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Microstructure and mechanical properties of continuous

Al2O3 fiber reinforced Ni45Al45Cr7.5Ta2.5 alloy (IP75) matrix composites

Introduction

The intermetallic alloy NiAl has been extensively investigated with respect to its high temperature mechanical properties because it is considered a candidate material for structural applications owing to its high melting point, low density, good thermal conductivity and outstanding oxidation resistance [1,2]. However, NiAl suffers from its low strength at high temperature and poor toughness at room temperature. To overcome such deficiencies, continuous ceramic fibers were incorporated into the NiAl matrix [3]. Single crystal aluminum oxide fibers (sapphire) are of particular interest because of their high modulus and strength, low density, and their excellent chemical compatibility with NiAl at high temperatures.

A higher strength at elevated temperatures with tolerable ductility at low temperatures can also be achieved by adding hard second phases to the NiAl matrix. Laves phases show outstanding high strength at high temperatures and may be used for strengthening B 2 ordered intermetallics, in particular NiAl. Sauthoff [4][5][6][7] studied various NiAl-Ta-Cr alloys with respect to constitution, microstructure, physical properties, and mechanical behaviour at low and high temperatures and concluded that NiAl based alloys with about 2.5 at.%Ta and 7.5 at.% Cr, referred to as IP75, are most promising for applications at temperatures above 1000 °C in view of their high hot strength and creep resistance, their tolerable brittleness at room temperature as well as excellent corrosion and thermal shock resistance at temperatures up to 1350 °C [6]. Therefore, in the current study IP75 was used as matrix material instead of NiAl to improve the mechanical properties of the matrix.

Recently, a new process was developed to fabricate continuous Al 2 O 3 fiber reinforced composites. It utilizes physical vapour deposition (PVD) to coat the fiber with the matrix material. This gives easy control over the fiber volume fraction in the composite [8][9]. In this °C with a pressure of 40 MPa in vacuum (5×10 -3 Pa). The composites with V f =30% were subjected to microstructure investigations and push-out tests; tensile tests were conducted on composites with V f =50%. The as-coated fibers and the as-diffusion bonded composites were investigated by X-ray diffraction (XRD) for phase identification and TEM for interface structure observations and microanalysis employing a FEG-TEM (FEI TECNAI F20) equipped with a Gatan Imaging Filter (GIF), a STEM-unit, and an energy dispersive X-ray spectrometer (EDX). Small electron transparent slices with an area of about 20×10 µm 2 and a thickness of less than 100 nm were cut perpendicular to the fiber long axis in the interface region by a focused ion beam (FIB; FEI Strata 205). The TEM analysis was carried out within the specimen along the c-axis of the fiber. Details on hot pressing procedure and TEM specimen preparation are given elsewhere [8].

The interfacial shear stress for complete debonding was measured by fiber push-out tests at room temperature with a micro-hardness tester. For this the specimens were sliced perpendicular to the fiber axis and polished down to about 400 µm thick. Individual fibers were positioned over a 400 µm wide groove of a substrate and subjected to an axial compressive load. A diamond indenter with a spherical bottom was used. The radius of the sphere was 0.2 mm. The load-displacement data were recorded with time. The interfacial shear stress for complete debonding was calculated from the maximum force F max by τ deb = F max /Dπh, where D is the fiber diameter and h is the specimen height. After the push-out test the fracture surfaces of the specimens were examined by SEM/EDX.

Tensile specimens were machined with the fibers parallel to the loading direction and with a reduced gage section of 40 mm length and 3.4 mm width. All tensile tests were performed at high temperatures in vacuum (5×10 -3 Pa) at a strain rate of 1×10 -4 /s. After the tensile tests, the fracture surface was examined by SEM. 

Microstructure and chemistry of as-coated fibers

The microstructure of an as-coated IP75/ Al 2 O 3 fiber is shown in Fig. 1 a-b. The thickness of the matrix coating is not uniform (Fig. 1a), and cracks are seen in the matrix. Columnar grains extend in radial direction (Fig. 1b). Apparently the matrix is not fully dense after the PVDprocess.

The interface structure of an as-coated fiber shown by an energy filter TEM (EFTEM) image (Fig. 2a) reveals an about 400 nm thick layer between Al 2 O 3 fiber and IP75 matrix.

High resolution TEM (HRTEM) observations show an amorphous structure of the layer (Fig. 2b-c). An element mapping by EFTEM (Fig. 2d-h For comparison, the interface structure of an as-coated NiAl/Al 2 O 3 fiber [8] is shown in Fig. 2i. It is noticed that there is also an amorphous layer between the fiber and the NiAl matrix, although with a thickness of only 50-60 nm much thinner than in IP75 coated fibers.

Evolution of microstructure and chemistry in IP75/Al 2 O 3 composites during diffusion bonding

The microstructure of an IP75/ Al 2 O 3 composite after diffusion bonding is shown in Fig. 3a.

Discontinuous phases have formed at the NiAl columnar grain boundaries (Fig. 3b). At locations A-D EDX-analysis was carried out. Accordingly (see Fig. 3d) location A is comprised of NiAl, B represents a Laves phase, C is a Cr-rich phase, and D is identified as (Ni, Al)-oxide. X-ray diffraction of the matrix (Fig. 4) confirms that the bright particles in Fig. The interface structure of an IP75/Al 2 O 3 composite after hot pressing is shown in Fig. 5a.

There is still an amorphous layer at the interface (Fig. 5b-c) and many particles (dark contrast)

have precipitated in the layer. The cracks with darker contrast (Fig. 5a) originated from the FIB-cutting in TEM preparation process. EDX-analysis (Fig. 5d) at locations A-C reveals that the composition of the amorphous layer is no longer homogeneous after diffusion bonding.

The amorphous layer matrix is composed of about 30 at.% oxygen, 20 at.% Ni, and 40 at.% Al, whereas the particles in the amorphous layer (dark contrast, such as location A in Fig. 5a) The fracture surfaces after the push-out tests (Fig. 6a-b) reveal that ridges of amorphous layer and grain boundary grooves appear on the fiber surface and the matrix inner surface, respectively. A magnified view of Fig. 6a-b, as shown in Fig. 6c-d, evaluated by EDX analysis (Fig. 6e-f) proves that location A in Fig. 6c and A 1 in Fig. 6d represent the Al 2 O 3 fiber and the NiAl matrix, respectively, whereas B and B 1 belong to the amorphous layer which existed between fiber and matrix prior to the fiber push-out test.
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As-coated IP75/Al 2 O 3 fiber

The observed amorphous phase at the IP75/ Al 2 O 3 interface is not a thermodynamic equilibrium phase of the alloy system; rather it is a processing artifact, resulting from the incorporation of Al and Ni with the remaining moisture of the residual gas in the reaction chamber during the vapor-phase growth in high vacuum during the initial stage of PVD process and the surface oxide of the sputter target used for the PVD process. Owing to multiple scattering of the sputtered atoms in the gas phase and their resulting low kinetic energy, an amorphous phase can form [START_REF]AVS Education Committee Book Series[END_REF].

Sputter deposition is a highly exothermic process [START_REF] Thompson | [END_REF]. Since heat transfer from the fibers to the surrounding is limited, the release of latent heat during deposition caused a significant increase of the temperature of the fiber and the deposited matrix. During the cooling process after coating, thermal residual stresses developed due to different CTEs of fiber and matrix (NiAl CTE: 15×10 -6 , α-Al 2 O 3 CTE: 9.5×10 -6 [13]) and caused the cracks in the matrix as evident from Fig. 1a. And the non-uniform coating around the fiber caused bending of the fibers. occupy the same kind of sublattice sites in this Laves phase. The Ni/Al ratio can be varied within broad limits according to the ternary phase diagram [16,17]. The NiAl phase in NiAl-Ta alloys can dissolve up to about 3 at.% Cr [6]. However, the Cr content in IP75 is 7.5 at.%.

The precipitation mechanism of Laves phases and Cr-rich phase in as-diffusion bonded IP75/Al 2 O 3 composite and as-cast IP75 and their effect on tensile strength

The surplus Cr, therefore, is precipitated in a disordered Cr-rich phase. Its low strength can be used for improving the mechanical behaviour, especially the ductility and toughness, of NiAl alloys.

In the current study, columnar NiAl grains formed during PVD. During diffusion bonding, the hexagonal C14 and the cubic C15 Laves phases were produced by: NiAl +Ta+ Cr→NiAl+ Ta(Cr,Ni,Al) 2 + Cr (solid solution)

Therefore, the hexagonal C14 and cubic C15 Laves phases formed at NiAl grain boundaries by solid state phase transformations, even though for the hexagonal Laves phase the hot pressing temperature (1300 °C) was by far lower than the eutectic transformation temperature (about 1638 °C). Thus, globular hexagonal and cubic Laves phase precipitates formed along the columnar grain boundaries of NiAl, whereas a Cr-rich phase precipitated in the NiAl matrix. The Laves phase transformation from hexagonal C14 Ta(Cr,Ni,Al) 2 to cubic C15 Ta(Cr,Ni,Al) 2 via a eutectoid reaction at a lower temperature is considered to occur by shear, and the shear transformation kinetics are believed to be dictated by the temperature dependence of dislocation mobility [18]. Under normal solidification conditions, the C14→C15 transformation tends to be sluggish and is often suppressed, thus the C14 structure can be retained even to room temperature in as-cast microstructures [18][19][20]. In a previous study [START_REF] Lin | Poster presented at Materials Week[END_REF] it was observed in as-cast IP75 that rod-shaped cubic C15 precipitated to a large extent in NiAl grains only during annealing in a temperature range of 1000~1300 °C owing to a supersaturation of Ta (about 0.6~0.7 at.%) in the NiAl matrix (the solubility of Ta in NiAl is about 0.2 at.% in that temperature range). Moreover, during this C15 Laves phase precipitation no detectable dissolution of C14 Laves phase was observed. This indicates that the hexagonal C14 Laves phase is actually the stable phase component.

However, the as-cast IP75 was cast at a high temperature above 1700°C [START_REF] Johnson | [END_REF]. During solidification, a eutectic reaction occurred to form the C14 Laves phase as a eutectic microconstituent or a primary phase from the liquid:

L→ NiAl + Ta(Cr,Ni,Al) 2 + Cr (solid solution) (2)
As a consequence, the NiAl grains with fine precipitates of the Cr-rich phase and the cubic C15 Laves phase are surrounded by hexagonal C14 Laves phase, which covers the grain boundaries more or less completely to form a skeleton.

Comparing the microstructure of IP75 in both the cast and the deposited state, it is obvious that the eutectic hexagonal Laves phase formed in the as-cast alloy will hinder deformation more effectively than the small globular hexagonal and cubic Laves phase precipitates in the grain boundaries of the deposited and diffusion bonded state. Hence, the microstructure of the IP75 matrix in the as-diffusion bonded IP75/Al 2 O 3 composite causes a low strength of the IP75 matrix and consequently a low strength of the composite. Even the reinforcement by Al 2 O 3 fibers cannot compensate the loss of strength so that IP75/Al 2 O 3 composites have a lower tensile strength than as-cast IP75. In essence, IP75 fabricated by a PVD process is not suitable as matrix material for fiber reinforced composites with high strength and toughness. The shear stress for complete debonding in Al 2 O 3 fiber-reinforced IP75 and NiAl composites, fabricated by a fiber coating process, was determined to be 217±59and 250±42 MPa respectively. These values are of the same order as reported for sapphire/NiAl composites fabricated by binder-free powder metallurgy methods (283±53 MPa) [23]. The high debonding shear stress was attributed to the adherence of Al 2 O 3 fibers to NiAl and the clamping pressure from the matrix on the fiber which builds up during cooling after diffusion bonding owing to the different CTEs of fiber and matrix [8]. The lower interfacial shear strength in IP75-composites compared to NiAl-composites [8] is apparently due to the amorphous layer between fiber and matrix, which affects the debonding mechanism. In NiAl/Al 2 O 3 composites, interface debonding took place at the boundary between the NiAl matrix and the amorphous layer [8]. By contrast, in IP75/Al 2 O 3 composites every grain boundary groove on the NiAl surface is complemented by a corresponding ridge of the amorphous layer on the fiber surface (Fig. 6). During the fiber push-out test, the IP75/Al 2 O 3 interface is subjected to an interfacial shear stress, and a stress concentration is generated at the grain boundary grooves which causes crack initiation and propagation in the amorphous layer (Fig. 8). After the push-out test, the about 400 nm thick amorphous layer has been split: one part sticks to the fiber surface in the form of ridges; the counterpart forms the inner surface of the matrix. In essence, interface debonding occurred in the amorphous layer along NiAl grain boundary grooves, which decreased the interfacial shear strength and thus the strength of the composite.

Interfacial properties and debonding mechanisms
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Conclusions

The microstructure and mechanical properties of both as-coated and as-diffusion bonded 

  2 O 3 fibers were coated with an IP75 matrix and then hot pressed in vacuum to fabricate the composites. However, the properties of IP75 after this process are different from those obtained by the casting route which has been traditionally employed to produce IP75 with good mechanical properties. The purpose of this investigation was to utilize IP75 as matrix material and to study the microstructure and mechanical properties of sapphire fiber reinforced IP75 composites fabricated by PVD and vacuum hot pressing.

  The used single crystal sapphire fibers had a diameter of about 125 µm and the axial direction was parallel to the c-axis of α-Al 2 O 3 . The fibers were PVD coated with layers of IP75 of about 55 µm or 25 µm thickness corresponding to about 30% and 50% of fiber volume fraction (V f ), respectively. The coated fibers were consolidated into fully dense composites by means of diffusion bonding under hot pressing. Hot pressing was carried out for 1 h at 1300

  3c consist of a hexagonal or cubic Laves phase Ta(Cr, Ni, Al) 2 . Because both the hexagonal Laves phase C14 and the cubic Laves phase C15 exist in the matrix in the form of globular particles, no distinction was made. α-Al 2 O 3 , Ø-NiO•16Al 2 O 3 and δ-NiO•13Al 2 O 3 oxides were identified in the matrix. According to the Ni-Al binary phase diagram and the distribution of oxides, stable α-Al 2 O 3 would form when the content of Al was greater than 17 at.% [10]. Apparently in some areas, an insufficient Al content caused the formation of NiO, which reacted with Al 2 O 3 to form the metastable Ø-NiO•16Al 2 O 3 and δ-NiO•13Al 2 O 3. XRD identified also some Al 2 SiO 5 particles in the matrix, obviously introduced from impurities on , which resulted in the formation of Al 2 SiO 5 particles in the matrix during diffusion bonding at 1300°C.For comparison, SEM micrographs of as-cast IP75 are shown in Fig.3e-f. The microstructure of the matrix in the as-diffusion bonded composite (see Fig.3b) is very different from the microstructure of as-cast IP75 (Fig.3e-f). Whereas in the as-diffusion bonded composite hexagonal and cubic Laves phase particles of globular shape formed at the NiAl columnar grain boundaries and a Cr-rich phase precipitated in the NiAl grains, in as-cast IP75, NiAl grains with fine cubic Laves phase precipitates and a Cr-rich phase are surrounded by hexagonal Laves phase, and a contiguous network of hexagonal Laves phase C14 formed at the grain boundaries.

  2 O 3 with 50% fiber volume fraction at 900 °C and 1100 °C are shown in Fig. 7a. At 1100 °C as-cast IP75 reveals good ductility (elongation above 20%) and a tensile strength of 136MPa. By constrast, the IP75/Al 2 O 3 composite had only a tensile strength of about 123 MPa at 900 °C and 107 MPa at 1100 °C.The fracture surfaces of the IP75/Al 2 O 3 composite and the as-cast IP75 after a tensile test at 1100 °C are shown in Figs.7b and c, respectively. In the IP75 matrix of the composite the intergranular fracture, whereas in as-cast IP75 ductile fracture occurred.

  showed that the IP75 matrix is mainly composed of B2 NiAl, hexagonal C14 and cubic C15 Laves phases Ta(Cr, Ni,Al) 2 , a Cr-rich phase and (Ni,Al)oxides. The binary Laves phase TaCr 2 has a large homogeneity range to both sides of the stoichiometric composition[14,15]. They can dissolve comparably large amounts of third elements without changing their crystallographic structure type. Hence, Ta(Cr,Ni,Al) 2 corresponds to the binary Laves phase TaCr 2 , where Ni and Al primarily substitute for Cr, i.e.
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 1 Fig. 1: SEM micrographs (secondary electron image, SEI) of the as-coated IP75/Al 2 O 3 fiber.
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 2 Fig. 2: (a) Bright field EFTEM image of the interface structure of as-coated IP75/Al 2 O 3 .
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 3456 Fig. 3: SEM micrographs (SEI) of the microstructure of IP75/ Al 2 O 3 composite after diffusion
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 78 Fig.7: Results of tensile tests at 900 °C and 1100°C at a strain rate of 10 -4 s -1 . (a) Typical
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Results of fiber push-out tests

  The measured interfacial shear stress for complete debonding τ deb in IP75/Al 2 O 3 and NiAl/Al 2 O 3 composites[8] is given in Table2. The values scatter strongly. The average shear stress for complete debonding of IP75/Al 2 O 3 composites is 217±59 MPa, but the measured values range from 105 to 346 MPa. In comparison, the average value of τ deb for NiAl/Al 2 O 3 composites was 250±42 MPa with measurements ranging from 195 to 425 MPa. The results indicate that the average interfacial strength decreased with concomitant increase of the scatter when the matrix was changed from NiAl to IP75.
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