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Abstract

:

Coarse particles in Cu-0.39Cr-0.24Zr-0.12Ni-0.027Si alloy were studied with scanning electron microscopy and transmission electron microscopy. Three types of coarse particles were determined: a needle-like Cu5Zr intermetallic phase, a nearly spherical Cr9.1Si0.9 intermetallic phase and (Cu, Cr, Zr, Ni, Si)-rich lath complex particles. The crystallographic orientation relationships of the needle-like and nearly spherical coarse particles were also determined. The reasons for formation and the role of the coarse phases in Cu-Cr-Zr alloys are discussed, and some suggestions are proposed to control the coarse phases in the alloys.
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1. Introduction


High-strength and high-electrical-conductivity copper alloys have been extensively used in railway contact wires [1,2], integrated circuit lead frame [3], heat exchangers [4] and other electrical and electronic engineering contexts [5]. These kinds of alloys have mainly included Cu-Fe systems, Cu-Ni systems, Cu-Cr systems and Cu-Mg systems [1,2,3,4,5,6,7], and Cu-Cr system alloys are potentially the most representative of copper alloys with the best balance of mechanical and electrical properties, especially Cu-Cr-Zr alloys [8,9,10,11,12]. In the past years, many investigations have focused on Cu-Cr-Zr alloys to improve physical and mechanical properties such as strength, conductivity, ductility and thermal stability with alloying, plastic deformation, rotary forging, friction stir processing and equal channel angular pressing [8,9,10,11,12], and the authors of this paper also carried out some studies in this field [13,14,15,16]. These previous studies have greatly promoted the developments and applications of Cu-Cr-Zr alloys in various fields.



It has been established unambiguously that Cu-Cr-Zr alloys are mainly strengthened by nanosized precipitates, and the characteristics of the nanosized precipitates such as structure, morphology, crystallographic orientation relationships and precipitation sequence were widely studied in the previous works [17,18,19,20,21,22]. It was reported that the microstructure had a bimodal particle distribution in Cu-Cr-Zr system alloys, while it has not been reported for the binary Cu-Cr alloy [23,24]. Therefore, some researchers studied the coarse particles in Cu-Cr-Zr system alloys [25,26,27,28,29]. Suzuki et al. [25] considered that the dispersed precipitates located on the {111} plane of Cu were Cu3Zr phase. Tang et al. [26] reported that intermetallic precipitates on the grain boundary in the Cu-Cr-Zr-Mg alloy were Cu4Zr. Huang et al. [27] concluded that the coarse intermetallic particles were Cu51Zr14 with an hcp structure using transmission electron microscope (TEM) and energy dispersive spectroscopy (EDS) analysis. Theoretical studies conducted by Ge [28] and Cui [29] showed that the Cu51Zr14, Cu10Zr7, CuZr2, CuZr phase should exist in Cu-Zr metallic glass. Although the previous researchers confirmed that Cr particles and (Cu, Zr) particles were present in Cu-Cr-Zr system alloys by means of scanning electron microscope (SEM) and TEM investigations, there has been no accurate experimental evidence and unanimous agreement on the types and structure of coarse particles or their crystallographic orientation relationships with the matrix so far.



The present study focuses on the coarse particle types, structure and crystallographic orientation relationship with matrix by means of SEM and TEM combined with EDS analysis, electron diffraction and central dark field imaging technique. The purpose is to clarify the controversies about coarse particles in Cu-Cr-Zr alloys and propose some suggestions for designing and processing of the system alloys.




2. Materials and Methods


Material with a composition of Cu-0.39Cr-0.24Zr-0.12Ni-0.027Si (wt.%) was melted using electrolytic copper, pure chromium, magnesium, silicon and copper-13 wt.% zirconium master alloy in a vacuum-induction melting furnace, and then cast in an iron mold with a size of 35 × 120 × 180 mm. The ingot was planed on both sides to remove surface defects and homogenized at 920 °C for 5 h and then hot rolled from 30 mm to 5 mm in thickness, followed by quickly quenching into cold water. Samples were cut and then solution-treated at 960 °C for 1 h in an air atmosphere muffle furnace.



Microstructure was characterized using an FEI Sirion 200 scanning electron microscope equipped with EDS. SEM image observations and EDS analyses of coarse particles were operated at a voltage of 15 kV. TEM specimens were mechanically thinned to 0.1 mm and punched into discs of 3 mm in diameter, and then thinned by jet polishing in a 30 vol.% nitric acid and 70 vol.% methanol solution at about −30 °C. Microstructure observations, electron diffraction and energy dispersive analyses were carried out using a JEM 2100F transmission electron microscope with an accelerating voltage of 200 kV. Jade software was used to determine the crystal structure and lattice parameters, and CaRIne software was applied to construct the cells of the matrix and precipitated phases and simulate the crystal diffraction pattern under the specific zone axes.




3. Results


3.1. SEM Images and EDS Analysis Results of Coarse Particles in Cast Alloy


Figure 1 shows the SEM images and the results of the EDS analysis of coarse particles in cast Cu-Cr-Zr-Ni-Si alloy. It can be seen from the figure that there are a large number of dispersed micron particles both in the grain and at the grain boundary in the as-cast alloy. In the enlarged SEM image, near-spherical and short rod-like particles with a size of about 0.5–3 μm can be observed, as indicated by the arrows in Figure 1b. The corresponding EDS analysis showed that these micron particles mainly contain Si, Cr, Ni and Cu elements.




3.2. SEM Images and EDS Analysis Results of Coarse Particles in Solution-Treated Alloy


Figure 2 shows the SEM images and EDS analysis results of Cu-Cr-Zr-Ni-Si alloy treated by solution. As can be seen from Figure 2a, after high-temperature solution treatment, the large number of micron particles which occurred in the as-cast alloy disappear, and only some coarse particles are distributed both in the grain and at the grain boundary, as shown in Figure 2a,b. This indicates that most of the as-cast micron particles were dissolved into the copper matrix during the high-temperature solution treatment. Two different characteristic particles can be observed in the backscattering electron image, as shown in Figure 2b. Bright white lath particle “A” with a length of about 3 μm and a width of about 1.5 μm was located inside the grains. The results of the EDS analysis showed that the particle is composed of elements of Si, Zr, Cr and Cu. The cross-sectional of dark black particle “B” exhibits a nearly circular shape, and mainly contains Cu, Cr and a small amount of Si (about 1.77 at. %). Since the contrast in a backscattering electron image relates to the atomic number (a conspicuous Z-contrast for FexSn1−x/MgO can be seen due to the great difference in atomic numbers of Fe, Sn, Mg and O [30]), the contrast of particle A mainly contained Zr element (atomic number is 40) and is obviously brighter than particle B, which mainly contains Cr element (atomic number is 24).




3.3. TEM Photographs and EDS Analysis Results of Coarse Particles in Solution-Treated Alloy


Figure 3 presents TEM photographs and EDS analysis results of coarse particles in the solution-treated Cu-Cr-Zr-Ni-Si alloy. It can be seen from Figure 3a that needle-like particles with a length of 100–200 nm (marked by red circle) grow from the grain boundary. The EDS analysis results indicate that the particles are a compound containing Cu and Zr elements. Figure 3c presents a nearly spherical phase with a size of about 200 nm in diameter, and it is proved to be a kind of (Si, Cr, Cu)-rich compound. In addition, a lath phase with a size of 300 nm × 100 nm, which mainly contains Si, Cr, Ni, Zr and Cu elements, can be observed inside the grains in Figure 3e. Similar results had been obtained from other samples which contain coarse particles with the same morphology. It can be inferred that the TEM and EDS analysis results on morphology and the contained elements of Figure 3 are consistent with those of the SEM and EDS analysis in Figure 2.




3.4. TEM Images and Electron Diffraction Results of Coarse Particles in Solution-Treated Alloy


Figure 4 displays TEM images and the electron diffraction pattern of a coarse particle in the Cu-Cr-Zr-Ni-Si alloy. The bright field image and dark field image clearly show a needle-like particle that has a length of 820 nm and width of about 100 nm in Figure 4a, with the corresponding electron diffraction pattern shown in Figure 4c. Two sets of patterns can be distinguished from the electron diffraction pattern: one set of diffraction spots has higher intensity and smaller spacing between crystal planes, while the other set of diffraction spots shows slightly lower intensity and larger crystal face spacing. Angles between the adjacent diffracted spots and the transmitted spot of the two patterns were both measured to be about 54° and 36°, and the distance ratios were both determined to be about 1.1. The results fully comply with the diffraction pattern characteristic of f.c.c crystals under the <011> zone axis. Therefore, it can be inferred that the two sets of diffraction patterns are both induced by f.c.c crystals under <011> zone axes diffraction. The patterns were indexed as shown in Figure 4d. According to the spots distance, the lattice parameters of the two crystals were calculated as 0.3612 nm and 0.687 nm, respectively, and the two phases were identified with reference to the PDF card as follows: one is the Cu matrix and the other is the Cu5Zr intermetallic phase, which belongs to   F   4  −  3   m   (216) space group and has an f.c.c structure with a lattice parameter of 0.687 nm. The red-circled spot shown in Figure 4c was selected for an operation of central dark field, and the central dark field image is presented in Figure 4b. It can be further confirmed that the set of patterns is induced by the f.c.c structure Cu5Zr intermetallic phase.



According to the electron diffraction pattern and TEM bright field image, it can be ascertained that the Cu5Zr phase grows along the <111> direction of the Cu matrix. The orientation relationship between the Cu5Zr phase and the matrix can also be determined as follows:    [ 011 ]   C u    //    [ 011 ]   C u 5 Z r    ,     (   3  −  1   1  −  )   C u    //    (   1  −  1   1  −  )   C u 5 Z r    .



Another nearly spherical particle with a size of approximately 40~120 nm in diameter can be observed in Figure 4. A bright field image and a dark field image of the particle are shown in Figure 5a,b, and the corresponding electron diffraction pattern is presented in Figure 5c. It can be inferred that the extra diffraction is caused by the <001> zone axis of a b.c.c structure phase, and the lattice constant of the phase is 0.288 nm, calculated by the diffraction pattern. Based on the energy spectrum analysis results, which indicate a nearly spherical phase containing Cr and Si elements, it can be concluded that the extra diffraction is induced by a Cr9.1Si0.9 intermetallic phase. The indexing result is shown in Figure 5d. According to the indexing result, a Nishiyama–Wassermann (N–W) orientation relationship can be found between the Cr9.1Si0.9 phase and Cu matrix, which is that:    [ 011 ]   C u    //    [ 001 ]   C r 9.1 S i 0.9    ,     (   1  −    1  −  1 )   C u    //    ( 1   1  −  0 )   C r 9.1 S i 0.9    ,     (   4  −  2   2  −  )   C u    //    (   1  −    1  −  0 )   C r 9.1 S i 0.9    //    (   2  −    2  −  0 )   C r 9.1 S i 0.9    .





4. Discussion


4.1. The Determination of Coarse Particles in Cu-Cr-Zr System Alloys


Many investigations on the coarse particle types and their roles in Cu-Cr-Zr system alloys have been carried out by means of phase diagram theory, SEM, TEM and EDS, and great progress has been made. Batra et al. [19] investigated coarse particles with a size of about 0.2 μm × 0.4 μm in the Cu-Cr-Zr alloy by electron diffraction and concluded that the particles were b.c.c structure Cr particles. Club-shaped, hexagonal-shaped and spherical-shaped coarse particles were observed in Cu-0.43Cr-0.17Zr- 0.05Mg-0.05RE alloy by Mu et al. [31], and EDS analysis showed that the coarse particles were Cr phase and (Cu, Zr) compound. Though the coarse Cr phase has been confirmed by most researchers, the type and structure of the (Cu, Zr) compounds is still uncertain. Kawakatsu et al. [32] studied the phase equilibrium at the copper corner of the isothermal diagram in Cu-Cr-Zr alloy and suggested that Zr existed in the form of Cu3Zr in the alloy. Tang et al. [26] considered the coarse particles as a Cu4Zr intermetallic phase in Cu-Cr-Zr-Mg alloy, but other’s work on Cu-Cr-Zr alloy implied that Cu51Zr14 should exist [27]. Theoretical studies [33] and SEM experimental studies [34] of Cu-Cr-Zr alloys showed that Cr phase and Cu5Zr intermetallic phase should be present. These results accord well with those of Holzwarth [23], Correia [35] and Sun [36], who investigated the coarse particles in Cu-Cr-Zr alloy with SEM and EDS analysis.



Due to the spatial resolution limitation of electron microscopes in the mode of EDS (e.g., X-ray beam effectively analyzed by SEM-EDS can only be focused to a few hundred nanometers), the previous EDS studies on the coarse phase with a size of a few microns or a few hundred nanometers in Cu-Cr-Zr alloys could only show a qualitative result, and these failed to precise determine the coarse particle types, structure and orientation relationship with the matrix. However, electron beams can be focused to a few nanometers in TEM electron diffraction mode, which greatly improves the accuracy and resolution of phase analysis.



The present work studied the presence of coarse particles in Cu-Cr-Zr-Ni-Si alloy as well as its chemical composition using SEM, TEM and corresponding EDS analysis, and established relations between the types and morphology of coarse particles. Three types of coarse particles were found in the Cu-Cr-Zr-Ni-Si alloy: needle-like (Cu, Zr) particles with a large aspect ratio, nearly spherical (Cu, Cr, Si) particles and lath (Cu, Cr, Zr, Ni, Si)-rich complex particles with a small aspect ratio. It can be inferred that the morphology of coarse particles varies with the composition.



Furthermore, the types, structure and crystallographic orientation relationships of the coarse particles were precisely examined using TEM electron diffraction and central dark field imaging techniques. Needle-like (Cu, Zr) particles were identified to be an f.c.c structure Cu5Zr intermetallic phase, which belongs to space group   F   4  −  3   m   (216) with a lattice parameter of 0.687 nm, having     [ 011 ]   C u    //    [ 011 ]   C u 5 Z r    ,     (   3  −  1   1  −  )   C u    //    (   1  −  1   1  −  )   C u 5 Z r     orientation relationship with matrix. The Cu5Zr phase grows approximately along the <111> direction of the copper matrix. As far as the authors know, this is the first time to show the selected area electron diffraction of Cu5Zr intermetallic phase with a zone axis of [011] and determine the orientation relationship with the matrix. The nearly spherical (Cu, Cr, Si) particles were identified as Cr9.1Si0.9 intermetallic phases with a b.c.c structure, which had a typical N–W orientation relationship with the matrix. The relationship is the same as the results reported by Luo [37], Dahmen [38] and Hall [39] in Cu-Cr alloys. From the bright field images and dark field images in Figure 4 and Figure 5, it can also be found that a distinct interface exists between the Cu5Zr phase and Cr9.1Si0.9 phase. In addition, SEM and TEM results showed that the lath-like complex particles were composed of Si, Cr, Ni, Zr and Cu elements; however, these structure types and the orientation relationship need to be further studied.




4.2. The Formation and Control of Coarse Particles in Cu-Cr-Zr System Alloys


The maximum solubility of the chromium and zirconium in equilibrium is 0.7 wt.% and 0.15 wt.% [40], respectively, and the solubility of chromium and zirconium in copper is less than 0.4 wt.% Cr and 0.15 wt.% Zr at 960 °C [41]. Since the composition of Cu-Cr-Zr-Ni-Si alloy is close to or above the solubility limit at the solution temperature, the coarse particles are almost formed during the solidification process. As can be seen from the results of this work, high-temperature solution treatment (960 °C for 1 h) failed to eliminate these coarse particles. The result that the dissolution of second particles was very limited by prolonging the high-temperature solution treatment can be confirmed by Appello [41]. Huang [27] suggested that the Cr-rich phase first solidified molten melt, and Zr-rich phase solidified at the interface of the Cr-rich phase and melt. In other words, the Cr-rich phase became as the solidified core of the Zr-rich phase. Spaic et al. [42] revealed that the Cr-rich phase was the eutectic reaction product formed in the solidification process, which explained the resistance against solution treatment.



It has been reported [43,44] that the second phase particles ranging from 1 nm to 100 nm have a significant strengthening effect on the mechanical properties of the material, so the coarse particles do not contribute to the mechanical strength of the Cu-Cr-Zr-Ni-Si alloy. Holzwarth [45] studied the mechanical properties of the Cu-Cr-Zr alloy under different heat treatment conditions and revealed that the differences in the density and spacing of the coarse particles had little effect on the mechanical properties. Furthermore, due to the difference in the deformation ability of coarse particles and the matrix, it is easy to generate stress concentration at the interface of coarse particles and matrix leading to the occurrence of fatigue and fractures in the hot-working or cold-working process. In addition, the formed coarse particles deplete the amount of solute elements dissolved in the matrix, resulting in the reduction in the precipitation strengthening effect. Therefore, controlling the amount and size of the coarse particles is essential for the precipitation-strengthened Cu-Cr-Zr system alloys. Effective measures can be taken as follows:




	(1)

	
Reducing the content of alloying elements to ensure complete dissolution at the corresponding solution temperature according to the phase diagrams, e.g., the content of chromium element in the Cu-Cr-Zr alloys should be less than 0.3 wt.%, and zirconium should be less than 0.12 wt.% when the alloys are solution-treated at 920 °C.




	(2)

	
Using master alloys instead of pure metals alloying elements for melting, which could accelerate alloying elements with high melting-point to melt and dissolve into the matrix.




	(3)

	
Using modified treatment technology to refine precipitate particles formed in the solidification process.




	(4)

	
Using severe plastic deformation in the hot-working or cold-working process, which could partly fragment the coarse particles and redistribute the alloying elements, ultimately relieving the negative effects of coarse particles on the performance of Cu-Cr-Zr alloys.











5. Conclusions


	(1)

	
Three types of coarse particles were detected in the Cu-Cr-Zr-Ni-Si alloy and the relations between types, composition and morphology of coarse particles were also established.




	(2)

	
Needle-like (Cu, Zr) particles were accurately determined to be an f.c.c structure Cu5Zr intermetallic phase, and the orientation relationship between the Cu5Zr phase and Cu matrix was determined as     [ 011 ]   C u    //    [ 011 ]   C u 5 Z r    ,     (   3  −  1   1  −  )   C u    //    (   1  −  1   1  −  )   C u 5 Z r    .




	(3)

	
Nearly spherical particles were identified as a Cr9.1Si0.9 intermetallic phase with a b.c.c structure, having a typical N–W orientation relationship with the Cu matrix. Another coarse particle with a lath shape was confirmed as a kind of (Cu, Cr, Zr, Ni, Si)-rich complex compound.
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Figure 1. SEM images and EDS analysis results of coarse particles in cast Cu-Cr-Zr-Ni-Si alloy. (a) secondary electron image; (b) magnified secondary electron image; (c) EDS analysis results of selected particle in (b). 
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Figure 2. SEM image and EDS analysis results of coarse particles in solution-treated Cu-Cr-Zr-Ni-Si alloy. (a) secondary electron image in grain; (b) backscattering electron image at the grain boundary; (c) EDS analysis results of particle “A”; (d) EDS analysis results of particle “B”. 
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Figure 3. TEM images and EDS analysis results of coarse particles in solution-treated Cu-Cr-Zr-Ni-Si alloy. (a,b) needle-like particle and EDS analysis results; (c,d) nearly spherical particle and EDS analysis results; (e,f) lath-like particle and EDS analysis results. 
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Figure 4. TEM images and electron diffraction pattern of needle-like particle in the Cu-Cr-Zr-Ni-Si alloy (○● Cu; ○• Cu5Zr). (a) bright filed image; (b) dark filed image; (c) electron diffraction pattern; (d) indexing result of (c). 
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Figure 5. TEM images and electron diffraction pattern of nearly spherical phase in the Cu-Cr-Zr-Ni-Si alloy (○● Cu; ○• Cr9.1Si0.9). (a) bright filed image; (b) dark filed image; (c) electron diffraction pattern; (d) indexing result of (c). 
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