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Abstract 

Spray Conform is a near-net-shape technology that combines elements of spray 

forming and Conform. 7075 aluminum alloy rods were fabricated by spray Conform 

followed by retrogression and reaging (RRA) heat treatment. The microstructure 

evolution and the mechanical properties of the spray Conform and the RRA spray 

Conform 7075 were researched. The spray Conform 7075 sample presents a 

microstructure with slight hardening precipitates within the matrix and at the grain 

boundaries, partial recrystallized regions, refined grains and low segregation of the 

main elements. The final microstructure at RRA aged condition is mainly composed 

by fine nanosized and homogeneous precipitates of AlCu and MgZn2, more 

recrystallized regions and discontinuous precipitates separating out at grain 

boundaries. The microstructure, no matter of the spray Conform 7075 or of the 

RRA-7075, plays a critical role in achieving good mechanical properties combining 

with high stress-corrosion cracking resistance of the final products. 

Keywords: spray Conform; microstructure; mechanical property; RRA; 7075 Al 

1. Introduction 

7075 Al, belonging to Al-Zn-Mg-Cu alloys, is used extensively for aerospace 

applications due to its high strength [1-4]. Several technologies have been made to 
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manufacture the Al-Zn-Mg-Cu alloys of high performance [5-6]. Much of the progress 

achieved in the development of aluminum alloys can be attributed to new 

production methods, such as powder metallurgy (PM) and spray forming [7]. 

However, the PM process is hard to manufacture contamination free and fine 

powders due to the oxidation in the process of atomization and the difficulty in 

mechanical milling. The process of spray forming can only obtain the preform that is 

characterized by 1-10% pore [8-9]. Both technologies are not possible to process 

products directly. They are usually followed by pressure processing, such as hot 

extrusion [10-15]. Thus, the PM and spray forming technologies are energy and 

equipment intensive, and time-wasting. 

Direct spray Conform technology [16-18], which combines elements of spray 

deposition [19-20] and Conform [21], is attractive because it may improve the 

economics of manufacturing aluminum products by eliminating the densification 

procedure of the deposited preform after spraying and blank preheating before 

forming until operations in conventional deposited preform processing while 

significantly reducing energy consumption. Spray Conform is a relatively new metal 

processing technology. In spray Conform, the process is finished by steps of the 

molten metal atomized using a high velocity inert gas, the resultant droplets cooled 

in flight, the spray deposited into the groove acting as a deposition substrate around 

extrusion wheel, the preform compacted in the container formed by extrusion wheel 

and extrusion shoe, the spray taken into extrusion cavity, and the dense material is 

extruded to form (Fig. 1). The alloy’s latent heat is removed rapidly by the convection 

heat transfer from the atomized droplets teams in flight and the conductive cooling 

at the groove and extrusion cavity. The high solidification rates in spray Conform 

allow a wider range of alloys to be processed, and at higher production rates, than is 

currently possible in the conventional technological process of spray forming firstly 

and densification treatment afterwards [11-15, 22-23]. 

The success of spray Conform is related to faster cooling rates and 
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near-net-shape processing, thus, preferred microstructures that produce superior 

mechanical properties and desired shaped products can be obtained. Rapid 

solidification process avoids common problems associated with conventional ingot 

metallurgy, such as alloy segregation and microstructural coarsening. Finer 

microstructures and reduced microsegregation can lead to reduced homogenization 

times during solution heat treatment and a variety of mesoscopic structure changes 

which lead to superior mechanical properties [7]. The successful exploitation of this 

technology will prompt the development of economic production of a diverse group 

of aluminum alloys with unparalled combinations of strength and thermal stability.  

 

Fig. 1. Schematic of spray Conform. 

2. Experimental procedure 

The spray Conform equipment is modified by a LJ-350 Conform device and is 

mainly composed of Conform device, atomizer, controller and die. The atomizer is 

constructed above the extrusion wheel about 500mm, and the controller is designed 

between the atomizer and the extrusion wheel to control the spray to deposit into 

the groove of the extrusion wheel. 

Raw 7075 alloy was heated in a box resistor-stove under no protective 

atmosphere, superheated to about 100℃ above the liquidus temperature, and 
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transferred into an atomizer designed and constructed above the extrusion wheel. 

Atomized droplets atomized by nitrogen were sprayed vertically and deposited into 

the groove of the extrusion wheel, whose diameter is 340mm. The extrusion wheel 

has standard hot work tool-steel, H13, which was not water cooled in 

laboratory-scale. Pure aluminum was coated on the groove surface prior to a run for 

purpose of better connection between the substrate and the deposited preform. 

Both contain the same matrix material. Thus, better joints can increase frictional 

force, which is favourable for taking material to extrusion cavity and extruding to 

form. A nitrogen atmosphere within the spray apparatus minimized in-flight 

oxidation of the atomized droplets. Currently, the device is not equipped with a coiler, 

and an individual rod measuring about 1500mm long was produced by 

starting/stopping the spray (Fig. 2). For this study, the diameter of the melt delivery 

tube is 3mm, the atomizing pressure is 0.2MPa. The 7075 rods fabricated by spray 

Conform were heat treated to the RRA aging (120℃24h+200℃10min+120℃24h) 

after two-stage solution treated at 450℃ for 1 h and 475℃ for 2 h.  

 

Fig. 2. Typical product of 7075 rod is fabricated by spray Conform. 

Microstructure of the spray and rods was evaluated using a XJP-6A optical 

microscope (OM) and a Tecnai G2 TF30 transmission electron microscope (TEM) as 

well as a XL30-ESEM-TMP scanning electron microscope (SEM). Keller’s etchant was 

used to show grain structure and highlight constituent phases. The TEM test was 

performed at 300 KV to see the distribution of the second phase and the structures 

of particles and crystal boundaries. The TEM specimens were 3mm in diameter and 

100μm in thickness, and they were subsequently thinned by double-jet 

electropolishing with a 30% nitric acid solution at approximately -25℃. The tensile 

testing was performed with an AG-X100KN screw-driven test machine. The X-ray 

diffraction (XRD) experiments were performed on a Japanese Rigaku D/max 2200 
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diffractometer using Cu Kα radiation. For phase identification, XRD patterns were 

obtained in the diffraction angle (2θ) ranging of between 0 and 100°. The electric 

conductivity was measured by a LSR-3 Seebeck Linseis instrument. Fractographic 

features of the tensile sample were also studied by SEM. 

3. Results and discussion 

3.1. Microstructure  

In spray Conform, the extrusion wheel performs several functions. It acts as a 

substrate, absorbs the remaining latent heat, consolidates the deposited material, 

and offers an extrusion force to form fully-dense rods. The procedure of in-flight 

extracts most of the metal’s latent heat by convection heat transfer to the relatively 

cold inert gas, nitrogen, which is entrained into the jet. The unsolidified liquid phase 

deposited out has the same component as the liquid metal feed. This highly restricts 

segregation because of the surrounding solid phase working as a heat extracter to 

quickly solidify the remaining liquid material [24]. Therefore, in spray Conform, 

solidification progress goes inwardly resulting in the enrichment in alloying additions 

to the final solidification material. It is significant to confine the fraction of liquid in 

the “slush” material to control foundry defects such as surface bleeds and 

sub-surface stringers of constituent phases, while processing materials with a broad 

freezing range, such as 7075 Al. Experience has indicated that this is much easier and 

more effectively solved during droplet formation and cooling rather than 

post-deposition thermo-mechanical processing. 

In order to examine microstructure evolution during spray Conform, the 

extrusion wheel and spray were stopped simultaneously during operation of the 

device. A schematic diagram of the cross-section of spray Conform displays five 

distinct regions (Fig. 3): 

 (1) The depositional region where the spray is deposited into the groove. 
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(2) The preliminary densification region where the semi-solid material is initially 

compacted between extrusion wheel and die chamber. 

(3) The blocking region where the material is changed its course by 90° and is 

further compressed. 

(4) The extrusion cavity region where the billet is further consolidated. 

(5) The forming area where the product rods form by the forming part of the 

die. 

 

Fig. 3. Sketch of five regions of spray Conform: Ⅰ- The depositional region; Ⅱ- The preliminary 

densification region; Ⅲ- the Blocking region; Ⅳ- The extrusion cavity; Ⅴ- The forming area. 

Typical microstructures of these regions are shown in Fig. 4. The depositional 

zone consisted of grains with an equiaxed and fine structure owed to rapid cooling 

and large numerous of heterogeneous nucleation, and contained random and 

isolated pores of various shapes, as shown in Fig. 4a. Finer grains were obtained at 

the groove surface than at the interior for better heat conduction conditions, but 

both remained equiaxed grains. This region resembled what is representatively 

observed when spraying onto a flat surface most [25-27]. It is proved that a very low 

value of segregation can be obtained when compared with conventional 
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semi-continuous casting of the same alloy, which can reach a value of around 7% [28]. 

Thus, segregation occurred in the spray preform, but it was less severe than in the 

conventional casting of the alloy, resulting in a homogeneous microstructure. The 

preliminary compacted region is also characterized by an equiaxed and fine grain 

structure, but a decreasing concentration of pores as the material progresses toward 

the abutment, as shown in Fig. 4b. The preform is prevented from going along the 

rotational direction of the extrusion wheel when contacting the abutment. Thus, the 

deposited material stopped progressing is subject to compact force coming from the 

spray feed, and eliminated part of the pores. Fig. 4c shows the microstructure of the 

blocking zone where the compact spray changes its direction of motion by 90° 

perpendicular to the surface of extrusion wheel and is further compacted due to 

severe plastic deformation whose mechanism of deformation is similar to equal 

channel angular pressing [29]. In this area, most of the pores disappear under such 

high extrusion force, which brings the denser billet. Many coarse grains and 

precipitates, no matter within the grains or at the grain boundaries, are first cracked 

in this region. Fine grains and uniformly distributed small precipitates are the basis 

for getting superior performance. Nevertheless, there are still a few of pores as well 

as precipitates that are difficult to be eliminated in the matrix [30]. The extrusion 

cavity regions of spray Conform and Conform are clearly identical. Both are the 

places where blank gather and suffer huge extrusion force to occur intense plastic 

deformation. In this process, the porosity is virtually all eliminated at the extrusion 

cavity due to the further compacted, as shown in Fig. 4d. The consolidated material 

in the extrusion cavity is extruded to form products with homogeneous and fine 

microstructure as well as excellent mechanical properties. Fig. 4e shows the 

microstructure with typical anisotropic properties of the longitudinal section of the 

extrusion products with fine precipitates distribute along the extrusion direction. 

Most of the secondary phase generated during the spray process was broken by the 

shear stress [11]. However, it is inferred that unbroken coarse second phases induce 

stress concentration, which results in the formation of secondary cracks in the matrix 

and deteriorative effect on the ductility [31]. 
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Fig. 4. OM Photomicrographs illustrating microstructure evolution of 7075 Al during spray 

Conform. (a) The depositional region. (b) The preliminary densification region. (c) The blocking 

region. (d) The extrusion cavity region. (e) The fully-consolidated rod. 

Fig. 5 shows SEM micrographs of the cross section of the spray Conform 7075 

rods. The precipitation has occurred as a consequence of the extrusion temperature 

employed in the experiments, which gives the supersaturated structure the 

necessary energy to achieve the equilibrium by the precipitation of the phases [30]. 

The size of uniformly distributed precipitates is less than 5μm, as shown in Fig. 5a. In 
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addition, Fig. 5b shows some regions exhibiting fine and equiaxed microstructure 

within the samples. In theory, it is impossible to generate so many and large 

continuous precipitates due to high cooling rates during spray deposition. Rapid 

solidification of molten alloy allows no enough time and temperature for alloy 

elements to segregate and form compounds. Considering from the morphology 

viewpoint，it exhibits the equiaxed microstructure, which is corresponding with the 

recrystallization grains.  Additional, E.M. Mazzer et al. found the recrystallization 

microstructure in the extruded 7050 alloy that was processed by spray forming firstly 

and then was hot extruded [11]. Thus, we conclude that the fine and equiaxed 

microstructure was recrystallized grains. 

 

Fig. 5. SEM micrographs of the extruded bar in the cross direction showing (a) precipitation in 

matrix and (b) partial recrystallization in irregular polygon. 

However, the XRD diffraction pattern of the spray Conform 7075 is presented in 

Fig. 6 showing no intermetallic phases originating from the spray process and from 

precipitation. The results are at odds with the conclusion mentioned above. This is 

due to the rapid cooling rates of the melt in the spray process. Despite the 

segregation of the alloying elements in this step, the precipitation phenomenon is 

weaker [11]. Thus, the quantity of precipitates generating in spray Conform is too 

lack to be examined by XRD method.  
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Fig. 6. XRD diffraction pattern of the spray Conform 7075 rods. 

Fig. 7 shows the microstructure of the cross section of the spray Conform 7075 

Al as well as the ingot cast 7075.  

 

 

Fig. 7. (a) and (b) OM Photomicrographs of ingot cast 7075 and transverse section of spray 

Conform 7075, respectively, (c) TEM of transverse section of spray Conform 7075.  
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The ingot-cast sample is characterized by a coarse dendritic structure and 

severe interdendritic segregation of the solute-rich phases in Fig. 7a. However, spray 

Conform specimens show much finer grains than as-cast ingot and almost equiaxed 

structure with very small, angular precipitates of Al-Zn-Mg-Cu phase uniformly 

distributed in aluminum matrix, as shown in Fig. 7b. Fig. 7c presents the more 

detailed grain structures including recrystallized grains and subgrains and an 

accumulation of dislocation at the grain boundaries owing to the extrusion process. 

It shows that the grain size is about 1-2μm, and less precipitates can be observed 

both in the matrix and at the grain boundaries due to the rapid cooling rates. Fine 

recrystallized grains and subgrains are formed after hot deformation. The decrease in 

growth of recrystallized grain is also an important factor to increase yield strength 

and elongation [29]. 

Fig. 8 shows the microstructure of spray Conform 7075 Al with RRA ageing heat 

treatment. Partial recrystallization was observed in the spray Conform condition. 

Further RRA treatment was not enough to complete recrystallization, as shown in Fig. 

8a and b. The grain morphology of a recrystallized alloy lies on many elements, such 

as the extrusion ratio, aging mode, and solidification rate during processing. The fine 

and uniformly distributed second phase particles play a significant role in 

recrystallization behavior. The recrystallized grains grew up along the extrusion 

direction, and precipitates distributed internal the grains and of grain boundaries. Fig. 

8c shows the TEM micrographs of the RRA heat treated 7075. Nanoscale precipitates 

can be seen within the grains and at the grain boundaries. It is evident that the 

precipitates separating out at grain boundaries are discontinuous, which is a normal 

phenomenon in 7xxx aluminum alloy after RRA ageing [32-34]. The discontinuous 

morphology plays a significant role in increasing stress-corrosion cracking resistance 

without decreasing of the strength [32, 35]. Electric conductivity of the alloy is 24.9 

MS/s, which is 9.7% higher than that in Ref. 36 [36]. Thus, it can be considered that 

the 7075 material fabricated by spray Conform subsequently with RRA ageing has a 

superior stress-corrosion cracking resistance. Secondary particles uniformly 
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precipitate in the Al matrix with size of less than 150 nm and the shape is close to 

sphere. From Orowan mechanism, it is obvious that the strengthening depends on 

not only the particle size distribution, but also the uniformity of the dispersion [37]. 

The precipitates are of similar size and distribute homogeneously, which results in 

superior mechanical properties. 

 

 

Fig. 8. (a) and (b) OM micrographs of longitudinal section and cross section of the RRA aged 

sample, respectively, (c) TEM micrograph of cross section of the RRA aged sample. 

The XRD pattern of the RRA-7075 is presented in Fig. 9. If both XRD patterns 

concerning the spray Conform rods and the RRA-rods are compared, it is observed 

that the intensity of the phase peaks is stronger in the RRA heat treated bar. This is 

because the process of RRA aging after spray Conform forces the precipitation of the 

secondary phases both in the matrix and at grain boundaries. The clearly resolved 

peaks of 7075 aluminum rods subjected to RRA heat treatment corresponding to 
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AlCu and MgZn2 constituent phases and Al matrix. 

    

Fig. 9. X-ray diffraction pattern of the RRA heat treated 7075 Al. 

3.2. Mechanical properties 

Tensile properties of spray Conform 7075 rods and RRA heat treatment 7075 

rods are summarized in Table1. It is possible to observe a considerable increase on 

the properties after RRA aging heat treatment due to the fine precipitation of the 

AlCu and η phase, which are responsible for the hardening of the matrix. It is obvious 

that the spray Conform technique plays an important role in the strength and the 

ductility of the rods, reflecting the high elongation of both states. As mentioned 

before, it is well known that many fine dispersoids can be obtained with spray 

Conform due to its rapid solidification, although it is hard to be observed by XRD. 

Another important feature of the process is the improvement of the solid solubility 

of alloying elements. The contribution in the strength by the phenomena is due to 

the difference of the atom sizes [31]. 

Analysis of the fracture surface of the tensile samples indicates ductile mode of 

fracture. The dimples from samples of both states can be observed from Fig. 10. 

Dimples from the spray Conform sample seem to be smaller but more than the RRA 

heat treated sample. However, dimples from the RRA heat treated sample seem to 

be deeper. It evidences that the deeper and much dimples indicates the better 
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plastic deformation ability. 

Table 1 

Tensile properties of the spray Conform 7075 Al and the RRA-7075. 

Condition  UTS (MPa) YS (MPa) Elongation (%) 

Spray Conform 363 255 11 

RRA 547 493 12.6 

The mechanical properties obtained present higher YS and elongation than 

specified in the aeronautical standard AMS 4050 H for this material. According to 

this standard the acceptable limits of YS and elongation for rods up to 51mm are 450 

MPa and 10%, respectively. After RRA aging heat treatment YS and elongation values 

achieved 493 MPa and 12.6%. The results show that the precipitates of AlCu and 

MgZn2 promoted an increase in the strength, but it is still keeping a good ductility. 

This is explained by the reduced size of the precipitates and low segregation after 

the RRA ageing.  

 

Fig. 10. Fracture surface of the tensile tested samples: (a) spray Conform condition, (b) RRA 

ageing state 

4. Conclusions  

The microstructure and mechanical properties achieved showed that the spray 

Conform process was successful in producing products with fine and uniform 
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microstructure as well as good mechanical properties. After spray Conform, partial 

recrystallized regions as well as fine and low level of segregation microstructure 

were found. The second phases precipitated in the process of spray Conform were 

hard to be identified by X-ray diffraction method due to the rapid solidification, 

accomplished through convection cooling of atomized droplets in flight and 

conduction cooling at the groove. After the RRA heat treatment the fine nanosized 

and homogeneous precipitates of AlCu and MgZn2 distributed within the matrix and 

at the grain boundaries, which resulted in the good combination of the strength and 

ductility and the stress-corrosion cracking resistance. Thus, the spray Conform 

process followed by heat treatments showed to be a promising alternative 

processing route for recycling 7075 aluminum alloy. 

 

Acknowledgments  

The authors gratefully acknowledge support by National Natural Science 

Foundation (508740655) and Yunnan Province Natural Science Foundation 

(2007E0013Z).  

  

Page 15 of 19 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

 

Reference 

[1] M.R. Rokni, A. Zarei-Hanzaki, A.A. Roostaei and H.R. Abedi, Mater. Des., 2011, 32, 2339. 

[2] J.P. Immarigeon, R.T. Holt, A.K. Koul, L. Zhao, W. Wallace and J.C. Beddoes, Mater. Charact., 

1995, 35, 41. 

[3] M.R. Rokni, A. Zarei-Hanzaki and H.R. Abedi, Mater. Sci. Eng. A, 2012, 532, 593. 

[4] A. Heinz, A. Haszler, C. Keidel, S.Moldenhauer, R. Benedictus and W.S. Miller, Mater. Sci. Eng. A, 

2000, 280, 1027. 

[5] Pickens JR, J Mater Sci, 1981, 16, 1437. 

[6] Kozo Osamura, Osamu Kubota, Parsons Promstit, Hiroshi Okuda, Shojiro Ochiai, Kazuo Fujii, 

Jun Kusui, Takamasa Yokote and Kohei Kubo, Metall Trans A, 1995, 26,1597. 

[7] M.M. Sharma, M.F. Amateau, T.J. Eden, Acta Materialia, 2005, 53, 2919. 

[8] W.D. Cai and E.J. Lavernia, Materials Science and Engineering: A, 1997, 226-228, 8. 

[9] Zhang Yu, GeChang-Chun, Shenwei-Ping and QiuCheng-Jie, Acta Phys. Sin., 2012, 61, 355. 

[10] Zhang D.T., Li Y.Y., Luo Z.Q. and Qiu C., Transactions of Nonferrous Metals Society of China, 

2001, 11, 6. 

[11] E.M. Mazzer, C.R.M. Afonso, C. Bolfarini and C.S. Kiminami, Intermetallics, 2013, 43, 182. 

[12] Wang Feng, Xiong Baiqing, Zhang yongan, Liu Hongwei and He Xiaoqing, Journal of Alloys 

and Compounds, 2009, 477, 616. 

[13] Wang Feng, Xiong Baiqing, Zhang Yongan, Liu Hongwei, Li Zhihui and Liu Qiang, Materials 

Science and Engineering: A, 2009, 518, 144. 

[14] Yandong Jia, Fuyang Cao, Shu Guo, Pan Ma, Jingshun Liu and Jianfei Sun, Materials & Design, 

Page 16 of 19RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



17 

 

2014, 53, 79. 

[15] K.R. Cardoso, D.N. Travessa, W.J. Botta and A.M. Jorge Jr., Materials Science and Engineering: 

A, 2011, 528, 5804. 

[16] Wang Chuangwei, Yin Jiancheng, Zhou Jingbo, Liu Yingli, Gao Peng, Li Minghan and Zhong Yi, 

The Chinese Journal of Nonferrous Metals, 2013, 4 , 957. (In Chinese) 

[17] Wang Yufeng, Yin Jiancheng, Zheng Daliang, Liu Yingli and Zhong Yi, Journal of Materials 

Science and Engineering, 2014,3 , 380. (In Chinese) 

[18] Liang Guofan, Gao Peng, Zhou Jingbo and Zhong Yi, Hot Working Technology, 2011, 17, 177. 

(In Chinese) 

[19] Singer A R E, Metals & Materials, 1970, 4, 246. 

[20] Brooks R G, Leatham AG and Coombs J S, Metallurgia and metal forming, 1977, 4, 157. 

[21] XIE Jianxin, Advanced processing technology of materials. Beijing: Metallurgical Industry 

Press, 2006, 197. (In Chinese) 

[22] Z.H. Chen, C.H. Fan, Z.G. Chen, W. Li and D. Chen, Materials Science and Engineering: A, 

2009, 1-2, 152. 

[23] Parikshit Munda, R.K. Dube, Bikramjit Basu and S.C. Koria, Surface and Coatings Technology, 

2009, 203, 3541. 

[24] K.M. McHugh, Y. Lin, Y. Zhou, S.B. Johnson, J.-P. Delplanque and E.J. Lavernia, Materials 

Science and Engineering: A, 2008, 477, 26. 

[25] Hongchun Yu, Mingpu Wang, Yanlin Jia, Zhu Xiao, Chang Chen, Qian Lei, Zhou Li, Wei Chen, 

Hao Zhang, Yanguo Wang and Canying Cai, Journal of Alloys and Compounds, 2014, 601, 

120. 

Page 17 of 19 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

 

[26] WEI Qiang, Xiong Bai-qing, ZHANG Yong-an, ZHU Bao-hong and SHI Li-kai, Transactions of 

Nonferrous Metals Society of China, 2001, 11, 258. 

[27] M.M. Sharma, M.F. Amateau and T.J. Eden, Materials Science and Engineering: A, 2006, 424, 

87. 

[28] F. Xie, X. Yan, L. Ding, F. Zhang, S. Chen, M.G. Shu and Y.A. Chang, Mater. Sci. Eng. A, 2003, 

355, 144. 

[29] Y.H. Zhao, X.Z. Liao, Z. Jin, R.Z. Valiev and Y.T. Zhu, Acta Materialia, 2004, 52, 4589.  

[30] E.M. Mazzer, C.R.M. Afonso, M. Galano, C.S. Kiminami and C. Bolfarini, Journal of Alloys and 

Compounds, 2013, 579, 169. 

[31] Yandong Jia, Fuyang Cao, Shu Guo, Pan Ma, Jingshun Liu and Jianfei Sun, Materials & Design, 

2012, 40, 536. 

[32] WANG Feng, XIONG Bai-qing, ZHANG Yong-an, ZHU Bao-hong, LIU Hong-wei and HE 

Xiao-qing, The Chinese Journal of Nonferrous Metals, 2007, 17, 1058. (In Chinese) 

[33] SU Rui-ming，QU Ying-dong，LI Rong-de，XIE Qi-ming and YOU Jun-hua, The Chinese Journal 

of Nonferrous Metals, 2014, 24, 659. 

[34] K. Ural, JOURNAL OF MATERIALS SCIENCE LETTERS, 1994, 13, 383. 

[35] Talianker M and Cina B., Metall Trans A, 1989, 20, 2087. 

[36] SU Ruiming, QU Yingdong and LI Rongde, ACTA METALLURGICA SINICA, 2014, 50, 863. (In 

Chinese) 

[37] Kollo L, Bradbury CR, Veinthal R, Jäggi C, Carreno-Morelli E and Leparoux M, Mater Sci Eng: A, 

2011, 528, 6606. 

[38] B. Pucun, H. Xiaohua, Z. Xiuyun, Z. Chunwang and X. Yongming, Mater. Sci. Eng. A, 2009, 508, 

Page 18 of 19RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

 

23. 

 

 

Page 19 of 19 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


