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Precipitation and Recrystallization in Al-(Zr)-(Pr)-(Cr) Alloys
Fang Huachan,    Chao Hong,    Chen Kanghua
State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China
Abstract: Structure and thermal stability of nano-sized dispersoids in Al-(Zr)-(Pr)-(Cr) alloys have been revealed by conventional and high-resolution transmission electron microscopes. Results show that Al-0.16Zr-0.26Pr-0.18Cr alloy (wt%) exhibits significant precipitation strengthening, thermal stability and recrystallization-resistant ability by forming a relatively high density of well-dispersed Pr-containing (Al, Cr)3Zr dispersoid (15~20 nm) with L12 structure. The dispersoid is coherent even exposed at 500 °C for 400 h. Pr-containing (Al, Cr)3Zr dispersoid is finer and coarsening-resistant around 500 °C, as compared with L12-structured Al3Zr and Pr-containing Al3Zr dispersoids.
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Cubic L12-structured trialuminides are of interest due to their possible use as precipitates for high-temperature and creep-resistant Al-based alloys. Al-Sc alloys are of interest since they provide a large increase in strength due to a relatively high density of coherent L12 Al3Sc dispersoids. However, Al3Sc dispersoids are known to display appreciable coarsening rates even at relatively low temperatures [1-3]. Addition of Zr together with Sc results in a significant enhancement of the recrystallization resistance, and consequently in better mechanical properties by forming coarsening-resistant Al3(Sc, Zr) (L12) [4,5]. However, high cost of Sc restricts the development and the application of Sc-containing aluminum alloy. 

The substitution of Yb or Er for Sc in the Al-Sc-Zr system is found to improve the precipitation hardening effect of the alloy by forming L12-structured Al3(Yb, Zr) or Al3(Er, Zr) dispersoids [6-11]. Moreover, the L12 Al3Zr compound can be stabilized by substituting for Al as in the cases of fourth-period transition elements such as Cr, Mn and Cu [12-14]. In previous research, we found that combined additions of Zr, Yb and Cr resulted in a significant improvement of precipitation-strengthening effect and slow coarsening, via the formation of a high density of coarsening-resistant (Al, Cr)3(Zr, Yb) dispersoids with L12 structure[14]. Additions of Zr, Pr, Cr to Al-Zn-Mg-Cu alloy can adequately suppressed recrystallization by forming L12-structured Zn, Mg, Cu, Cr, Pr-containing A13Zr dispersoids[15]. The current work investigated the thermal stability and the recrystallization- resistant ability of precipitates in Al-Zr-Pr-Cr alloy.
1  Experiment
Al-0.16Zr, Al-0.16Zr-0.26Pr, Al-0.18Cr-0.26Pr and Al-0.16Zr-0.26Pr-0.18Cr (wt%) alloys were prepared by a casting metallurgy method. The cast ingots for coarsening were homogenized at 500 °C for different time ranging from 0 ~400 h, and then water-quenched. The cast ingots for recrystallization were homogenized for 13 h at 470 °C, and then cold rolled to a thickness of approximately 10 mm with 75% deformation degree. The cold-rolled samples were annealed in air at various temperatures between 150 °C and 550 °C for 1 h, and were quenched in water.

Brinell microhardness measurements were performed using a HBRVU-187.5 Sclerometer. The cold-rolled and annealed specimens were electrolytic alloy polished and anodized in water solution of HF and H3BO3, and then observed by an optical microscopy (OM) to determine the recrystallization temperature. A JEM-2100 and an FEI Tecnai F30 electron microscopy equipped with an energy dispersive X-ray spectroscopy (EDS) were used to carry out conventional transmission electron microscopy (TEM) observations as well as high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) analysis. Phase identification was carried out by a precise select area electron diffraction (SAED) technique.
2  Results

2.1  TEM of homogenized alloys

Fig.1 compares TEM bright field images of the dispersoids after homogenization at 500 °C for 400 h. Low densities of coherent dispersoids with an average diameter of 35~50 nm are inhomogeneously distributed throughout the matrix (Fig.1a) and the dispersoids are identified as L12 A13Zr in Al-0.16Zr alloy (Fig.1b and Table 1). The inhomogeneous dispersoid distribution of A13Zr caused by segregation of Zr is not optimal for recrystallization resistance [16]. High density of dispersoids with an average diameter of 25 nm are precipitated in Al-0.16Zr-0.26Pr alloy (Fig.1c). The characteristic Ashby- Brown contrast surrounding the dispersoids in Fig.1d indicates that they are coherent with the α-Al matrix. SAED pattern analysis in Fig.1d indicates that the spherical dispersoid is similar to L12 Al3Zr. EDXS result shows that the dispersoid contains Zr, Pr and Al (Table 1). It suggests that the dispersoids are probably Pr-containing Al3Zr with L12 structure.
Large lumpish dispersoids or fine spherical dispersoids in a cluster with 100~300 nm are precipitated heterogeneously in as-homogenized Al-0.18Cr-0.26Pr alloy (Fig.1e and 1f). These dispersoids do not have any strengthening effects. Relatively higher density of dispersoids with 15~20 nm are homogeneously distributed in Al-0.16Zr-0.26Pr-0.18Cr alloy (Fig.1g). The strong contrast and the presence of interfacial dislocations in Fig.1h indicates that the dispersoids are coherent with the α-Al matrix. The average dispersoid diameter in Al-0.16Zr-0.26Pr-0.18Cr alloy (15~20 nm) is slightly smaller than that in Al-0.16Zr alloy (35~50 nm) and Al-0.16Zr-0.28Pr alloy (25 nm).
To further investigate the morphological characteristic and the structure of dispersoid and its relationship with the matrix in Al-0.18Cr-0.26Pr and Al-0.16Zr-0.26Pr-0.18Cr alloys, the analysis of high-resolution transmission electron microscopy (HRTEM) was carried out. Fig.2a~2c are the TEM images of the large lumpish dispersoids in Al-0.18Cr-0.26Pr alloy. EDS result shows that the dispersoid contains Cr, Pr and Al (Fig.2d and Table 1). HRTEM image and its corresponding fast Fourier transformation (FFT), as well as SAED patterns analysis in Fig.2e~2g indicate that the lumpish dispersoids exhibit CeCr2Al20 structure [17,18]. That is, the dispersoids are Al20Cr2Pr with CeCr2Al20 structure.
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Fig.1  TEM bright field images of dispersoids in as-homogenized Al-0.16Zr (a, b), Al-0.16Zr-0.26Pr (c, d), Al-0.18Cr-0.26Pr (e, f) and Al-0.16Zr-0.26Pr-0.18Cr (g, h) alloys (corresponding SAED patterns are given in the inserts)

Table 1  EDS results of nano-scaled dispersoids and matrix
in as-homogenized alloys (at%)

	Alloy
	Area
	Zr
	Cr
	Pr
	Al

	Al-0.16Zr
	Dispersoid
	0.46
	-
	-
	99.54

	
	α(Al) matrix
	0.11
	-
	-
	99.89

	Al-0.16Zr-0.26Pr
	Dispersoid
	1.61
	-
	0.42
	97.97

	
	α(Al) matrix
	0.10
	-
	0.05
	99.85

	Al-0.18Cr-0.26Pr
	Dispersoid
	-
	6.44
	2.13
	91.43

	
	α(Al) matrix
	-
	0.12
	0.05
	99.83

	Al-0.16Zr-0.26Pr-
0.18Cr
	Dispersoid
	1.27
	1.38
	0.34
	97.01

	
	α(Al) matrix
	0.13
	0.11
	0.04
	99.72


Fig.3a and Fig.3b are bright and dark field images of Al-0.16Zr-0.26Pr-0.18Cr alloy, showing that a relatively higher density of finer dispersoids are uniformly precipitated during homogenization at 500 °C for 400 h. Fig.3c and Fig.3d are HRTEM images, and its corresponding FFT and SAED pattern, taken along [011]Al zone axis, for the dispersoids in Fig.3a and 3b. It is obvious that facets parallel to the {110} plane are clearly observed around the part of each dispersoid in Fig.3c. Fig.3c contains the highest percentage of precipitate faceting. A similar faceted morphology is found in Al-Sc and Al-Sc-Zr alloy[19,20]. Additional reflections are noted at 1/2{020}Al positions along [100]Al zone axes (Fig.3e) and 1/2{220}Al and 1/2{04
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12]Al zone axes (Fig.3f), which are attributed to the fine dispersion of coherent dispersoids. It indicates that the dispersoid has cubic L12 structure. Based on the TEM/SAED/EDXS results, the structure and the composition of the dispersoid are also near to Pr-containing (Al, Cr)3Zr. 
The microhardness of the studied alloys, homogenized at 500 °C for different time is displayed in Fig.4. As compared to Al-0.16Zr and Al-0.18Cr-0.26Pr alloys, the micro- hardnesses of Al-0.16Zr-0.26Pr and Al-0.16Zr-0.26Pr-0.18Cr alloys exhibit four anticipated stages of precipitation- strengthened alloys: incubation, rapid increase, plateau and a slow decrease in microhardness. It reflects that the dispersoids undergo the process of nucleation, growth and coarsening. Al-0.16Zr-0.26Pr-0.18Cr alloy has the highest peak microhardness and the microhardness remains at 120 h. That is, Al-0.16Zr-0.26Pr-0.18Cr alloy has a dramatically stable high temperature strengthening effect.
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Fig.2  TEM bright field images of dispersoids in Al-0.18Cr-0.26Pr alloy after homogenization at 500 °C for 400 h (a, b, c), EDS
spectrum (d), HRTEM image and its corresponding FFT (e), and SAED patterns along [211]Al20Cr2Pr (f) and [110]Al20Cr2Pr (g) of 
the dispersoids
[image: image9.png]



Fig.3  An array of finer dispersoids in Al-0.16Zr-0.26Pr-0.18Cr alloy after homogenization at 500 °C for 400 h (a, b), HRTEM image and its corresponding FFT (c), SAED patterns along [011]Al zone axes (d), [100]Al zone axes (e), and [
[image: image3.wmf]1

12]Al zone axes (f) and EDS spectrum (g) of the dispersoids
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Fig.4  Brinell microhardness versus time for all the alloys homo- genized at 500 °C
2.2  High temperature stability of precipitation-hardened alloys

Fig.5 compares the Pr-containing (Al, Cr)3Zr dispersoid morphology, as determined by HRTEM, for the Al-0.16Zr-
0.26Pr-0.18Cr alloy homogenized at 500 °C for different time. Fig.5a exhibits the HRTEM image for the dispersoid after 24 h, taken along [001]Al zone axis. It is obvious that the Pr-containing (Al, Cr)3Zr dispersoid with a radius ≤20 nm is coherent with the matrix and spheroidal dispersoids appear after aging for 24 h . The dispersoid is faceted parallel to the {100} and {110} planes, as indicated by the white lines. After aging for 744 h, Pr-containing (Al,Cr)3Zr dispersoid exhibits a larger spheroidal and coherent shape, with a radius ≤ 34 nm (Fig.5b), that is to say, L12 Pr-containing (Al,Cr)3Zr dispersoid has higher temperature stability even exposed at 500 °C for 400 h which is more resistant to coarsening than Al3Sc dispersoid[3]. Fig.6 shows the dependence of hardness of cold rolled alloys on annealing temperature for 1 h. It is clear to see that the hardnesses of all alloys decrease with the increase of annealing temperature under the same condition of holding time.

2.3  Structural stability after cold rolling
Herein, we define that the recrystallization temperature is
[image: image11.png]



Fig.5  HRTEM images of the Pr containing-(Al, Cr)3Zr dispersoids in Al-0.16Zr-0.26Pr-0.18Cr alloy homogenized at 500 °C for 24 h (a) and 744 h (b) 
the one at which the hardness value decrease to 50%. The recrystallization temperature for Al-0.16Zr, Al-0.16Zr-0.26Pr, Al-0.18Cr-0.26Pr and Al-0.16Zr-0.26Pr-0.18Cr alloys are 400, 425, 375 and 475 °C, respectively.

Optical micrographs of the as-annealing alloys confirm the above results, see Fig.7~Fig.10. Al-0.16Zr, Al-0.16Zr-0.26Pr and Al-0.18Cr-0.26Pr alloys show a lot of recrystallization grains at 400, 425 and 375 °C, respectively. Whereas Al-0.16Zr-0.26Pr-0.18Cr alloy starts to recrystallize until the annealing temperature reaches 475 °C (Fig.10). Therefore, the Pr-containing (Al, Cr)3Zr dispersoid increases the recry- stallization temperature at least by 75 °C, compared with Al3Zr dispersoids.
3  Discussion
Compared to L12-structured Al3Zr and Pr-containing Al3Zr dispersoids, Pr-containing (Al, Cr)3Zr dispersoid has higher density and more homogeneous distribution for the following reason. According to Daken-Gurry theory[21], the calculated interaction strength between Pr and Zr atom (1.04) is lower than that between Pr and Al atom (2.99). That is, the solution of Zr in the α-Al matrix will be promoted by adding Pr. It can be inferred that it is beneficial for expanding the solubility of matrix by microalloying with Zr and Pr, which will lead to the increase of the number of dispersoids precipitated from the supersaturated solid solution after homogenization. Furthermore, the addition of Cr to Al-Zr-Pr alloy is a very effective means of stabilizing the L12-structured Pr containing-Al3Zr compound. Thus, Pr-containing (Al, Cr)3Zr dispersoid is more stable and homogenous than Al3Zr and Pr-containing Al3Zr dispersoids. High density, homogenous distribution and high thermal stability of L12 Pr-containing  (Al, Cr)3Zr dispersoid result in a significant enhancement of the resistance to recrystallization, as compared with L12 Al3Zr and Pr-containing Al3Zr dispersoids.
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Fig.6  Dependence of hardness of cold rolled alloys on annealing temperature for 1 h
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Fig.7  Micrographs of the cold-rolled Al-0.16Zr alloy after annealing for 1 h at 375 °C (a), 400 °C (b) and 425 °C (c), showing that recrystallization starts at 400 °C
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Fig.8  Micrographs of the cold-rolled Al-0.16Zr-0.26Pr alloy after static annealing for 1 h at 400 °C (a), 425 °C (b) and 450 °C (c), showing that recrystallization starts at 425 °C
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Fig.9  Micrographs of the cold-rolled Al-0.18Cr-0.26Pr alloy after annealing for 1 h at 350 °C (a), 375 °C (b) and 400 °C (c), showing that recrystallization starts at 375 °C
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Fig.10  Micrographs of the cold-rolled Al-0.16Zr-0.26Pr-0.18Cr alloy after annealing for 1 h at 450°C (a), 475 °C (b) and 500 °C (c), showing that recrystallization starts at 475 °C
4  Conclusions
1) The Al-0.16Zr-0.26Pr-0.18Cr alloy possesses the highest peak microhardness due to the precipitation of Pr containing-(Al, Cr)3Zr compound with cubic L12 structure. 

2) Even though exposed at 500 °C for 400 h, the Pr containing-(Al, Cr)3Zr dispersoid is coherent with the matrix and exhibits higher thermal stability and precipitation- strengthening effect compared to the Al20Cr2Pr, Al3Zr and Pr containing-Al3Zr dispersoid in Al-0.26Pr-0.18Cr, Al-0.16Zr and Al-0.16Zr-0.26Pr alloy, respectively. 
3) The combined additions of Zr, Pr and Cr to Al alloys are a very effective means of increasing their resistance to recrystallization via the formation of a high density of Pr containing-(Al, Cr)3Zr precipitates that pin grain and subgrain boundaries. The recrystallization temperature is increased to 475 °C.
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Al-(Zr)-(Pr)-(Cr)合金析出和再结晶行为研究

方华婵，巢  宏，陈康华

(中南大学 粉末冶金国家重点实验室，湖南 长沙 410083)

摘  要：采用透射电镜和高分辨透射电镜研究了Al-Zr-Pr-Cr合金中析出弥散相的结构和稳定性。采用硬度和金相观察对比了弥散相在500 ℃的析出硬化作用及其稳定性，以及对合金再结晶的抑制作用。结果表明：由于热处理析出了大量共格的、L12结构的15~20 nm含Pr的 (Al, Cr)3Zr弥散相。因此，Al-0.16Zr-0.26Pr-0.18Cr合金具有显著地析出硬化效果、热稳定性和抑制再结晶效果。其高温析出硬化及抑制铝基体再结晶作用优于Al3Zr和含Pr的Al3Zr弥散相。
关键词：铝；镨；锆；析出；弥散相
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