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ABSTRACT 
Cu-5.5Ni-1.28Si alloy processed by air-cooling after solution heat treatment was conducted to prevent 
the generation of discontinuous precipitates which bring a detrimental effect on mechanical properties, 
and stress-controlled fatigue tests were carried out at room temperature. The change in the surface 
damage during stressing was monitored by means of both direct observation and plastic replication 
technique, showing the crack initiation at grain boundaries, crystallographic slip planes and twin 
boundaries. The growth rate of a small crack can be determined by a term σanl when n = 5.4, not by the 
stress intensity factor range. 
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1  INTRODUCTION 
Cu–Ni–Si alloys used for lead frame, connector applications are commercially manufactured 
through conventional thermomechanical processes, including aging, which induces the 
continuous precipitation of δ-Ni2Si in the Cu matrix [1]–[3]. Previous studies have focused 
on Cu–Ni–Si alloys with low solute concentrations (e.g. < 3Ni) [3]–[6] to develop alloys with 
enhanced tensile properties and electrical conductivity. However, it is well known that an 
enhancement in the tensile strength of precipitation-hardened Cu alloys is inevitably 
accompanied by a reduction in electrical conductivity. For Cu–Ni–Si alloys with high solute 
concentrations, on the other hand, phase transformation studies have been conducted mainly 
to control the microstructure of the alloy [7], [8]. In addition, discontinuous precipitates (DPs) 
that were fibre-shaped, stable δ-Ni2Si intermetallic compounds were formed in the Cu matrix 
[9], [10]. The formation of DPs in Cu–Ni–Si alloys is detrimental to their mechanical 
properties. It was shown that air cooling after solution heat treatment (SHT) encourages 
formation of disc-shaped δ-Ni2Si precipitates instead of discontinuous precipices [11]. 
     For the envisaged structural applications, a fatigue mechanism, such as crack initiation 
and propagation, should be clarified. The fracture surfaces of Cu-Ni-Si alloys analysed by a 
scanning electron microscope (SEM) have showed intergranular facets, leading to a 
hypothesis that grain boundaries (GBs) were an origin of fatigue crack [12], [13] and fatigue 
cracks may be propagated along GBs. Up to now, however, there was a small number of clear 
evidences for crack nucleation and propagation mechanisms [14]. In the evaluation of fatigue 
life of smooth members, the growth behaviour of a small crack should be clarified, because 
that the crack growth life from an initial size (grain order size) to 1 mm accounted for about 
70% of the fatigue life of plain specimens of many metals and alloys. However, the growth 
rate of small cracks cannot be determined by a linear elastic fracture mechanics [15], [16]. 
     In the present study, fatigue tests of Cu-5.5Ni-1.28Si alloy processed by air cooling after 
SHT were carried out in the room temperature. The objective of this study is to investigate 
the microstructure produced by air cooling at SHT and the behaviour of initiation and 
propagation of a surface crack. 
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2  EXPERIMENTAL PROCEDURES 
Cu and Si 99.99% pure and 99.9% pure Ni were used as alloying elements for the fabrication 
of the Cu–5.5wt%Ni–1.28wt%Si alloy ingots by induction melting. The ingots were cold-
rolled with 80% reduction in thickness, followed by SHT at 980°C for 1 h. After the SHT, 
the samples were cooled by water quenching or air cooling, followed by aging at 500°C (Fig. 
1). Fig. 2 shows the microstructure with aging times 3 and 6 h of (a) water quenched and  
(b) air-cooled alloys. Dark/tarnished phases in water-quenched microstructure after 3 h aging 
were DPs. After 6 h aging, the microstructure was almost completely transformed into DP 
phases. The formation of DPs in Cu–Ni–Si alloys is detrimental to their mechanical 
properties. To suppress the formation of DPs, air cooling, instead of water quenching, was 
applied after SHT. Fig. 2(b) shows the microstructure of air-cooled alloy, showing no 
generation of DPs even after 6 h aging. Accordingly, the microstructure, tensile properties 
and fatigue characteristics were studied on solution treated, air cooled and 6 h aged Cu-5.5Ni-
1.2Si alloy. The aging duration of 6 h at 500°C yielded near-peak hardness. 
 

 

Figure 1:  Schematic illustration of thermomechanical process. 

 
 

 

Figure 2:  Microstructure after 3 and 6 h aging. (a) Water-quenched; and (b) Air-cooled alloy. 

     The microstructure was observed using an optical microscope (OM, GX51. Olympus) and 
a SEM (JSM-6610LV, JEOL). The characterization of precipitates was carried out using a 
200 kV field-emission transmission electron microscope (TEM, JEOL-2100F. JEOL) 

PI-4  Computational Methods and Experimental Measurements XIX

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 125, © 2019 WIT Press



equipped with an energy-dispersive X-ray spectroscopy (EDS) detector along with a 
scanning TEM. The 3-mm-diameter, 100-µm-thick disk was prepared for TEM observation 
by mechanical polishing with a digitally enhanced precision specimen grinder (DEPS-101, 
Total Solution) and dimpling by a dimple grinder (656 dimple grinder, Gatan). 
     Tensile tests were conducted on universal testing machine (model: Instron 4206) using  
4 mm diameter round tensile specimens at a strain rate of 0.017 s–1 at room temperature. The 
microhardness was measured using a Vickers hardness tester with an applied load of 1 N. 
Round bar fatigue specimens (Fig. 3) with 5 mm in diameter were machined from the plate 
of aged alloy. In some specimens, a shallow partial notch (Fig. 3(b); 2.5 mm radius and  
0.1 mm depth) was machined for monitoring of crack initiation behavior. The fatigue strength 
reduction factor for the partial notch was close to 1, meaning that notched specimens could 
be considered plain. All fatigue specimens were electrolytically polished (approximately  
25 µm from the surface layer) prior to mechanical testing to remove any preparation-affected 
surface layer. Polishing was carried out at 25°C using an electrolyte consisting of 600 mL of 
phosphoric acid, 300 mL of distilled water, and 100 mL of sulfuric acid. All fatigue tests 
were carried out at room temperature using a rotating bending fatigue machine (constant 
bending-moment type) operating at 50 Hz. The fatigue damage on the specimen surface and 
on the fracture surface was observed by using OM and SEM. The crack length, l, was 
measured along the circumferential direction of the surface using a plastic replication 
technique. The stress value referred to is that of the nominal stress amplitude, σa, at the 
minimum cross-section (5 mm diameter). 
 

 

Figure 3:   Schematic illustration of fatigue specimen (in mm). (a) Shape and dimensions; 
and (b) The details of a partial notch. 

3  EXPERIMENTAL RESULTS AND DISCUSSION 
Fig. 4(a) shows an optical micrograph of the Cu–5.5Ni–1.28Si alloy. Fig. 4(b) and (c) shows 
TEM images of the matrix. Disc-shaped precipitates were observed, which were identified 
as δ-Ni2Si intermetallic compounds by an optical diffractogram (Fig. 4(d)). Fig. 5 shows EDS 
mapping, showing Ni2Si precipitations in Cu matrix. 
     The stress–strain curves of the air-cooled and water-quenched specimens are shown in  
Fig. 6. The mechanical properties of the specimens are summarized in Table 1. Indeed, the 
tensile strength of the water quenched alloy was lower than that of the water cooled one, 
because of the generation of discontinuous precipitates (Fig. 1(a)). 
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Figure 4:    Microstructure of 6 h aged alloy with air cooling after SHT. (a) OM micrograph; 
(b), (c) TEM images; and (d) selected area deflection pattern. 

 

Figure 5:  EDS mapping of Cu-5.5Ni-1.28Si alloy. 
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Figure 6:  Stress–strain curves of the air-cooled and water-quenched specimens. 

Table 1:  Mechanical properties of Cu-5.5Ni-1.28Si alloys. 

 
 
     The stress vs. number of cycles to failure curves of the air-cooled specimens are shown in 
Fig. 7. A solid and an open circle shows the S–N plots for without and with notch, 
respectively. There was no significant difference in S–N plots between without and with 
notch, meaning the results obtained from the notched specimens can represent that of the 
plain specimens. A solid triangle shows the S–N plot for an annealed copper (99.99% Cu). 
Fig. 7 is replotted in Fig. 8 in terms of stress amplitude normalized by tensile strength, σa/σu. 
The ratios of the fatigue limit stress at N = 107 cycles, σw, to the tensile strength, σu, was 0.29 
which was lower than that of annealed Cu, σa/σu = 0.37. 
 

 

Figure 7:  S–N curves of the air-cooled Cu-5.5Ni-1.28Si and annealed Cu specimens. 
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Figure 8:    σa/σu vs. Nf relationship of the air-cooled Cu-5.5Ni-1.28Si and annealed Cu 
specimens. 

     The changes in the surface morphologies of the air-cooled specimens during cyclic 
stressing are presented in Fig. 9. To clarify the particular microstructural feature where a 
crack was initiated, the specimen surface was etched prior to the fatigue test. After the OM 
analysis of the etched surface, a layer of a few micrometers was polished by buffing to 
remove the surface area damaged by etching, which would affect the crack initiation 
behaviour during stressing. The fatigue tests were then conducted. After a fatigue crack was 
initiated to grain-size length, the fatigue test was interrupted to etch for microstructural 
observation and then resumed with the etched specimen. Two cracks labelled with I and II 
were formed at N = 8.5×105 on the buffed surface fatigued at σa = 240 MPa (Fig. 9). The 
length of crack-I at N = 8.5×105 was l = 70 µm. A microstructural comparison between the 
as-received and as-fatigued specimens suggested that the cracks I and II were initiated at twin 
boundaries and grain boundaries (GBs), respectively, as indicated by the red arrow in Fig. 9. 
In this alloy, cracks were initiated at crystallographic slip planes, GBs, and twin boundaries. 
 

 

Figure 9:   The change in surface states at σa = 240 MPa, (Nf = 1.93×106): To prevent the 
crack initiation from GBs damaged by etching, etched specimens were fatigued 
after polishing off a layer of a few micrometres from the surface. After a grain-
sized crack was initiated, the surface was etched to reveal the microstructure. 
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     Fig. 10 shows the crack growth curves (lnl vs. N) of the air-cooled specimens. Fig. 10 is 
replotted in Fig. 11 in terms of number of cycles normalized by fatigue life, N/Nf. Except for 
both initial (l < 0.1 mm) and final (l > 2.0 mm) stages of fatigue, the relation can be 
approximated by a linear relation, whereas the relation for σa = 240 MPa deviated from the 
linear relation. In the lnl vs. N, the linearity means that the crack growth rate, dl/dN, is 
proportional to the crack length [17], [18].  
 

 

Figure 10:  Crack growth curves (lnl vs. N correlation). 

 

Figure 11:  Crack growth curves (lnl vs. N/Nf correlation). 

     Fig. 12 shows the crack growth rate as the function crack length: (a) σa = 300 MPa and 
(b) σa = 350 MPa. The crack growth rate in ranging from 0.1 to 2.0 mm is nearly proportional 
to the crack length excepting for the threshold region (dl/dN < 10-6 mm/c).  
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Figure 12:  The dl/dN vs. l relationship: (a) σa = 300 MPa; and (b) σa = 350 MPa. 

     It has been generally accepted that the growth rate of a large/long crack can be unified in 
terms of stress intensity factor range (SIFR, ∆K) that is an effective parameter for estimation 
of crack growth rate (CGR) when the condition of small scale yielding at a crack tip is 
satisfied. However, the growth rate of a small surface-crack, e.g. crack length of less than  
1 mm, cannot be evaluated by SIFR [15], [16] unlike a long crack propagating under a low 
stress amplitude. 
     Nisitani et al. [17] and Goto and Nisitani [18] proposed eqn (1) for determining the CGR 
at high stress amplitudes: 

 , (1) 

where C1 and n are material constants. The growth data of small cracks in various metals and 
alloys indicated that dl/dN of a mechanically small crack is uniquely determined by the term 
σa

nl and not by ∆K [15]–[18]. The expression σa
nl (n = 3) was first proposed by Frost and 

Dugdale [19], who applied it to comparatively large cracks in which the condition of small-
scale yielding nearly held. Now σa

3l can be considered as an approximation for ∆K, whereas 
the σa

nl term proposed by Nisitani and Goto is a parameter for crack propagation under large-
scale yielding.  
     Fig. 13 shows the growth data of a small surface-crack with the dl/dN vs. σa

nl correlation. 
The values of n in eqn (1) were 5.4. Excepting a lower stress amplitude (σa < 300 MPa),  
the CGR can be uniquely determined by σa

nl. Accordingly, the CGR of small cracks 
propagating at σa ≿ 300 MPa can be approximately estimated by eqn (1). It has been shown 
that the CGR of small cracks in annealed copper is determined by eqn (1) in the range of  
σa ≿ 80 MPa [20]. 
     SEM fractographs of the specimen fatigued at σa = 400 MPa and documented at 0.03 and 
1.0 mm beneath the specimen surface are shown in Fig. 14. A notable difference in fracture 
morphology was observed with depth. The fracture morphology of the subsurface area  
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Figure 13:  Growth data of small surface-cracks (dl/dN vs. σa
nl correlation: n = 5.4). 

formed by initial crack propagation (dl/dN < 10-6 mm/c) appeared to be associated with the 
remaining microstructural inhomogeneity. For example, uneven surfaces composed of facets 
were observed; these were probably formed by crack propagation in slip planes within grains 
and along GBs. In general, a microstructure-sensitive fracture can occur rather easily in the 
near-threshold and initial stages of crack growth, where the driving force for crack 
propagation is relatively weak. It has been demonstrated that the propagation of an initial 
small crack is affected by the presence of microstructural inhomogeneities, such as GBs, 
phase boundaries, and nonmetallic inclusions [21], [22]. By contrast, the fracture surface far 
from the specimen surface (dl/dN > 10-6 mm/c) was relatively flat with a smaller occurrence 
of morphological features associated with microstructural inhomogeneity. Striations (Fig. 
14(b)) were frequently observed on the fracture surface, suggesting that crack propagation 
was largely controlled by mechanical fatigue. 
 

 

Figure 14:    SEM fractographs of the specimen fatigued at σa = 400 MPa. (a) 0.03 mm 
beneath the surface; and (b) 1.0 mm beneath the surface. 
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4  CONCLUSIONS 
The main findings of this study on the behavior of fatigue cracks in Cu-5.5Ni-1.28Si alloy 
can be summarized as follows: 

1) To prevent the generation of discontinuous precipitates which brings a detrimental 
effect on mechanical properties and to encourage formation of continuous 
precipitates, air-cooling was applied after SHT, followed by aging at 500°C. The 
matrix was strengthened by disc-shaped δ-Ni2Si intrametric compounds with a few 
tens of nanometers diameter. 

2) The fatigue cracks in the alloy were found to originate from the GBs, 
crystallographic slip plane and twin boundaries. 

3) Except for threshold range (dl/dN < 10-6 mm/c), the growth rate of a small-surface 
crack propagating at high stress amplitudes (σa ≿ 300 MPa), can be uniquely 
determined by a term σa 

nl. n was material constant and its value was 5.4. 
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