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Abstract

:

This paper describes a physical vapor deposition (PVD) coating equipment, as well as the according deposition parameters suitable to provide hard nitride coatings on broaches up to a length of 2.2 m. The octagonal-shaped vacuum chamber reached a height of 4.5 m and a diameter of 1.2 m. To explore a sufficient and reproducible film, an adhesion test sample and tools were subjected to a pretreatment in a Cr2+ Ar+ high-power impulse magnetron sputtering (HIPIMS) plasma prior to the actual film deposition. Two deposition methods were applied: reactive unbalanced magnetron (UBM) sputtering was introduced to deposit TiAlN-based coatings from Ti50Al50 2.5 m long targets. Alternatively, multilayer coatings were generated by reactive simultaneous UBM sputtering from Ti50Al50 and TiAl6V4 targets, respectively, and chromium targets utilizing high-power impulse magnetron sputtering (HIPIMS) technology. In the latter case, three cathodes were furnished with 0.9 m long targets lined up upon each other. A segmented UBM cathode design was described to meet economic deposition if varying tool sample lots in the deferring workpiece lengths have to be handled in industrial practice. The resulting (TiAl/Cr)N multilayer coatings attained typical hardness values of HV 2800 and an adhesion measured by critical load up to 50 N. The cutting performance of this coating was evaluated by simulated shaping tests over a test length of 210 m on C 45 steel. The (TiAlV/Cr)N showed an improved wear behavior by factor of 2 to 3 compared to TiN deposited by cathodic arc operated in an industrial PVD coater. A real comparison was undertaken, applied to a 1.3 m long model broach. (TiAl/Cr)N showed a prolongation in industrial lifetime by 150% compared to TiN.
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1. Introduction


Broaches are elongated, slightly tapered cutting tools used for removing materials and precision finishing of the inner surface of circular or noncircular holes in engineering parts for automotive and other industries [1]. The dimensions of these tools may vary in an astonishing wide range, covering diameter dimensions up to 0.5 m and up to 2.5 m in length. Broaches are fabricated single piecewise either of high-speed steel (HSS) or tungsten carbide (WC). To prolong the lifetime of these expensive tools in industrial use, it is state of the art to protect them with hard coatings. Physical vapor deposition (PVD) is a useful deposition technology. Today, the cathodic arc process is the favoured method of deposition, introducing TiN as coating material. Figure 1 illustrates such an example, showing also the huge geometrical dimensions inside the coating equipment described below, outlining differing tool dimensions (Figure 2a). The open vacuum chamber with an inner diameter of 1.2 m is loaded; e.g., with a TiN-coated broach 0.5 m in diameter. Besides TiN, the multicomponent coating CrAlN has found broad industrial application as well. Due to its high Al content (approx. 70 at.%), this coating is particularly suited to application if dry cutting at enhanced cutting speeds is demanded [2] (Oerlikon Balzers GmbH).



The coating technology described in this paper was based on early experiments on TiAlN [3,4]. TiAlN-coated twist drills coated by UBM clearly outperformed TiN-coated tools under dry-cutting operations (number of achieved holes: uncoated 25; TiN 143; TiAlN 365). This must be correlated with an increased resistance against oxidation, as has been confirmed according to gravimetric studies. TiAlN coatings show temperature stability up to 700 °C, whereas TiN begins to oxidize already at 500 °C, similar as HSS. Additionally, V has been incorporated into the here-investigated TiAl-based coating. V enhances the hardness of the coating [3]. Furthermore, it promises to reduce the friction coefficient of a TiAlN/VN coating, where the friction coefficient drops from 0.9 at 500 °C to 0.18 at 700 °C [5]. Therefore, the actual temperature on the cutting edge itself should be reduced as well. This is certainly a beneficial side effect. A broad survey on TiAlN-based coatings was published in [6].



Besides titanium, aluminum, and vanadium, chromium played a substantial role in this PVD project. Introducing HIPIMS chromium dominated not only the film architecture, but it also controlled the reproducibility of the film adhesion. Altogether, coatings consisting of these elements allow a droplet-free film deposition of hard coatings, if using a UBM and HIPIMS technology suited for dry, fast, high-temperature cutting operations is demanded.



Prior to the development program based on (TiAlV/Cr)N multilayer coatings specialized to coat expensive broaches, methods of the cathodic arc technology have been considered with respect to its well-known positive adhesion properties. There, a pretreatment of the substrate surface takes place under the influence of multiple ionized metal atoms. In this context, comprehensive results on metal ion concentrations in arc discharges have been published in [7], reporting, e.g., multi-ionization on Cr2+, Ti3+, and W6+. Utilizing such ions by applying a negative substrate/tool bias in the range of typically >/=1000 V, metal atoms are implanted into steel substrates in advance of the actual film deposition. If one deposits on such a pretreated steel surface, transition-metal nitride-coating-enhanced adhesion was observed, promoted by metal ion bombardment and correlated epitaxial growth [8]. An industrial research program was carried out with respect to equipment design [9,10,11,12]. This combined deposition method was introduced to the PVD coating industry and designated as arc bond sputtering (ABS) technology [10]. However, this approach suffers under a generation of “droplets” inherent to the cathodic arc process. However, the resulting droplet concentration was markedly reduced in comparison with an overall cathodic arc deposition procedure, if applied as pretreatment only [13]. To eliminate the droplet effect completely, the HIPIMS [14,15,16,17] process was introduced into the deposition technology in the present project. Similar to cathodic arc plasma, the HIPIMS process provides metal ions. Choosing chromium as target material, Cr+ and Cr2+ were analyzed in [18]. After applying a negative substrate bias, chromium was implanted, therefore similar to the case of the cathodic arc process. In addition, a substrate cleaning took place by the superimposed etching effect caused by the bombarding Ar+ ions present in the UBM glow discharge. Therefore, a substantial but also reproducible increase in adhesion of the deposited UBM hard coating was observed [18,19]. In addition, particular attention has been paid to the simultaneous operation of HIPIMS [20,21,22] and UBM sputter deposition. State-of-the-art target materials were used in this special project. As described below in more detail, one UBM cathode was furnished with a powder-metallurgically prepared Ti50Al50 target. A TiAl6V4 metal alloy target was attached to a second UBM cathode. Powder-metallurgically prepared chromium targets were attached to three HIPIMS cathodes.




2. Materials and Methods


2.1. Equipment Design


Figure 2a outlines the horizontal cross section of the octagonal vacuum chamber schematically. The height of the chamber amounted to 4.5 m and the diameter was 1.2 m. Two large doors of full-chamber height were mounted to a slim chamber frame, thus allowing full access to the chamber inside. Two cathode bodies 2.5 m in length and 0.17 m in width were installed from the chamber outside into the chamber doors. One cathode per door provided UBM operation. The two cathodes were furnished with 12 mm thick Ti50Al50 and with TiAl6V4 targets. These targets were segmented into two parts at a length ratio of 2 to 1 as explained later, and as indicated by Figure 2b schematically. Three 0.9 m long and 0.12 m wide cathodes were furnished with 8 mm thick chromium targets opposing the UBM targets.



Figure 2b describes that in one case, two HIPIMS cathodes, including targets T1 and T3, were installed at a precisely defined distance in one door. The third cathode, T2, was placed in a parallel direction in the second door. If lined up in one row, the ends of T1 and T3 would slightly overlap the ends of cathode T2, which can be seen in Figure 2b. Two vertically adjustable steel plates protected each UBM cathode as shutters against cross contamination, when the chromium targets had to be sputter-cleaned by Ar+ prior to the actual deposition process, or when the cathodes were operated sectionwise.



As indicated by Figure 2a, there was free excess to the cathode bodies, showing also on the surface of the mounted target the magnetron-specific racetrack shaped by the permanent magnetic field arrays [3,4]. The magnetic field arrays could be controlled with respect to their distance to the cathode rear simply from the chamber outside (explained briefly in [11]). This opened up the opportunity to introduce a “fine trim” of the distance between the magnetic array to the cathode rear, and therefore also the increasingly developing groove-shaped target on the front side. While the target erosion was progressing during continuing usage, the magnetic field strength would increase in the direct depth of the groove. The magnet arrays were equipped with a “lifting” system [11]. An automatically controlled distance guaranteed a constant magnetic field strength of 35 mT, practically in the bottom of the target groove [11] according to the degree of target erosion. All cathodes, both UBMs and HIPIMs, were equipped with such an automatic magnetic lifting system In addition, the UBM cathodes were surrounded by electromagnets extending over the total cathode length. These coils were again mounted from outside to the chamber doors. Designated as “booster coils” (12 windings), these electromagnets allowed us to push the magnetic fields and therefore the generated plasma deeper towards the chamber centre. Figure 2a,b also shows an anode positioned directly between the two UBMs. On the rear side of the anode body, the central gas inlet tube was mounted. Figure 2a,b also indicates the position of the turbo molecular pumps. Five pumps were vertically distributed over a 2.5 m target length, which is outlined in Figure 2b. Furthermore, the position of heating elements is shown in Figure 2b. Special care was taken in the design of the turntable. One should take into account that the turntable might have to carry up to one ton of tool weight, depending on the diameter and length of the broaches. The turntable rotated at 2 rpm. At least a twofold rotation of the tools was essential. The substrate rotation amounted to 7 rpm per one rotation of the table. It was also important that the twofold rotating tools remained close to the cathodes when passing them during the first rotation movement. A distance range of 120 to 170 mm was anticipated. This allowed direct and intensive contact with the plasma in front of the targets, which was a precondition for dense film growth. It is worthwhile to recall the enormous distances existing between the targets and the “shadow” side of the rotating tools. Only the appropriately combined operation of cathode discharges, booster coils, and anodes would guarantee successful deposition of dense hard coatings.



Figure 3a shows a view into the open chamber. Figure 3b shows an overall survey of the closed equipment, including the control panel. Besides three TiN-coated broaches, there were also two vertically placed UBMs outlining the “race traces” typical for planar magnetrons. Hidden by the broach on the right-hand side, one of the HIPIMS cathodes becomes visible; however, it was covered by a shutter and was not easy to identify. Power supplies, the roots blower, and rotation pumps were located in the cellar below the equipment.




2.2. Power Supplies


Both UBMs were equipped with 3 independently controlled, 15 kW DC power supplies per cathode. To generate the UBM plasma, the supplies were operated in constant current mode. The booster coils were fed by 180 A DC. The anode located between the two UBMs was connected to a DC power supply (250 V/200 A max). The HIPIMS cathodes, as well as the turntable carrying the substrates, were each connected to 20 kW pulse generators. They were process oriented, and they could be switched from pulse mode to DC mode. In pulse mode, they were operated at a pulse frequency of 100 to 500 Hz. The pulse width could be set to 50, 80, 160, up to 600 µs. The pulse height reached up to −1000 V. The typical pulse current amounted to 950 A.




2.3. Analyses of HIPIMS Plasma


The application of HIPIMS dominated the practicability of the here-described PVD deposition technique essentially. A better understanding of the deposition conditions was provided by the optical emission spectra (OES) [23]. Particular importance was ascribed to the degree of Cr ionisation itself, as well as to the extension of the plasma into the chamber space.



For test purposes, a model HIPIMS discharge was prepared using the following HIPIMS parameter settings only on cathode T2: pure Ar atmosphere 2.10−3 mbar; 15 kW on T2 cathode, −1000 V/500 Hz/80 µs. The OES sensor was placed in two positions, at a “near” distance of 300 mm (Figure 4a) and at a “far“ distance of 700 mm (Figure 4b) from the T2 cathode. The plasma was described using the indices Cr I ≡ Cr0; Cr II ≡ Cr+; and Cr III ≡ Cr2+. Peaks for Cr I and Cr II were indicated in both positions. Cr III, as predicted by [18], could not be detected in this special test arrangement. This may be explained either by the fact that Cr III ions were caught back by the cathode near magnetic field, or that the Cr III ions interacted in collisions with Ar atoms, which were present in high concentration. Therefore, the Cr III ions in low concentration might have been distributed along the rather long distance between the cathode and OES monitor positions.



However, at least Cr II was not detected in the case of a pure UBM plasma. The Cr II intensity amounted to a maximum of 40% of neutral Cr (Figure 4a) at a distance of 300 mm. Cr II signals were detected at wavelengths of 340, 359, 373, and 397 nm, with 359 nm as the main peak. If we compared the Cr II intensity at a distance of 700 mm, an intensity of 20% (Figure 4b) was observed as compared to the value at a distance of 300 mm. Cr II expanded therefore over half of the turntable diameter, thus allowing the assumption that at least a gentle metal-ion bombardment occurred during most of the substrate rotation period during HIPIMS pretreatment.




2.4. Segmentation of the UBM Process


To enhance the economy of the PVD production process, the UBM cathodes can be operated in two different extended target zones, as already indicated schematically in Figure 2b. In general, the cathodes may be furnished either with uniform single-piece targets or with targets in several pieces, depending on their availability, composition, or costs of manufacturing. In the case presented here, the overall target segmentation obeyed the ratio of 2:1. The longer segment (1.55 m) was assigned to coat tools up to a length of 1.4 m (CASE A). The rest of the target (0.95 m) was reserved to coat shorter tools up to 0.8 m in length, or to coat test samples for research purposes (CASE B). In the case of tools up to a length of 2 m, the coating procedure occurred in multiple sequential 2–5 min steps switching from (CASE A) to (CASE B). Figure 5 outlines the segmentation principles.



The UBM cathode bodies themselves extended over the complete length of 2.5 m. Two individual magnet array systems were placed inside these UBM cathode bodies. Their extension ranged at a 2:1 ratio. The distance between the magnet arrays was precisely optimized in order to provide uniform deposition rates over the entire cathode length. The magnetic fields generated by the long booster coils did not disturb this optimization procedure. As mentioned above, all magnet arrays installed in the equipment were furnished with magnetic lifting units. Besides the so-called “fine trim” controlling the target erosion progress, a so-called “coarse trim” allowed the activating and deactivating of the UBM discharge in the desired target area. Deactivation of the UBM effect was achieved by a cathode behind the magnet array at a distance of 100 mm. In comparison to the UBM activation procedure, the relevant HIPIMS adjustment turned out to be simple.



In (CASE A), two HIPIMS cathodes, T1 and T2, opposing the longer segments of the activated UBM cathodes were switched on. In (CASE B), only one HIPIMS cathode, T3, was in operation, opposing the shorter segments of the activated UBMs. Figure 5 illustrates the segmentation technique in colour. Red denotes the active situation, whereas GREEN denotes the passive case. The installed shutters provided protection for the passive UBM sections against cross-contamination during the deposition process caused by the active target segments. Coating of 2 m long broaches was achieved by the sequential operation of (CASE A) and (CASE B), as outlined above. The complete process was fitted out by automatic control in activating the involved power supplies, the “fine” and “coarse” trim of the magnet arrays, and the up-and-down movement of the shutter plates.



The segmentation of the deposition process offered a further advantage. The majority of actual tool-coating production lots will take place in (CASE A) mode. Moreover (CASE B) can be utilized to explore the performance of interesting research using shorter and therefore cheaper targets, as well as shorter test broaches. Eventually in (CASE B) mode, the incorporation of special materials into the coating, such as oxidation-reducing yttrium [24,25] or silicon, may be explored, particularly with respect to dry high-speed performance of broaches. Alternatively, the influence of plasma nitriding [26] prior to the tool-coating process might be of interest.




2.5. (CASE A) Deposition


Three types of hard coatings were investigated. Type 1 consisted of TiAlVN, while Types 2 and 3 consisted of (TiAlV/Cr)N. Before in vacuo treatment, a wet chemical cleaning of the selected substrates took place. The in vacuo treatment distinguished between four steps: (1) heating up the substrates to 400 °C in Ar+ 20% H2; (2) the actual HIPIMS pretreatment; (3) the formation of a so-called “ramping socket”; and (4) the actual deposition of the actual nitride hard coating. It is important to note that the test substrates were fixed to a cylindrical tube 60 mm in diameter to simulate film growth conditions comparable to those on the surface of the test broach with an identical diameter. The turntable rotated at 2 rotations per minute (first rotation). Substrates and the broach were subjected to a second rotation as outlined above. Steps (1), (2), and (3) were identical for all three types of coatings.



2.5.1. In Vacuo Pretreatment


When starting the deposition process, the chamber was pumped down to a residual pressure of 5 × 10−6 mbar. A typical leak rate of 5 × 10−5 mbar.l/s was evaluated. All parts were subjected to a heat treatment. The heaters indicated in Figure 2b operated at 570 °C, achieving a substrate temperature of 400 °C after a heating duration of 1.5 h.



A glow discharge in a pure Ar atmosphere (2 × 10−2 mbar; −800 V, 30 min) provided further preconditioning of the substrate surfaces. Based on the experience gained in [8,18], the samples were subjected to a 25 min HIPIMS bombardment initiated in an Ar atmosphere (2.5 × 10−3 mbar, Ar flow: 400 sccm). Each of the two corresponding HIPIMS cathodes initiated (compare with Figure 5) operated at 12 kW, −1000 V, pulse 500 Hz/pulse 160 µs. The anode was set to +200 V. The pulse height of −1000 V was kept constant over the total activation by applying the “fine trim”. The substrates were biased pulsewise (−800 V; 600 µs). During this procedure, chromium implantation and Ar etching took place.




2.5.2. Formation of the Ramping Socket


This phase of film deposition lasted over 15 min in total. The activation of the two chromium HIPIMS cathodes was continued with identical parameter settings. Both UBM discharges were initiated by ramping up the discharge current linearly from 10 to 30 A until a discharge voltage of −550 V was reached by using 2 of the 15 kW power supplies. The booster coils were fed by 180 A DC. At the same time, the nitrogen flow was ramped up linearly from 160 to 360 sccm. The voltage level was controlled by “fine trim” at a constant level of −550 V. Under such conditions, a UBM current density of 6 mA/cm² was provided over the complete target life. In parallel, the bias voltage provided by the dedicated HIPIMS power supply was switched into DC mode after 7 min of socket formation, and was ramped down from −500 V DC to −125 V DC linearly.




2.5.3. Deposition of Type 1 Coating


HIPIMS remained deactivated. UBM gas flow and bias settings continued to be unchanged. However, it was advantageous to use the two deactivated HIPIMS cathodes as anodes at a level of +200 V to pull the UBM plasma deeper into the chamber centre. The deposition time was 1 h 44 min, achieving a film thickness of 2.2 µm. The resulting deposition rate amounted to 0.35 nm/s. The color of the coating turned out to be dark violet.




2.5.4. Deposition of Type 2 Coating


The deposition of the Type 2 film was carried out by simultaneous operation of both UBM cathodes and the corresponding two HIPIMS cathodes, T1 and T2 [20,21,22]. The parameter settings were identical to those during the end phase of the socket formation. The deposition time was 52 min, the thickness of the film grown reached 1.6 µm, and the resulting deposition rate amounted to 0.51 nm/s. The coated test samples showed a silvery tone.




2.5.5. Deposition of Type 3 Coating


This type of coating was deposited by again utilizing the simultaneous operation of UBM and HIPIMS cathodes. During plasma pretreatment (2), the HIPIMS cathodes were still operated at 12 kW per cathode as in the Types 1 and 2 cases. However, during socket formation (2) and the actual film deposition, the HIPIMS power was reduced to 6.5 kW (pulse: −1000 V, 250 Hz, 160 µs). The UBM parameters remained unchanged. Due to the reduced HIPIMS power, the nitrogen flow was ramped up to 280 sccm only. Another change was to reduce the substrate bias from −500 V DC to −75 V. Finally, after depositing the major part of the coating (deposition time: 75 min), a thin topcoat was deposited using UBMs only. The DC parameters remained unchanged. This additional coating process was carried out over 5 min. The evaluated total film thickness amounted to 1.6 µm, and the resulting deposition rate turned out to be 0.23 nm/s. The color was dark violet, similar to the case of the Type 1 film.






3. Results and Discussion


3.1. Composition and Microstructure


The chemical composition of the test samples was evaluated by EDX analyses (Jeol YSM 800 with EDS–Analysator, Karlsruhe, Germany), and is summarized in Figure 6. The results concerning the Type 1 (Figure 6a) and Type 2 (Figure 6b) coatings confirmed the expectations drawn from their process parameters.



Figure 6a clearly highlights the dominance of titanium and aluminum. Vanadium presented a weak signal, caused by its low concentration in only one of the Ti-rich UBM targets. On the other hand, Figure 6b clearly shows a strong contribution of chromium caused by the HIPIMS interaction. Figure 6c shows the Type 3 coating, which surprised us with a rather low concentration of chromium, although the HIPIMS power was reduced by a factor of two only. The chromium r signal was lower than the signals contributed by titanium and aluminum.



Figure 7 reveals cross sections and the surface structure obtained by scanning electron microscopy (SEM) analyses (Zeiss DSM, Jena, Germany). Figure 7a shows a Type 1 TiAlVN coating as grown in the well-known tensile but dense and compact columnar microstructure, familiar from pure TiAlN-like coatings [3,8].



The surface morphology was consistent with the tensile film growth. The apparently dense structure may be attributed to the positive influence of the anode supplying sufficient plasma density despite the large varying distances between the substrates and cathodes occurring as a consequence of the slowly rotating turntable (first rotation). In contrast, Figure 7b reveals a layered structure of Type 2 coating. The columnar microstructure is missing completely. The surface morphology let us assume a fine grain structure. Due to the layered structure, the Type 2 film was designated as (TiAlV/Cr)N, in contrast to Type 1 as TiAlVN. Figure 7c describes the morphology of the Type 3 coating as quite different from that of Type 1 and Type 2. The film again exhibited a columnar growth, similar to Type 1. However, the film structure was substantially coarser. In addition, the film seemed to be more brittle than in the Type 1 sample. Furthermore, the tensile structure seemed to be not very dense, and even open and breaking itself during preparation of the cross-sectioning procedure. The surface morphology was rather rough.



Calo-grinding supported the impressions gained by the SEM analyses qualitatively. Figure 8a clearly outlines the ramping socket below the TiAlVN film. On one hand, the Type 1 film itself appeared entirely structureless now. On the other hand, the Type 2 film was characterized by a dominating distinct layered structure, as expected from Figure 7b.



The darker layers obviously represent TiAlVN, whereas CrN-rich layers seemed to turn out much brighter. The thickness of a double layer could be estimated at approximately 0.07 µm. The color of the outer cross sections correlated with the silvery surface color of the test sample perfectly. The thickness of the double layer seemed to shrink during film growth, indicating slight target poisoning with increasing film growth. Only vague layering was indicated by sample Type 3. Close to the interface, some weak layers could be observed (Figure 8c). In comparison to Figure 8b, chromium seemed to be distributed rather evenly over the entire cross section, but led to a brighter visual color tone as compared to Figure 8a. However, at the film surface, we observed a narrow violet seam generated by the 5 min deposition of TiAlVN.



The crystal structure was explored by XRD (Seifert PAD II, Detector Meteor 1D, Ahrensburg, Germany). Figure 9 shows the diffraction diagrams of the three film types investigated. The XRD reflexes are highlighted by green dots. The spectra are superimposed with signals stemming from the substrate material (mechanically polished). In general, all three types of films condensed in the fcc crystal structure.



As expected, the Type 1 film was characterized by a dominating (111) orientation, with weaker signals indicating (200), (220), and (311) orientations [3]. The intensity ratio (111)/(200) reached 3.0. In contrast, Type 2 showed an even stronger dominating (200) orientation, with an intensity ratio (200)/(111) of 4,4. This result may be explained by the fact that stoichiometrically grown HIPIMS CrN crystallizes in (200) orientation, principally /18/. The strong (200) orientation of CrN rigorously suppressed the typical (111) orientation of TiAlVN, as highlighted in Figure 9a. In contrast, Figure 9c reveals rather weak reflexes caused by the lower CrN content and the open film morphology. The intensity ratio (200)/(111) dropped down to 1.9. This result could be correlated with the weak layering effect (Figure 7c) located close to the interface regime only.



Regarding the Type 3 coating, the experiment with reduced HIPIMS power is was on the idea of achieving finer-layer structures to meet the expectations of higher hardness values raised by the “superlattice” concept [12]. However, this attempt failed. The reason for this failure might have been a heavy mismatch of the deposition parameters. The HIPIMS process is rather sensitive to target poisoning. However, the reactive gas flow was reduced according to the lower power dissipation as compared with the Type 2 film, and the nitrogen flow must have been sufficiently high to poison the lower-powered chromium targets, and target poisoning led to a reduced chromium sputter rate. The reactive gas flow was controlled by constant total pressure. Consequently, the resulting increase in nitrogen partial pressure must have been consumed by the Ti-rich targets, therefore causing a poisoning effect as well. As a consequence, the deposition rate of the Type 3 coating was dramatically lower, namely 0.23 nm/s as compared to type 2 coating of 0.51 nm/s, not only due to the reduced HIPIMS power, but also due to the side effects of poisoned titanium-rich targets. This should be seen as a warning concerning the delicate interaction of simultaneous UBM and HIPIMS deposition processes. The target poisoning described for the Type 3 coating could serve as explanation for the layer-shrinking effect in context with the Type 2 coating, as speculated in Figure 8b.




3.2. Typical Tribological Properties


Results for the tribological properties are summarized in Table 1 below. The following test procedures were executed: the film thickness was evaluated by interpretation of the SEM images; hardness values were evaluated using a conventional Fischer Pico Indenter (Helmut Fischer GmbH, Sindelfingen, Germany); Rockwell indentation results were obtained by indenting a 200 µm diamond ball under a load of 150 kg; the observed indentation patterns were evaluated by SEM and correlated with the well-known “1” to “6” scale; and critical load results were evaluated by increasing the load on a Rockwell C indenter linearly from 10 to 50 N, followed by microscopic interpretation.



Friction coefficients were evaluated by ball-on-disc tests against an HRC 6 ball. Finally, the wear rates were determined by employing the FH calomax NT test using an Al-oxide paste.



The results obtained revealed hardness values between HV 2000 (Type 1) and HV 2800 (Type 2), the multilayer (TiAlV/Cr)N coating. Considering the coarse microstructure of the Type 3 coating the hardness still reached HV 2500. HV 2000 seemed rather low compared to the originally reported values for TiAlN deposited in a “twin cathode” arrangement (HV 2500) [3]. All three coatings provided a top-class “1” marking. The critical load values confirmed the excellent Rockwell marks, with values ranging from 44 to 49 N. Friction coefficients of the Type 1 and Type 2 coatings were similar at 0.73 and 0.70, respectively. The slightly lower value of the multilayer coating also was consistent with the somewhat smoother surface structure (compare Figure 7a,b). The friction coefficient of the Type 3 film showed a clearly higher value of 0.93, obviously due to the rather coarse surface microstructure, as documented in Figure 7c, independent of the thin low-friction topcoat of TiAlVN. We obtained analogue results concerning the ball wear. The low-friction Type 1 and Type 2 samples wore off the steel ball to a lesser degree than the coarser-structured Type 3 coating. Therefore, the chromium-containing coatings wore off somewhat faster, although they exhibited higher hardness values.



In summary, the results nshow by the Type 2 film were quite satisfying. They compared well with values published elsewhere. However, the most important industrial relevance consisted of the enhanced deposition rate of 0.51 nm/s by utilizing the appropriate simultaneous operation of HIPIMS and UBM cathodes during the film deposition.



Consequently, the wear behavior of the Type 2 coating, which was extremely interesting industrywise, was compared with practiced state-of-the-art coatings deposited by cathodicarc.




3.3. Examples of First Cutting Tests


The actual wear of broaches can be analysed realistically in industrial lifelong tests only. It is rather intriguing to determine the wear quantitatively on the complicated and very expensive tools directly. Therefore, a “shaping” test was introduced to evaluate the wear behavior of hard coatings common in the field on specially designed test samples (model tooth). Figure 10 shows a schematic of the test method using experimental shaping equipment.



The wear/cutting tests were performed on a C45 steel block. The model tooth in the test was moved at a shaping speed of 18 m/min, digging a 0.5 mm wide, 120 mm long deep groove into the steel. The test piece was multifold passed with a side/drift of 0.2 mm per stroke across the test material until a total cutting length of 210 m was achieved. Two 2 µm thick coatings were compared. A state-of-the-art cathodic arc, in-house-coated TiN model tooth served as a comparison, as stated above. This model tooth was coated in an industrial PVD coater made by the Arthur Klink Company (Pforzheim, Germany) dedicated to coating broaches. As indicated above, TiN was compared with the new Type 2 (TiAlV/Cr)N coating. Figure 11a,b outlines the test results.



The test TiN sample showed substantial wear on the tip point of the model tooth (very bright seam) as well as serious film flaking on the area close to the top. Serious wear was also found on the side edges of the test sample. In contrast, we observed much reduced wear on the tip point of the (TiAlV/Cr)N-coated test piece. In addition, the progress in wear on the side edges was also comparably negligible as compared to the TiN-coated sample. If we neglected the tremendous flaking on the TiN-coated sample, an improvement in the overall shaping performance by an estimated factor of 2 to 3 may certainly be expected.



To explore the cutting performance of a relevant broach, a special tool has been designed by the Arthur Klink Company. This tool reached a length of 3 m and a diameter of 60 mm. The tool has been coated either with 3 µm thick standard Arthur Klink Company produced cathodic arc TiN and the investigated (TiAlV/Cr)N. In addition the (TiAlV/Cr)N coating was topped with a 0.5 µm thick low-friction Type 1 film (Figure 12). The dark violet topcoat allowed better judgment of the progressing wear on the metallic cutting edge due to the improved visual contrast-free metal and a “more or less decorative help” topcoat as compared with the silvery color tone of the (TiAlV/Cr) coating.



Finally, the cutting performance of the above-mentioned 1.3 m long model broach was investigated. Again, the two types of coatings, TiN and (TiAlV/Cr)N, were compared.



The success of a tool coating depends on various aspects. As could be derived from the drilling tests, a TiN coating allowed a multifold improvement in lifetime as compared to uncoated HSS tools. The TiAlN-based coating was developed in particular for dry, high-speed machining. The actual lifetime of the expensive broaches was evaluated at end users’ sites routinely. Exposing both test model broaches to identical high-speed cutting conditions defined by the end user, an improvement in tool lifetime of 150% was reported in the context of the new (TiAlV/Cr)N coating in comparison to TiN. The wear was evaluated directly on the cutting edge, indicated by bright metallic areas freed from the dark coating.



Finally, a short insight into economic considerations will be given (Table 2). Although the coating times of various-sized tools depends strongly on their diameter, the loading capacity of the coating equipment, as well as on the actual status of system cleanness (residual gas pressure), the following estimates of the coating times of the three types of coating described above, relevant to 60 mm diameter broaches, will be given, including pump down, in vacuo pretreatment, and real coating time, but without cool down time:





4. Conclusions


The results presented here show that magnetron sputtering technology can be applied successfully to deposit well-adherent, dense, and wear-resistant hard coatings onto test substrates and broaches, although our test samples were passing and rotating at varying near and far distances from the cathodes during film deposition. The Type 2 coating turned out to be the clear favourite in the project presented here. Excellent results were achieved, particularly with respect to hardness, adhesion, and wear performances. Furthermore, the simultaneous UBM/HIPIMS provided enhanced deposition rates when the interaction of UBM and HIPIMS concerning DC and pulse power levels, as well as reactive gas flows, were optimized accordingly.



Finally, the new segmented UBM process approach provides advantages with respect to industrial throughput when following the described equipment design.
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Figure 1. Outlining huge equipment dimensions and potential tool sizes. 
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Figure 2. (a) Schematic horizontal cross section showing cathodes, pumps, shutters, and turntable. (b) Vertical view outlining component distribution and target segmentation. 
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Figure 3. (a) Opened and (b) closed equipment setup. 
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Figure 4. OES spectra of HIPIMS plasma (15 kW per cathode/−1000 V/500 Hz/80 µs detected (a) at a close distance of 300 mm and (b) at a far distance. 
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Figure 5. Interaction of active/passive target zones controlled by magnet and shutter positioning. 
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Figure 6. Composition of investigated film types: (a) Type 1: Chromium-free; (b) Type 2: high chromium content; (c) Type 3: low chromium content. 
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Figure 7. Film cross sections examined by SEM: (a) Type 1: TiAlVN; (b) Type 2: (TiAlV/Cr)N, high chromium content and multilayer; (c) Type 3: low chromium content, and few multilayers. 
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Figure 8. Calo grinding: (a) Type 1: no chromium; (b) Type 2: high chromium content; (c) Type 3: low chromium content. 
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Figure 9. Crystal structure XRD analyses: (a) Type 1: preferred (111); (b) Type 2: preferred (200); (c) Type 3: randomly orientated. 






Figure 9. Crystal structure XRD analyses: (a) Type 1: preferred (111); (b) Type 2: preferred (200); (c) Type 3: randomly orientated.



[image: Coatings 12 00300 g009a][image: Coatings 12 00300 g009b]







[image: Coatings 12 00300 g010 550] 





Figure 10. “Shaping” test equipment. 
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Figure 11. Comparison of wear performance: (a) TiN-coated sample; (b) (TiAlV/Cr)N-coated sample. 
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Figure 12. Model broach coated with Type 1 and Type 2 films. 
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Table 1. Tribological properties.
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	Property
	Type 1
	Type 2
	Type 3





	Thickness (µm)
	2.2
	1.6
	1.6



	Hardness HV
	2000
	2800
	2500



	Rockwell (class “1” to “6”)
	“1”
	“1”
	“1”



	Critical load (N)
	49
	44
	47



	Friction coefficient
	0.73
	0.7
	0.93



	Ball wear (µm)
	786
	720
	1452



	Sliding wear rate (10−15 m3/Nm)
	9.08
	12.91
	11.43










[image: Table] 





Table 2. Productivity of the investigated coatings.
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	Type
	Actual Coating Time
	Total Process Duration





	Type 1
	105 min
	265–325 min



	Type 2
	52 min
	110–270 min



	Type 3
	200 min
	350–450 min
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