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Abstract 

We investigate the spinodal decomposition process in a melt-spun Cu-15Ni-8Sn 

alloy using X-ray diffraction (XRD), transmission electron microscopy (TEM), and 

electron diffraction analyses. In the XRD measurements, an aging treatment of more 

than 300 min at 350 °C was required to obtain the (200) sidebands. TEM observations 

of the melt-spun samples aged at 350 °C for 40, 60, and 300 min showed a modulated 

structure with a wavelength too small to be detected by TEM and aging for about 1200 

min was required for the clear appearance of a modulated structure. The electron 

diffraction patterns showed only the disordered fcc phase with no satellite structures in 

the sample aged for 20 min at 350 °C, which implied that no spinodal decomposition 

occurred. Aging for 40 min at 350 °C was required before the super-lattice reflection of 

DO22 was observed. These experimental results indicate that the decomposition process 

in the melt-spun alloy was slow initially. 

 

Keywords: melt-spun; sideband; satellite; Cu-Ni-Sn alloy; superlattice reflection; 
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1. Introduction 

The commercial Cu-Ni-Sn alloy, C72900 ASTM B740-84, which was developed by 

Bell Laboratories in the 1970s as a substitute for potentially hazardous Cu-Be 

alloys[1-3], has wide industrial applications in bushings, bearings, springs, and 

electronic connectors [4,5]. Extensive X-ray diffraction (XRD) [6-9], transmission 

electron microscopy (TEM) [9-12], and X-ray small-angle scattering (XSAS) [13] 

studies have shown that Cu-15Ni-8Sn and related alloys exhibit spinodal decomposition, 

and show a characteristic modulated structure with Sn-rich and Sn-lean zones during the 

early stage of aging [10-12,14]. 

Based on the time-temperature-transformation (TTT) diagram for this alloy, obtained 

by TEM and electrical resistivity measurements [12], at temperatures above 550 °C, a 

discontinuous γ(DO3) phase precipitates without spinodal decomposition from an α 

phase. At temperatures between 550 and 300 °C, spinodal decomposition initially 

occurs without ordering, and then with DO22 ordering as the annealing time is increased. 

This DO22 ordering phase, the crystalline structure of which is the same as that of 

intermetallic compounds Al3Ti or Ni3V, has an ordered tetragonal (CuxNi1-x)3Sn 

structure with a = 0.377 nm and c = 0.724 nm. The DO22 phase precipitates with a 

needle-like shape, generating various strain fields in the matrix. Upon further annealing, 

L12 ordering appears. This has the same crystalline (CuxNi1-x)3Sn structure as AuCu3. 

The L12 phase nucleates at the DO22/fcc interface with a spherical or cuboidal shape, 

relaxing the strain fields in the matrix. Finally, the mixed L12 + DO22 phase structures 

become dominant. At temperatures below 300 °C, spinodal decomposition occurs first 

and then mixed phases of L12 + DO22 structures simultaneously appear afterward. 

However, the kinetic mechanism of this alloy is not completely understood. 
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Divergent conclusions about the spinodal decomposition of this alloy have been 

reported, including that spinodal decomposition occurs prior to ordering [11-12,14-16] 

or during quenching [10,17], and that there is no relation between hardening and 

spinodal decomposition [13,18]. These different explanations arise from the uncertainty 

about the role of the initial state. 

 In our previous work [9], therefore, we focused on the kinetic mechanism, 

particularly in the initial state before annealing, because the initial state determines the 

subsequent spinodal decomposition processes. During spinodal decomposition, 

clustering is an essential step in the spontaneous separation of a homogeneous, 

supersaturated solid solution into two phases, each with the same crystal structure but 

different compositions. Spinodal decomposition, especially in its early stage, is initiated 

by concentration fluctuations. Small concentration fluctuations in a supersaturated solid 

solution can be easily enhanced by annealing, eventually resulting in macroscopic phase 

separation. Thus, small clusters can trigger spinodal decomposition.  

After solutionizing heat treatment, which is usually performed prior to aging, the 

sample is rapidly cooled from a high temperature by quenching in cold water. This 

produces a homogeneous, supersaturated solid solution that retains its high-temperature 

atomic arrangements and other thermodynamically unstable states. For quenching in 

iced water, the cooling rate can be as low as 103 °C/s; thus, small clusters formed by 

high-temperature atomic arrangements may exist. In contrast, when sample is fabricated 

by melt-spinning, it is unlikely that small clusters remain because of the high cooling 

rate of 8 × 105 °C/s [19]. Accordingly, the difference in cooling rate may affect the 

subsequent spinodal decomposition processes. For example, in the Cu-Ti alloys, 

experimental results suggest that spinodal decomposition may be involved in the 
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formation of the coherent Cu4Ti (D1a) precipitate phase [20], whereas ordering appears 

to follow clustering in the Ti-enriched regions in melt-spun Cu-Ti alloys [21].  

In previous work [9], based on comparing different cooling rates (1 × 103 and 8 × 

105 °C/s), we concluded that the early stage spinodal decomposition is strongly affected 

by the initial state. In the quenched sample fabricated by the conventional method 

(cooling rate of about 1 × 103 °C/s), the spinodal decomposition process was faster than 

that in the melt-spun sample, probably due to the presence of small clusters formed by 

this relatively low cooling rate. However, we have not fully examined the as-quenched 

(AS-Q) state and the early stages of spinodal decomposition, which are connected by 

the initial states. We did not obtain electron diffraction patterns of the As-Q melt-spun 

samples and samples annealed for 20 and 40 min in the previous work [9]. 

Consequently, detailed investigation of the early stages of decomposition is necessary to 

confirm the conclusion of our previous work [9], that the spinodal decomposition is 

slow in the case of melt-spun samples. Furthermore, longer annealing times of 300 and 

1200 min were not examined, and thus the results were insufficient for discussing the 

whole decomposition process of the alloy. 

In the present work, we confirm the conclusions of our previous work [9] and 

investigate the details of the spinodal decomposition of a melt-spun alloy by examining 

the whole spinodal decomposition process (from the As-Q state to 1200 min annealing). 

We use electron diffraction, bright-field (BF), and dark-field (DF) images to analyze 

samples after each annealing time. Furthermore, we compare our experimental results 

with those of Zhao and Notis [12], who analyzed quenched samples fabricated by the 

conventional method. 
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2. Experimental  

 Small pieces of oxygen-free copper (99.99%), nickel (99.99%), and tin (99.99%) 

were placed in a high-frequency furnace at a weight ratio of Cu-15 wt.% Ni-8 wt.% Sn 

and melted together under argon gas shielding to obtain the ingot. 

 Melt-spun specimens were fabricated under an argon gas atmosphere using a 

single-roller melt-spinning apparatus. The melt-spun samples (3 g) were quenched from 

the melted ingot at about 1250 °C, a surface velocity of 42 m/s, and a blow-off pressure 

of 0.6 atm. The melt-spun samples were 50–60 μm thick, 1–1.5 mm wide, and they 

were aged at 350 °C for 0 (As-Q), 20, 40, 60, 300, 600, and 1200 min. 

XRD analysis with a Cu-Kα radiation source was conducted to investigate sidebands 

and new ordered phases that formed during aging. In particular, to detect the sidebands 

of (200) planes, step scanning was performed from 47° to 53° at a scanning speed of 

0.3°/min, based on the scanning speed of 0.25°/min reported by Findik [22]. 

For TEM, we selected melt-spun samples that were As-Q and aged at 350 °C for 20, 

40, 60, 300, and 1200 min to identify structural differences and clarify the progress of 

spinodal decomposition. Discs for TEM (diameter of about 3 mm) were punched from 

the samples and polished by ion milling. High-resolution TEM (JEM2010, JEOL) at 

200 kV was used to observe the microstructures and conduct selected-area diffraction 

pattern (SADP) analysis. In the SADP measurements with a CCD camera, we used an 

exposure time of 0.1 s for satellite structures and 1.0 s for super-lattice reflections. As 

reported by Zhao and Notis [12], SADP depends on exposure time. A short exposure 

time is used for measuring spinodal satellites because the bright fundamental reflections 

obtained with a long exposure time wash out the satellites. In contrast, a long exposure 

time is required to observe super-lattice reflections.  
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3. Results and discussion 

3.1. XRD measurements 

Figure 1 shows XRD measurements from 20° to 80° for the melt-spun sample aged 

at 350 °C. For 1200 min aging, δ (002) and δ (121) peaks attributed to the appearance of 

the δ phase, which is an equilibrium precipitate in addition to α and γ(DO3) phases 

[18,23,24], were observed around the Cu (111) peak. However, in this study, there were 

no γ (400), (122), and (202) peaks around 2θ = 60° related to precipitation of the γ(DO3) 

phase. 

The relative intensities of the Cu (111) and (200) peaks are shown in Table 1, where 

we set the intensity of the Cu (111) peak as 1. The relative intensities of the peaks 

decreased with annealing time. Based on the theoretical analysis of pure Cu powder, the 

relative intensity of the Cu (200) peak was calculated as 0.45 by same method. The 

measured relative intensity of the Cu (200) peak was about twice as large as the 

calculated value in the early stages (As-Q to 40 min annealing). This result indicates that 

the Cu (200) phase appeared readily when the cooling rate was large (8 × 105 °C/s). The 

decrease in the relative intensity of the (200) peak arose from the rearrangement of the 

crystal grains during annealing, probably via the recovery process. 

Lattice parameter a for the annealed samples, determined by RIETAN-FP [25], is 

given in Table 2. The change in a was small, irrespective of annealing time, indicating 

that annealing had little effect on a. The precipitation of the DO22 phase increases the 

lattice parameter, whereas that of the L12 phase decreases the lattice extension. The 

experimental results shown in Table 2 suggest that the coexistence of both phases 

cancelled out the change in a. 

The step scanning results of the (200) diffraction profiles from 47° to 53° for the 
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same samples are shown in Fig. 2. The appearance of sidebands is shown in the enlarged 

views around the Cu (200) peak in Fig. 2(a)–(d). An annealing time of more than 300 

min was required to produce the sideband (Fig. 2(c)). In our previous work, distinct 

sidebands were visible in the quenched sample aged at 350 °C for 60 min [9]; thus, the 

present experimental result may suggest that the decomposition process was slow when 

samples were fabricated with a single-roller melt-spinning apparatus. 

For the melt-spun samples aged at 350 °C, we evaluated the wavelength, λ, of the 

spinodal decomposition with the Daniel-Lipson formula [26-28] 

δθ
θλ

)(
tan

2220 lkh
ha

++
=

    (1) 

where θ is the Bragg angle of the fundamental cubic peak, δθ is the distance of the 

angle between the side-band and the Bragg peak, a0 is a lattice parameter of the matrix 

alloy in its initial state before spinodal decomposition, and h, k, and l are the Miller 

indices of the Bragg peak (h = 2 and k = l = 0). From eq. (1), we obtain λ ≈ 5 and 8 nm 

for the melt-spun samples with aging times of 300 and 1200 min. Consequently, the 

increase in the wavelength caused by annealing indicates the progression of spinodal 

decomposition. 

 

3.2 TEM observations and electron diffraction 

 We examined the microstructure of the alloy by TEM and electron diffraction. To 

identify the super-lattice reflections, the diffraction patterns of the fcc matrix, DO22, and 

L12 ordering reflections reported by Zhao and Notis [12] are given in Fig. 3. 

Figure 4(a) shows the TEM BF images of the As-Q melt-spun sample. The images 

contained no modulated structures, which are characteristic of spinodal decomposition. 
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The DF image of the As-Q melt-spun sample is shown in Fig. 4(b). Similar to Fig. 4(a), 

no modulated structures were observed. However, the edge of the sample was bright 

compared with other areas, which was probably caused by stress. Figure 4(c) shows the 

SADP of the As-Q melt-spun sample (exposure time 0.1 s). No satellite structures were 

observed, indicating the presence of the disordered fcc phase (α phase). Additionally no 

super-lattice reflections were observed, even for an exposure time of 1.0 s. 

Figure 5(a) shows the TEM BF images of the melt-spun sample annealed for 20 

min at 350 °C, and an enlarged view is given in Fig. 5(a’). No distinct modulated 

structures were observed. The DF image of the same sample showed no modulated 

structures (Fig. 5(b)). Figure 5(c) shows the SADP of the same sample with no 

super-lattice reflections even for an exposure time of 1.0 s. No satellite structures were 

observed for an exposure time of 0.1 s. Based on the results in Fig. 5(a), (a’), (b), and 

(c), we concluded that the disordered fcc phase (α phase) was dominant after annealing 

for 20 min at 350 °C. Although no modulated structures were observed in Fig. 5(a’) and 

(b), a trace amount of the modulated structures may exist.  

Figure 6(a) shows TEM BF images of the melt-spun sample annealed for 40 min at 

350 °C, and an enlarged view is given in Fig. 6(a’). The enlarged image shows a 

modulated structure; however, it is unclear because λ was too small to measure. The DF 

image of the same sample is shown in Fig. 6(b). Similar to the BF images, no modulated 

structures were observed, even in the magnified image. SADPs of the same sample are 

shown in Fig. 6(c) (exposure time 0.1 s) and (d) (exposure time 1.0 s). The (0 22ത) 

reflection exhibited satellite structures (insets in Fig. 6(c)), which indicated 

concentration fluctuation caused by spinodal decomposition. The {0 1/2 1} spot 

originating from DO22 ordering was observed (Fig. 6(d)), although the image was 



10 
 

unclear. These results suggest that both spinodal decomposition and the precipitation of 

DO22 phase occurred. 

Figure 7(a) shows the TEM BF images of the melt-spun sample annealed for 60 min at 

350 °C, and an enlarged view is given in Fig. 7(a’). The modulated structure is clearer 

compared with Fig. 6(a’), although it is still unclear because λ was too small. We did not 

expect this structure to show sidebands. However, assuming that the slight increase in 

XRD intensity from 47° to 48° (Fig. 2(b)) was from the sideband, λ was estimated to be 

3.1 nm from eq. (1), which was too small to be detected by TEM BF. The DF image of 

same sample is shown in Fig. 7(b) and an enlarged view is given in Fig. 7(b’). In 

contrast to the BF image, the modulated structure was clearer, and we estimated that λ 

was less than 5 nm. SADPs of the same sample are shown in Fig. 7(c) (exposure time 

0.1 s) and (d) (exposure time 1.0 s). The (002), (02ത0), and (02ത2) reflections had satellite 

structures, implying concentration fluctuation. In Fig. 7(d), the {0 1/2 1} spot 

originating from DO22 ordering was clear compared with Fig. 6(d). These experimental 

results suggest the presence of the DO22 phase and spinodal decomposition in the 

sample annealed for 60 min at 350 °C. 

Figure 8(a) shows the TEM BF micrographs of the melt-spun sample aged at 350 °C 

for 300 min. This image showed a modulated structure characteristic of spinodal 

decomposition. However, the modulated structure was unclear, because λ was too small 

to measure, indicating that λ was experimentally small because of the calculated value 

of 5 nm from eq. (1). SADPs of melt-spun samples aged at 350 °C for 300 min are 

shown in Fig. 8(b) (exposure time 1.0 s). As shown in the insets of Fig. 8(b), the 

intensity of the {0 1/2 1} spot was weak compared with that in Fig. 7(d). Based on the 

discussion by Zhao and Notis [12], the transformation of DO22 to L12 occurs when 
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quenched sample is aged at 350 °C for 270 min; thus, decrease in the intensity of the {0 

1/2 1} spot is caused by this transformation. Consequently, the L12 and DO22 phases 

coexisted in the melt-spun sample aged at 350 °C for 300 min showing the 

transformation of DO22 to L12. 

Figure 9(a) shows the TEM BF micrographs of the melt-spun sample aged at 350 °C 

for 1200 min, and an enlarged view is given in Fig. 9(a’). In contrast to Fig. 8(a), λ was 

clearly visible. We estimated λ as about 10 nm, which was consistent with the 

calculated value of 8 nm from eq. (1). The DF image of the same sample is shown in 

Fig. 9(b), and an enlarged view is given in Fig. 9(b’). The modulated structure was 

unclear compared with the BF images (Fig. 9(a) and (a’)). The SADP of the melt-spun 

sample aged at 350 °C for 1200 min is shown in Fig. 9(c) (exposure time 1.0 s). As 

illustrated in the insets of Fig. 9(c), the {0 1/2 1} spot originating from DO22 ordering is 

not present, and only the L12 super-lattice reflection was observed. This suggests that 

the DO22 phase disappeared after annealing in the melt-spun sample as a result of the 

transformation of DO22 to L12, and the L12 phase was dominant.  

 

3.3 Analysis 

Based on the XRD and TEM results, the spinodal decomposition was slow in the 

melt-spun sample compared with the quenched samples [9,12]. For example, a sideband 

was clearly visible in the XRD results for the quenched sample annealed at 350 °C for 

60 min [9], whereas the sideband was not detected in the melt-spun sample (Fig. 2(b)). 

In the melt-spun sample, the sideband took much longer (300 min) to appear (Fig. 2(c)). 

In the TEM BF image of specimen annealed at 350 °C for 60 min, λ for the melt-spun 

sample could not be determined owing to the fine modulated structure (Fig. 7(a)(a’)), 
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whereas the quenched sample showed a distinct modulated structure with λ of 5–10 nm 

[9]. 

Based on the study by Zhao and Notis [12], SADP of the quenched sample annealed 

at 350 °C for 60 min showed that the {001} and {011} reflections became much 

stronger than the {0, ଵଶ, 1} reflections, which indicates a transition from the DO22 to L12 

phase had occurred. Similar results were obtained in our previous work [9]. In 

melt-spun samples, this ordering diffraction pattern only appeared after 300 min (Fig. 

8(b)). 

Next, we discuss the differences in the XRD and TEM results between the quenched 

and melt-spun samples. The biggest difference was in the cooling rate, which was 

103 °C/s for the quenched samples and 8 × 105 °C/s for the melt-spun sample. The 

cooling rate of the melt-spun sample was 800 times faster than that of the quenched 

sample. Consequently, the initial conditions were greatly affected by such a huge 

difference in cooling rates. 

As shown in Fig. 10(a), in the quenched samples, the concentration fluctuations, 

which are thought to form small clusters, were introduced by the solution heat treatment 

because the cooling rate was as low as 103°C/s and triggered spinodal decomposition. 

Sagane et al. [16] reported slight concentration fluctuations formed during quenching in 

experiments on modulated structure evolution in Cu-Ni-Sn alloys. Consequently, we 

concluded that the formation process produced the distinct sidebands visible in the 

quenched sample aged for 60 min [9].  

In contrast, the initial conditions were different in the melt-spun samples. Atom 

migration was assumed to be small when the samples were quenched from a liquid state 

by melt-spinning at a high cooling rate (≈ 8 × 105 °C/s). Figure 10(b) shows that there 
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were no clusters likely to promote spinodal decomposition in the As-Q samples. For 

these samples, it would take longer for the spinodal decomposition to produce a distinct 

sideband. Furthermore, the atomic arrangements of liquid are random compared with 

those of solid; thus, a high cooling rate and refrigeration of the liquid would prevent the 

cluster formation. Consequently, the disordered fcc phase (α phase) was dominant in the 

melt-spun sample annealed at 350 °C for 20 min (Fig. 5(a)–(c)). 

Next, we discuss the spinodal decomposition and ordering with respect to free energy. 

Figure 11 shows the free energy and its relationship with the disordered fcc (α phase), 

DO22, L12, and equilibrium precipitation of γ(DO3) phases, based on the work by Zhao 

and Notis [12]. A slight fluctuation in the composition induced by thermal energy can be 

easily enhanced because ∂2G/∂c2 < 0, where G and c denote the free energies of the 

αphase and composition, respectively. At composition X (Sn-rich side), ordering 

occurred because the free energy of the DO22 phase was lower than that of the α phase. 

After further annealing, DO22 and L12 phases coexisted at composition Y (Sn-rich side). 

In melt-spun samples, the decomposition rate was slow; however, no metastable phases 

other than the DO22 and L12 phases were observed. Therefore, the free energies of the 

disordered fcc (α phase), DO22, L12, and equilibrium precipitation of γ(DO3) phases 

were similar to that in Fig. 11.  

The free energy curve of the disordered fcc phase (α phase) was concave (Fig. 11); 

thus, spinodal decomposition occurred first and ordering happened subsequently when 

the composition of the Sn-rich regions exceeded a certain value. This kinetic process is 

different from the model proposed by Soffa and Laughlin [29-31], which explains most 

cases of alloy decomposition. Based on their model, the free energy of alloys arising 

from congruent ordering induces spinodal decomposition with ordering first and 
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spinodal decomposition second.  

In contrast, because the free energies of the fcc, DO22, L12, and γ(DO3) phases are 

similar in a melt-spun sample (Fig. 11), the presence of pure spinodal decomposition, 

which indicates only concentration fluctuations with no ordering [12], is essential. 

However, we did not observe pure spinodal decomposition. From the SADPs, we 

estimated that the range of conditions for pure spinodal decomposition would be 20–40 

min aging at 350 °C. Since the pure spinodal range in a quenched sample is narrow 

(about 10 s at 350 °C [12]); consequently, the detection of pure spinodal decomposition 

in a melt-spun sample may be challenging. 

Finally, we compare our experimental results with those of Zhao and Notis [12] in 

Fig. 12. We determined the phases in TTT diagram using the method used by Zhao and 

Notis [12]. From these TTT curves, in the early stages of 20 min annealing at 350 °C, 

DO22 and L12 phases were dominant in the quenched sample, whereas only disordered 

the fcc phase (α phase) was present in the melt-spun sample. 

 In our experiments, the DO22 phase was dominant after 40 min annealing (Fig. 

12); however, Fig. 6(c) and (d) experimentally indicate simultaneous spinodal 

decomposition and appearance of the DO22 phase, which seems contradictory. In the 

sample annealed for 40 min, the DO22 phase appeared because of the increased 

concentration fluctuations, implying that there was no pure spinodal decomposition, and 

that the DO22 phase was dominant. Furthermore, the DO22 phase disappeared in the 

melt-spun sample after annealing at 350 °C for 1200 min (Fig.9(c)). On the contrary, 

Zhao and Notis [12] found that the DO22 and L12 phases coexist in the quenched sample 

with the same annealing treatment. Because they determined the coexistence of the 

DO22 and L12 phases for annealing at 350 °C for 6 × 102 s (10 min) to 2 × 104 s (333 
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min) by using TEM and electrical resistivity measurements [12], the dominant phase for 

an annealing time of 1200 min treatment remains unknown. However, from a 

thermodynamic perspective, the transformation DO22 + L12 → L12 is plausible for a 

long annealing time, and thus the L12 phase would be dominant for an annealing time of 

1200 min. Conclusively, the difference between the samples decreased with annealing 

time; thus, the difference in the initial conditions affected the early stage of spinodal 

decomposition. 

 

4. Conclusion 

 Based on the XRD (step scanning) and TEM (BF/DF imaging and SADP) results, 

spinodal decomposition occurred more slowly in the melt-spun samples than in the 

corresponding quenched sample [9,12]. This was probably due to the differences in the 

initial conditions arising from the fabrication method. The quenched samples showed 

concentration fluctuations arising from clusters, which may be formed due to the low 

cooling rate (1 × 103 °C/s) or high-temperature atomic configurations. These clusters 

probably promote spinodal decomposition. In contrast, the very high cooling rate (8 × 

105 °C/s) for the melt-spun samples resulted in concentration fluctuations that were too 

small to promote spinodal decomposition. Therefore, longer annealing was required to 

induce spinodal decomposition to allow the formation and growth of clusters. For 

instance, an annealing time of more than 300 min was required to produce a sideband in 

the melt-spun alloy (Fig. 2(c)). 

 Comparing the quenched and melt-spun samples indicated that early stage spinodal 

decomposition was strongly affected by the initial conditions; namely, by the size of 

clusters introduced prior to aging. Differences in the initial states caused the differences 
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in the spinodal decomposition. Although the differences in initial states probably play 

important roles in the decomposition process (Fig. 12), the difference between the 

samples decreased with annealing time; thus the difference in the initial conditions 

affects early stage of decomposition process. In addition, as stated in Section 3.3, the 

presence of pure spinodal decomposition should be proved, assuming that the free 

energies of various phases in melt-spun samples are similar to that in Fig. 11.  

 In this work, we did not consider the As-Q conditions of the melt-spun samples in 

full. In the BF and DF images (Fig. 4), we did not observe clusters. Additionally, we 

could not verify the precise sizes of quenched and melt-spun samples experimentally by 

high-resolution TEM, XSAS, or neutron small-angle scattering. The initial clusters can 

be analyzed by atom probe field ion microscopy (APFIM). The relationships between 

the concentration [atom %] and depth [nm] of each component in Cu-Ti [32], Cu-Ni-Fe 

[33], and Fe-Cr-Co alloys [34] have been analyzed by APFIM. Furthermore, the 3D 

reconstruction of atom positions in a volume of 15 × 15 × 18 nm or 14 × 14 × 30 nm 

may be possible by the 3D-atom probe method (3D-AP) [35,36]. Therefore, quantitative 

estimations of the initial clusters for both types of samples will be possible. We intend 

to perform further studies using APFIM and 3D-AP to determining the precise cluster 

sizes in the early stages of spinodal decomposition. 

  



17 
 

Figure Captions 

Fig. 1. Diffraction profiles of melt-spun samples aged at 350 °C for 0 (As-Q), 20, 

40, 60, 300, 600, and 1200 min. 

Fig. 2. (200) diffraction profiles of melt-spun samples aged at 350 °C for 0 

(As-Q), 20, 40, 60, 300, 600, and 1200 min. Magnifications of the profiles 

for the As-Q sample (a), and the samples aged at 350 °C for 60 (b), 300 (c), 

and 1200 min (d). The arrows indicate the sideband. 

Fig. 3. Diffraction patterns of the fcc matrix, and DO22, and L12 ordering reported 

by Zhao and Notis [12]. 

Fig. 4. TEM BF micrograph (a), TEM DF micrograph (b) and SADP (c) of the 

melt-spun sample aged for 0 min (As-Q) with an exposure time 0.1 s. 

Fig. 5. TEM BF micrograph (a), enlarged view (a’), TEM DF micrograph (b), and 

SADP (c) of the melt-spun sample aged at 350 °C for 20 min with an 

exposure time of 1.0 s. 

Fig. 6 TEM BF micrograph (a), enlarged view (a’), TEM DF micrograph (b) and 

SADPs with an exposure time of 0.1 s (c) and 1.0 s (d) of the melt-spun 

sample aged at 350 °C for 40 min. 

Fig. 7. TEM BF micrograph (a), enlarged view (a’), TEM DF micrograph (b), 

enlarged view (b’) and SADPs with an exposure time of 0.1 s (c) and 1.0 s 

(d) of the melt-spun sample aged at 350 °C for 60 min. 

Fig. 8. TEM BF micrograph (a) and SADP (b) of the melt-spun sample aged at 

350 °C for 300 min with an exposure time 1.0 s. 

Fig. 9 TEM BF micrograph (a), enlarged view (a’), TEM DF micrograph (b), 

enlarged view (b’), and SADP with an exposure time 1.0 s (c) of the 
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melt-spun sample aged at 350 °C for 1200 min . 

Fig. 10. Schematics of the differences in the initial states between quenched (a) 

and melt-spun samples (b). 

Fig. 11. Schematic of the free energies as a function of the Sn component based on 

the results reported by Zhao and Notis [12], showing the relationships 

between the free energies of the disordered fcc (α phase), DO22, L12, and 

γ(DO3) phases. 

Fig. 12. TTT diagram for the Cu-15Ni-8Sn alloy [12] and our experimental data 

for the melt-spun sample annealed at 350 °C. 
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Table 1 Relative X-ray intensities of the (200) peak for the melt-spun samples 

annealed at 350 °C for 0 (As-Q), 20, 40, 60, 300, 600, and 1200 min,  

with the intensity of the (111) peak set as 1.  

 
 

Table 2 Lattice parameter a of the melt-spun samples annealed at 

350 °C for 0 (As-Q), 20, 40, 60, 300, 600, and 1200 min. 

 
  

Table 1
(111) (200)

AsQ 1 1.05
350℃　20min 1 1.09
350℃　40min 1 1.04
350℃　60min 1 0.82
350℃　300min 1 0.75
350℃　600min 1 0.75
350℃　1200min 1 0.75

Table 2
a /nm

AsQ 0.3648
350℃　20min 0.3651
350℃　40min 0.3647
350℃　60min 0.3649
350℃　300min 0.3650
350℃　600min 0.3643
350℃　1200min 0.3651
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