayers peeled off and cracked.



After vacuum annealing, the TiN peeled off and cracked at a load of 60 N. For the multilayers of TiN: Ti2AlN 2:1, the peeling-off of the multilayers occurred at a load of 70 N. However, for the multilayers of TiN: Ti2AlN 1:1, after the load was increased to 100 N, the multilayers were not peeled off, indicating that the multilayers have a high adherence strength to the SS substrate.



The peeling-off of thin films from the substrate in the scratch test is called adhesive or cohesive failure, and this failure is primarily related to stress concentration at the thin film substrate interface [21]. Higher compressive residual stress accelerates the stress concentration at the interface between the thin film and the substrate, which deteriorates the adherence of the thin film to the substrate. By reducing the compressive residual stress in hard ceramic thin film, the adherence strength is improved [22]. In this study, the as-deposited TiN/(Ti/AlN) multilayers had a compressive residual stress that reduced their adherence strength. After vacuum annealing, the compressive residual stress in the multilayers was partially released, and the adherence strength of the annealed multilayers was improved. In addition, the introduction of Ti2AlN further released the compressive residual stress in the TiN/Ti2AlN multilayers and increased the adherence strength of the layers.



Figure 6 shows the load-unload curve, elastic modulus, and hardness of the TiN/(Ti/AlN) and TiN/Ti2AlN multilayers on the SS substrate. In the nano-indentation test, the indentation depth was less than 40 nm, which is close to 1/10th the thickness of the multilayers. This indicates that the presented hardness is a composite hardness of the multilayers and substrate [23]. Since the thickness of multilayers is fixed and the SS substrate was used for all test samples, the hardness varied following the hardness behavior of the multilayers.



The nano-indentation hardness and elastic modulus of the as-deposited TiN were 40.3 ± 5.4 and 546 ± 48 GPa, respectively. The H/E* was 0.081, and the H3/E*2 was 0.264. For the multilayers of TiN: (Ti/AlN) 2:1, the nano-indentation hardness and elastic modulus were 30.6 ± 5.0 and 374 ± 42 GPa, respectively, the H/E* was 0.089, and the H3/E*2 was 0.245. As the TiN:(Ti/AlN) modulation ratio approached 1:1, the nano-indentation hardness and elastic modulus of the multilayer became 26.2 ± 4.3 and 361 ± 44 GPa, respectively. The H/E* was 0.079 and the H3/E*2 was 0.167.



After vacuum annealing, the nano-indentation hardness and elastic modulus of TiN were 37.6 ± 3.4 and 531 ± 43 GPa, respectively. The H/E* was 0.078 and the H3/E*2 was 0.233. For the multilayers of TiN: Ti2AlN 2:1, the nano-indentation hardness and elastic modulus were 33.6 ± 3.2 and 433 ± 32 GPa, respectively, the H/E* was 0.086, and the H3/E*2 was 0.248. For TiN/Ti2AlN multilayers with a TiN:Ti2AlN modulation ratio of 1:1, the nano-indentation hardness and elastic modulus of the multilayer were 36.9 ± 5.2 and 447 ± 47 GPa. The H/E* was 0.091 and the H3/E*2 was 0.311, which is higher than the HPPMS-deposited TiN [24]. The elastic modulus of Ti2AlN was 334 ± 40 GPa [12], which resulted in the elastic modulus of TiN/Ti2AlN multilayers being lower than that of monolithic TiN.



The hardness of Ti was far below that of TiN, in the as-deposited TiN/(Ti/AlN) multilayers, the hardness of the multilayers decreased with an increase in the thickness proportion of Ti/AlN. However, the hardness of Ti2AlN was 32 GPa [12], which is close to the hardness of TiN. Therefore, the addition of Ti2AlN does not cause a rapid decline in the hardness of TiN/Ti2AlN multilayers, and the hardness of TiN/Ti2AlN multilayers was close to that of the annealed TiN. Combined with the XRD results, it can be inferred that the introduction of Ti2AlN released the compressive residual stress of TiN without reducing its hardness. H/E* and H3/E*2 are related to the toughness of thin films, and the increase of H/E* and the H3/E*2 value represents an enhancement of thin film toughness. After the introduction of Ti2AlN, the H/E* and H3/E*2 value of TiN/Ti2AlN multilayers increased, meaning the toughness of the multilayers increased.




4. Conclusions


In this study, TiN/Ti2AlN multilayers were successfully synthesized by the HPPMS deposition technique, which has high plasma density and a high degree of ionization for the sputtered species and, subsequently, vacuum annealing. The TiN/Ti2AlN multilayers had high-quality crystallization, were smooth without defects such as holes and cracks, and were textured with TiN (111) and Ti2AlN (002). After vacuum annealing, the compressive residual stress in TiN was fully released by Ti2AlN. Because of low compressive residual stress, the adherence strength of HPPMS-deposited TiN/Ti2AlN multilayers was improved during the scratch test. The hardness of TiN/Ti2AlN multilayers was 36.9 ± 5.2 GPa, which was close to the annealed TiN, and the elastic modulus was 447 ± 47 GPa. The introduction of Ti2AlN can release the compressive residual stress of TiN and does not bring about a decrease of TiN hardness. This provides a novel concept for releasing the residual stress of hard ceramic thin film by means of MAX phase, and it is promising for improving the performance of TiN as a protective thin film in a wear and erosion environment.
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Figure 1. Schematic diagram of the high-power pulsed magnetron sputtering system (a) and the as-deposited TiN/(Ti/AlN) and TiN/Ti2AlN multilayers (b). 
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Figure 2. θ–2θ XRD spectra of the as-deposited (a) and annealed (b) TiN and TiN/(Ti/AlN) multilayers on SS substrate, and the TiN (111) plane shift (c). 
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Figure 3. Surface and cross-section SEM image of the TiN, TiN/(Ti/AlN), and TiN/Ti2AlN multilayers. 
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Figure 4. AFM image of the TiN/(Ti/AlN) and TiN/Ti2AlN multilayers. 
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Figure 5. Scratch topographies of the TiN/(Ti/AlN) and TiN/Ti2AlN multilayers. 
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Figure 6. Load–unload curve, elastic modulus, and hardness of the TiN/(Ti/AlN) (a) and TiN/Ti2AlN (b) multilayers. 
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Table 1. Modulation period and ratio of TiN/(Ti/AlN) and TiN/Ti2AlN multilayers.
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Sample Name

	
TiN:Ti2AlN

Modulation Ratio

	
TiN + Ti2AlN

Modulation Period (nm)

	
Thickness (nm)




	
TiN

	
Ti2AlN






	
TiN

	
-

	
-

	
360

	
-




	
TiN: Ti2AlN 2:1

	
2:1

	
90

	
60

	
30




	
TiN: Ti2AlN 1:1

	
1:1

	
60

	
30
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