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14 Abstract

15 Heat treatment of arc-evaporated cubic Al0.7Cr0.3N hard coatings in Ar up to 1450 !C causes precipitation of AlN. The Cr-enriched
16 matrix transforms into Cr via Cr2N under N2 release. These reactions are investigated by simultaneous thermal analysis, mass spectro-
17 metry, X-ray diffraction, and analytical transmission electron microscopy.
18 " 2006 Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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21 1. Introduction

22 Hard protective coatings are widely used to expand the
23 usability of cutting and metal forming tools. Important
24 requirements are sufficient hardness, high wear-, corro-
25 sion-, and oxidation-resistance as well as good thermal sta-
26 bility. In modern cutting applications such as high-speed
27 and/or dry cutting, the temperature at the cutting edge
28 can exceed 1000 !C [1,2]. Consequently, the applied protec-
29 tive coating must be capable of withstanding these extreme
30 conditions. AlxCr1!xN provides high hardness [3–12],
31 superior oxidation-resistance [11–15], and good tribologi-
32 cal behavior [9–11,16]. These properties depend on chemi-
33 cal composition and microstructure [8,9,14,17] and when

34optimized, excellent performance in cutting tests can be
35obtained [17]. While the oxidation-resistance is discussed
36intensively in the literature [11–15,17], the temperature
37dependent structural and compositional evolution is essen-
38tially unexplored. Two stability-related questions are
39discussed in the literature. The first addresses the limit of
40Al solubility in the face-centered cubic (fcc) CrN phase
41[9,17–20], while the second deals with the onset of decom-
42position of the supersaturated phase into its stable constit-
43uents [13,14,16,17].
44Several deposition techniques and setups are reported
45for synthesizing AlxCr1!xN coatings [6,9,11,12,17,19].
46Recent results conclude that there are improved mechani-
47cal and thermal properties with an increased Al content
48in the fcc-structure (up to x = 0.75) [12–14,17]. Exceeding
49the solubility limit for Al results in a hexagonal wurtzite
50type (w) structure [17,19,20] and the mechanical properties
51degrade [12,17]. Consequently, Al0.7Cr0.3N coatings, which
52have been shown to have an excellent performance in cut-
53ting tests [17], are the focus of this work.
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54 Here, we used a combination of differential scanning cal-
55 orimetry (DSC), thermal gravimetric analysis (TGA) and
56 mass spectrometry (MS), to investigate the decomposition
57 process of supersaturated cubic Al0.7Cr0.3N coatings in
58 detail. X-ray diffraction (XRD) and scanning transmission
59 electron microscopy (STEM) in combination with energy
60 dispersive X-ray analysis (EDX) were utilized to attribute
61 the observed DSC, TGA, and MS results. The complex
62 decomposition process of supersaturated Al0.7Cr0.3N coat-
63 ings is described.

64 2. Experimental details

65 The depositions were carried out using a Balzers Rapid
66 Coating System, described in Ref. [17]. The equipment was
67 operated in the cathodic arc evaporation setup with four
68 metallic compound targets (Al/Cr at.% ratio = 70/30).
69 The target current was 140 A, the base pressure was below
70 1 · 10!3 Pa, and the nitrogen pressure during the reactive
71 deposition process was 3.5 Pa. A bias voltage of !40 V
72 was applied to the substrates and their temperature was
73 kept at 500 !C. Twofold substrate rotation [17] was used
74 to obtain uniform film properties. The substrates were
75 cleaned by plasma etching prior to deposition.
76 A Netzsch STA 409C instrument with a quadrupole
77 mass spectrometer (QMS) connected through a skimmer
78 coupling system was used for DSC, TGA, and MS mea-
79 surements as well as for annealing samples for subsequent
80 XRD and TEM investigations. To avoid the influence of
81 the substrate material in the DSC measurements, the coat-
82 ings were chemically removed from their low-alloyed steel
83 substrates using a 10 mol% nitric acid. After filtering and
84 cleaning, the film material was mechanically ground to a
85 fine powder whereof "30 mg was used for each measure-
86 ment. Dynamic heating up to 1450 !C was performed in
87 a flow of Ar (50 sccm, 99.999% purity) using a heating rate
88 of 20 K/min. The DSC system was calibrated for tempera-
89 ture and sensitivity by the pure elements Sn, Zn, Al, Ag,
90 and Au. To detect N2, the atomic mass unit 28 was moni-
91 tored by the QMS.
92 XRD measurements of as-deposited and annealed
93 samples were carried out on a Siemens D500 diffractometer
94 in the Bragg-Brentano (h–2h) geometry using Cu Ka
95 radiation.
96 The electron microscopy investigations were obtained
97 from plan-view samples deposited on single crystal sap-
98 phire discs (Al2O3, B3 mm · 0.1 mm, (0001) oriented).
99 Due to the high annealing temperatures (Ta), sapphire

100 was chosen to avoid interdiffusion of substrate and film
101 material. STEM was performed on a Tecnai G2 TF 20
102 UT microscope operating at 200 keV. The probe size used
103 was <1 nm and the images were recorded with a high-angle
104 annular dark field (HAADF) detector. A camera length of
105 90 mm was used to promote preferential mass-thickness
106 contrast and to reduce the influence of diffraction contrast.
107 Chemical compositions were measured with energy disper-
108 sive X-ray analysis (EDX) during STEM investigations.

1093. Results and discussion

110EDX measurements showed that the chemical composi-
111tion of the as-deposited coatings was Al0.7Cr0.3N, corre-
112sponding to the Al/Cr ratio in the target.
113Fig. 1(a) shows a typical DSC signal and the mass loss
114for Al0.7Cr0.3N as a function of the annealing temperature.
115The monitored N2 signal of the MS measurement is
116presented in Fig. 1(b). This signal starts to deviate from
117the baseline at Ta " 925 !C, where the onset of sample
118mass loss can also be detected in TGA. During the heat
119treatment up to 1450 !C, several reactions in the film
120material are superimposed, which is indicated by the over-
121lapping reaction peaks in the DSC and MS signal as well as
122by the changing slopes of the TGA curve. As the release of
123nitrogen is directly connected to mass loss, any change in
124the MS signal corresponds to a change in TGA and vice
125versa. Both measurement techniques indicate an incom-
126plete decomposition process even at 1450 !C, i.e., the MS
127signal does not reach the baseline, and the TGA signal is
128not horizontal.
129Various exothermic and endothermic reactions can
130correspondingly be detected by DSC up to 1450 !C
131(Fig. 1(a)). The first exothermic reaction with a peak max-
132imum at "625 !C (onset slightly higher than the deposition
133temperature), is related to recovery processes [21–23].
134Deposition-induced lattice defects, responsible for a com-
135pressive residual stress state, anneal out due to increased
136diffusivity at elevated temperatures.
137XRD investigations were performed on samples
138annealed at temperatures indicated in Fig. 1(a) in order
139to explain the reactions detected via DSC, TGA, and
140MS. Fig. 2(a) shows diffractograms of these specimens

Fig. 1. (a) DSC and TGA of Al0.7Cr0.3N in inert atmosphere with
indicated annealing temperatures for XRD measurements; (b) corre-
sponding MS signal with marked temperatures for TEM investigations.
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141 including positions for fcc-AlCrN, located between fcc-
142 CrN and fcc-AlN, as well as w-AlN, hexagonal (hex)
143 Cr2N, and body-centered cubic (bcc) Cr. The lattice
144 parameter for Cr2N is between the values given by different
145 JCPDS-files [24]. For the sample annealed at 865 !C the
146 (200) and (220) AlCrN matrix peaks show a reduced full
147 width at half maximum of "23% confirming the above
148 mentioned recovery effects during annealing. The thermal
149 stability range of the phases present during decomposition
150 of Al0.7Cr0.3N is schematically summarized in Fig. 2(b).
151 For detailed investigation of the as-deposited structure,
152 selected area electron diffraction (SAED) was performed
153 on a plan-view sample. Fig. 3(a) shows the STEM image
154 obtained with minor variations in contrast resulting from
155 different orientated grains. The HAADF image contrast
156 mechanism in this work is optimized for changes in mass
157 and thickness and these parameters are almost uniform
158 for this sample. The uniform contrast indicates a negligible
159 contribution due to diffraction effects for the experimental

160conditions used. The corresponding SAED pattern is pre-
161sented in Fig. 3(b). In addition to the diffraction rings from
162the fcc-structured polycrystalline AlCrN matrix, weak
163w-AlN reflexes can be detected (Fig. 3(b)). This is not con-
164firmed by XRD results (Fig. 2(a)), which show no w-AlN in
165the as-deposited state. It has been reported [25] that differ-
166ent substrate materials can influence the structure of
167AlCrN formed during deposition. However, the grazing
168incidence XRD of the coating on sapphire shows a diffrac-
169togram comparable to the one shown in Fig. 2(a), i.e., also
170without w-AlN reflexes. SAED of a coating on a cemented
171carbide substrate shows a pure cubic structure. We there-
172fore conclude that small amounts of w-AlN phase (below
173the detection limit of XRD) are present in the as-deposited
174coatings on sapphire.
175For Ta = 865 !C, small fractions of w-AlN can be
176detected even by XRD, and with higher Ta their peak
177intensity increases continuously (Fig. 2(a)). The corre-
178sponding nucleation and growth processes result in an exo-
179thermic contribution to the DSC signal, represented by a
180broad peak with a detected maximum at "875 !C
181(Fig. 1(a)). It is reasonable to estimate the real peak
182temperature at temperatures above 900 !C since a strong
183endothermic contribution related to decomposition is
184superimposed at Ta > 925 !C. Simultaneously, the XRD
185patterns show a reduction in the AlCrN matrix peak inten-
186sity for increasing Ta (Fig. 2(a)). The decrease is small for
187865 !C < Ta < 1015 !C, becomes pronounced for higher
188temperatures and for Ta P 1230 !C fcc-AlCrN is below
189the detection limit. The formation of AlN precipitates leads
190to a gradual Cr enrichment of the matrix. After obtaining a
191sufficient driving force from a combination of temperature
192and chemical composition of the matrix, the release of
193nitrogen is initiated (see the MS signal in Fig. 1(b)) and
194consequently the sample mass decreases (Fig. 1(a)). This

Fig. 2. (a) XRD evolution of an Al0.7Cr0.3N film with annealing temperature; (b) bars represent detected phases, dashed extensions indicate the estimated
existence range of the phases that occur.

Fig. 3. (a) STEM plan-view image (HAADF) of Al0.7Cr0.3N in the as-
deposited state; grains appear in a uniform grey tone, a thickness induced
contrast-gradient is superposed; (b) SAED pattern with standard diffrac-
tion rings for fcc-AlCrN and w-AlN.
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195 decomposition of the material results in an endothermic
196 reaction during DSC measurement with a maximum
197 slightly above 1000 !C.
198 The reduction of N-content in the matrix also causes a
199 transformation into hex-Cr2N. For the ideal case, without
200 any remaining Al in the matrix, it is proposed that the stoi-
201 chiometry of fcc-CrN approaches CrN0.5 before transform-
202 ing into hex-Cr2N. A corresponding phase transformation
203 causes an exothermic contribution to the DSC measure-
204 ment of Al0.7Cr0.3N, which is now depleted in N. Further-
205 more the slope of the TGA signal also changes, indicating a
206 different N-release rate compared to the cubic structure.
207 During XRD investigations Cr2N can be detected in sam-
208 ples annealed between 1140 and 1450 !C. At atmospheric
209 pressure, depending on ambient atmosphere, bulk Cr2N
210 starts to decompose into bcc-Cr and N2 gas at tempera-
211 tures below 1000 !C [26]. This predicted decomposition
212 can first be seen in our material at 1140 !C. The decompo-
213 sition is visible during DSC as a pronounced endothermic
214 reaction (see Fig. 1(a), reaction peak maximum at
215 "1350 !C) and the reduced mass-loss slope in the TGA sig-
216 nal. Additionally, an exothermic contribution to the DSC
217 scan results from the transformation from hex into bcc lat-
218 tice. In the temperature range 1000–1450 !C several endo-
219 thermic and exothermic reactions are superimposed, and
220 hence the separation of individual contributions to the
221 DSC signal is difficult. Fig. 1(b) indicates the N-release of
222 the Cr2N decomposition by the MS peak maximum at
223 "1380 !C. The maximum intensity of Cr2N during XRD
224 investigations is obtained for samples annealed at
225 1230 !C. The bcc-Cr phase can be observed for Ta P
226 1140 !C as a shoulder of the matrix peak at 2h " 64.6!.
227 After annealing the films at 1450 !C, mainly w-AlN and
228 bcc-Cr with small fractions of hex-Cr2N (Fig. 2(a)) are
229 present. The latter explains the uncompleted N-release
230 for Ta = 1450 !C as detected by TGA. This is also proven
231 by MS measurements. Because of the high thermal stability
232 of AlN ("2800 !C), we propose that the reduction in sam-
233 ple mass is due to the loss of chromium-bonded nitrogen.
234 Our results indicate that this loss is completed at
235 "1550 !C for the annealing conditions used (see Fig. 2(b)).
236 To further verify the obtained results of DSC, TGA,
237 MS, and XRD, the microstructural changes of the material
238 were investigated by TEM for samples annealed at 950,
239 1100, 1230, and 1450 !C (indicated in Fig. 1(b)). The
240 obtained STEM images are presented in Fig. 4(a)–(d),
241 respectively. Assuming only a minor change in thickness
242 across the investigated sample area, the image contrast
243 may be attributed to pure mass (density) changes, where
244 low atomic mass appears dark.
245 The sample annealed at 950 !C (Fig. 4(a)) shows precip-
246 itates (dark regions), next to coarsened matrix grains, along
247 triple junctions and at grain boundaries. Chemical analysis
248 by EDX confirms that these are composed of Al and N.
249 The surrounding areas of these AlN precipitates are conse-
250 quently Cr-enriched and appear bright in Fig. 4(a). The
251 bright tissue is generated from sites of early decomposition,

252most probably from grain and phase boundaries. This also
253corresponds well with the MS measurement, where a small
254N-release (maximum at Ta " 1015 !C) slightly before the
255main peak (maximum at Ta " 1140 !C) suggests that this
256phase separation process starts with weakly bonded nitro-
257gen leaving from the grain and phase boundaries.
258The sample annealed at 1100 !C (Fig. 4(b)) shows an
259increase in the volume fraction of AlN precipitates. The
260bright tissue is more pronounced and the Cr-enriched
261areas, which form next to these precipitates, can be verified
262by EDX to have the chemical composition of Cr2N. This is
263in agreement with XRD where Cr2N is detected for sam-
264ples annealed at Ta P 1140 !C.
265Increasing the annealing temperature to 1230 !C
266(Fig. 4(c)) generates a microstructure where w-AlN grains
267almost completely encapsulate the initial matrix grains.
268Growth and increase in the volume fraction of these AlN
269precipitates is the main reason for the more pronounced
270w-AlN XRD peaks (see Fig. 2(a)). EDX analysis confirms
271the described decomposition process of the matrix into Cr
272via Cr2N. The intermediate stage of this reaction at
2731230 !C can be seen in Fig. 4(c), where Cr and Cr2N appear
274with different contrasts.
275In Fig. 4(d) (Ta = 1450 !C) spherically shaped grains up
276to 0.5 lm in size embedded in AlN are visible. The coarsen-
277ing is driven by the potential for the system to reduce its
278total interfacial energy which is measured as heat release
279in the DSC. The presence of Cr2N grains at this tempera-
280ture, as indicated by XRD, could be confirmed by TEM/
281EDX investigations. An EDX line scan across the grains
282displayed in Fig. 4(d) is shown in Fig. 5, including the dis-
283tribution of the elements Al, Cr, and N and their fits. The

Fig. 4. STEM plan-view images (HAADF) of Al0.7Cr0.3N after annealing
at (a) 950 !C; (b) 1100 !C; (c) 1230 !C; (d) 1450 !C.
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284 signal labeled N(Cr) represents the nitrogen bonded to Cr
285 under the assumption of stoichiometric AlN presence.
286 The resulting ratio of Cr to N(Cr) equals 2:1, which corre-
287 sponds to a chemical composition of Cr2N. The measure-
288 ment indicates an overlap of two AlN and Cr2N grains.
289 A schematic illustration of the probed volume is included
290 in Fig. 5.

291 4. Conclusions

292 The arc-evaporated Al0.7Cr0.3N hard coatings under
293 investigation are supersaturated fcc-structured in the as-
294 deposited state. During annealing in an inert atmosphere
295 up to 1450 !C at 20 K/min the material undergoes decom-
296 position with several superimposed reactions. After recov-
297 ery which occurs at temperatures slightly above the
298 deposition temperature, formation and growth of w-AlN
299 precipitates at grain boundaries and triple junctions can
300 be seen, and hence the matrix becomes Cr-enriched. Fur-
301 ther annealing causes N-loss (for Ta > 925 !C) and subse-
302 quently transformation to Cr via the intermediate step of
303 Cr2N, which is completed at 1550 !C under the used condi-
304 tions. Fcc-structured AlCrN matrix can be detected during
305 annealing up to 1140 !C, which indicates a stabilization of
306 the Cr–N bonds by Al. At 1450 !C the structure is mainly
307 composed of bcc-Cr and w-AlN with minor fractions of
308 hex-Cr2N left.
309 Our results clearly demonstrate the potential of AlCrN
310 coatings for ageing processes with precipitations, which
311 offer explanations for the superior mechanical properties
312 of this material even at high temperatures.
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