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Abstract 

Cu15Ni8Sn is widely used in the aerospace and electronics domains because 

of its good conductivity and toughness. Due to the material’s high laser 

reflectivity and thermal conductivity, however, employing the laser powder bed 

fusion (LPBF) additive manufacturing process on Cu15Ni8Sn alloy has been a 

challenge. This issue was addressed in the present study by modifying the 

Cu15Ni8Sn powder by adding 1 wt.% submicrometre TiB2 ceramic particles. 

The results indicate that the LPBF’s processability was improved by the 

increased laser absorption rate caused by the addition of 1 wt.% TiB2, which 

eliminated pores and unmelted area defects. The addition of 1 wt.% TiB2 also 

improved the components’ surface quality by reducing the surface roughness 

value of 39.3% compared to the original Cu15Ni8Sn. The findings also indicate 

that the added TiB2 particles reduced Sn-segregation behaviour, implying that 

the content and size of the segregated phase could be tailored by the suitable 

selection of ceramic materials and LPBF process parameters. Another 

advantage lies in the enhancement of mechanical performance, where a 11% 

increase in yield strength and 14% increase in ultimate tensile strength were 

achieved in the LPBF-fabricated modified Cu15Ni8Sn material. In this study, 

the primary strengthening mechanisms for LPBF-fabricated original Cu15Ni8Sn 
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were found to include dislocation strengthening and grain boundary 

strengthening. Orowan precipitation strengthening also played a significant role 

in the Cu15Ni8Sn-1wt.% TiB2 material, as did dislocation strengthening and 

grain boundary strengthening. These findings provide a promising strategy to 

improve the LPBF processability of the advanced copper-based materials used 

in several key fields. 

Keywords: Cu15Ni8Sn alloy; laser powder bed fusion; additive manufacturing; 

processability; strengthening mechanisms 

1. Introduction 

As an advanced metal additive manufacturing technology, laser powder bed 

fusion (LPBF) can be used to selectively melt metal powder layer by layer 

through the use of a high-energy laser, which can theoretically be used to 

fabricate complex-shaped metallic components [1]. LPBF has shown great 

potential in manufacturing advanced engineering components for various 

domains. Due to the unique characteristics of rapid melting/non-equilibrium 

solidification, LPBF has also shown significant advantages in suppressing 

elemental segregation, refining microstructure and improving mechanical 

properties [2,3]. The LPBF process has been successfully applied to 

manufacture components of titanium-based [4,5], aluminum-based [6,7] and 

nickel-based [8–10] alloys. Compared to the above materials, copper alloys 

exhibit the high laser reflectivity and thermal conductivity, significantly reducing 

their LPBF processability. Despite these challenges, a few studies have 

reported the LPBF of copper alloys,  including pure Cu [11], Cu-Cr series [12], 

Cu-Sn series [13] and Cu15Ni8Sn [14,15].  

 Cu15Ni8Sn has shown great potential in the aerospace, electronics domains 

because of  its high strength, good corrosion resistance and excellent wear 

resistance [16]. Due to the high content of Sn, the traditional casting process, 

however, generate serious Sn macro-segregation in processing Cu15Ni8Sn 



alloy [17,18]. Previous studies have revealed that the extremely high cooling 

rate (105~107 K/s [19]) of LPBF could effectively reduce the Sn segregation, 

refine grains and improve mechanical properties. Zhang et al. [14] investigated 

the microstructure and mechanical properties of Cu15Ni8Sn-0.2Nb prepared 

by LPBF; they found that the as-fabricated Cu15Ni8Sn showed the α-Cu matrix 

phase with Sn-enriched  precipitated phase, and Sn segregation was greatly 

suppressed at micron-scale caused by rapid cooling rate. Li et al. [15] found 

that the LPBF-fabricated Cu15Ni8Sn  was composed of periodic equiaxed and 

columnar grains, and this periodic microstructure showed a positive effect on 

the improvement of mechanical properties. It should be noted that the above 

published studies have mainly employed high-power lasers (e.g. 400 W and 

above) to fabricate the Cu15Ni8Sn material while the reflected laser may 

damage the galvanometer [20]. Also, the high-reflectivity challenge has not 

been addressed and the strengthening mechanisms of LPBF-fabricated 

Cu15Ni8Sn specimens have not been systematically investigated.  

Recently, Liu et al. [21] uniformly adhered Co particles with low laser 

reflectivity to Cu powder by mechanical mixing, which reduced the laser 

reflectivity of pure copper and improved the LPBF processability and 

mechanical properties of pure copper. The authors did not reveal the laser 

reflectivity reduction mechanism, however. Other reports have also shown that 

the inclusion of other metal particles on the surface of copper material can 

reduce laser reflectivity [22,23]. Compared to Co and other metal particles, 

submicrometre-sized TiB2 ceramic particles offer lower laser reflectivity and 

good chemical stability, conductivity and thermophysical properties [24], thus 

making the material applicable for the LPBF of aluminium-based and nickel-

based alloys to improve their processability and mechanical properties [25–27]. 

An investigation of the effects of TiB2 ceramic particles during the LPBF of 

Cu15Ni8Sn would thus be interesting in terms of laser reflectivity reduction, 

processability improvement and mechanical property enhancement. 

In this context, the processability, microstructure and mechanical properties 



of Cu15Ni8Sn modified by 1 wt.% submicron TiB2 ceramic particles were 

systematically studied in the current work to reveal the influences of TiB2 

ceramic particles during the LPBF of Cu15Ni8Sn alloy. In addition, the 

strengthening mechanisms of LPBF-manufactured Cu15Ni8Sn-1wt.% TiB2 and 

original Cu15Ni8Sn were also examined to understand the effects of the 

addition of TiB2 on the LPBF-fabricated Cu15Ni8Sn material. 

2. Materials and methods 

2.1. Material preparation 

The pure gas-atomized Cu15Ni8Sn powder (Vilory Corporation, Jiangsu, China) 

used in this study exhibited a good degree of sphericity (Fig. 1a). The particle 

size distribution was measured as the following: D10 = 21.7 μm, D50 = 35.0 μm 

and D90 = 55.1 μm (Fig. 1b). The chemical composition of the Cu15Ni8Sn 

powder was (wt.%) 14.96Ni-8.01Sn-Bal (Cu). This alloy is prone to the 

segregation of Sn, regardless of traditional casting and powder metallurgy, and 

the segregation may adversely affect the properties of this material [28]. An 

apparent Sn segregation was observed in the Cu15Ni8Sn power (Fig. 1c). 

 



Fig. 1. Scanning electron microscopy (SEM) images of the powder materials used in this study: 

(a) Cu15Ni8Sn-pure powder; (b) Cu15Ni8Sn-pure powder particle size distribution; (c) high-

magnification SEM image of a single Cu15Ni8Sn powder; (d) high-magnification SEM image of 

a single Cu15Ni8Sn-1wt.% TiB2 powder. 

The TiB2 ceramic particles used in the study were at the submicron level, 

ranging from 100 nm to 900 nm in size, with an average particle size of 600 nm 

(CWnano Corp., Shanghai, China). The pure Cu15Ni8Sn powder and TiB2 

ceramic particles were mixed with a mass fraction ratio of 99:1. A commercial 

high-speed mixer (SpeedMixer DAC–800.1 FVZ, Nordrhein-Westfalen, 

Germany) was employed to synthesize the TiB2-modified Cu15Ni8Sn feedstock 

(Cu15Ni8Sn-1wt.% TiB2). The mixing parameters employed included a 1200 

rpm mixing speed, with a total of 5 min of mixing time. To prevent overheating 

during the mixing process, the mixing procedure was to mix for 2.5 min, pause 

for 5 min, and then mix again for 2.5 min. As shown in Fig. 1d, the TiB2 particles 

uniformly adhered to the surface of the Cu15Ni8Sn powder. Notably, the TiB2 

particles smoothed the grain boundary of the cellular crystal structure during 

the mixing process, which may have been beneficial for reducing the Sn 

segregation in the LPBF-fabricated modified Cu15Ni8Sn material. 

2.2. Laser powder bed fusion (LPBF) process 

Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 samples were manufactured 

using Mlab cusing 200R (Concept Laser GmbH, Germany), equipped with a 

200 W continuous wave fibre laser with a spot size of 75 μm. To prevent 

oxidation of the LPBF samples, the atmosphere of high-purity (99.99 wt.%) 

argon gas was maintained in the build chamber during the LPBF process. In 

this study, 6 x 6 x 7 mm3 cubes of Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 

specimens were fabricated for parameter optimization. A maximum power of 

190 W was adopted in this study. Given the high thermal gradient and residual 

stress generated within the rapid melting/solidification process, a chessboard 

scanning strategy was employed in the present study rather than a linear 

scanning strategy. A rotation angle of 67° was also used between two adjacent 



layers to minimize any metallurgical defects or anisotropy of the LPBF samples 

[29]. The LPBF-processing parameters for optimization are listed in Table 1. 

 

Table 1. Process parameters for laser powder bed fusion (LPBF) process optimization. 

LPBF parameters Value 

Laser spot diameter 75 µm 
Scanning strategy chessboard 
Rotation angle 67° 
Laser power 190 W 
Layer thickness 30 µm 
Hatch spacing 100 µm 

Scanning speeds 
200, 250, 300, 350, 400, 
450, 500, 550, 600 mm/s 

 

The cube densities of the LPBF-fabricated Cu15Ni8Sn-pure and Cu15Ni8Sn-

1wt.% TiB2 specimens under different process parameters were determined by 

measuring the samples three times and averaging the values based on the 

Archimedes principle to determine the optimal parameters. Thermal 

conductivity samples (10 x 10 x 6 mm3 cubes) and tensile samples of 

Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 were then manufactured under 

their respective optimal conditions. 

2.3. Materials characterization techniques 

Both Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.%-TiB2 modified samples were cut 

down along the XOY plane perpendicular to the build direction (Z axis) using 

the wire electrical discharge machining process. The section was then ground 

(with 320, 600 and 1500 mesh SiC sandpapers) and then polished (with 3 μm, 

1μm diamond suspension, and finally 0.04 μm oxide polishing suspension 

colloidal silica). A laser scanning confocal microscope (VK-X200K, Keyence, 

Japan) was used to measure the 3D topography information of the top surface 

of the samples. The microstructures and defects distribution of these samples 

were characterized using optical microscopy (OM) and scanning electron 

microscopy (SEM). The percentage of defects area and the element Sn 

segregation area were both statistically measured using the ImageJ software. 



The grain size distribution, grain boundary, dislocation, pole figure (PF) and 

inverse pole figure (IPF) of both materials were measured by electron 

backscatter diffraction (EBSD). The EBSD scanning voltage was set to 20 kV, 

the scanning area was set to 400 x 400 μm2 and the step distance was set to 

0.8 μm. A scanning electron microscope (JSM–7800F, JEOL, Japan) equipped 

with an Oxford EBSD probe (NordlysMax3, Oxford, UK) was used for 

microstructure characterization. The EBSD data were analyzed using HKL 

Channel 5 software. The phase composition was detected by an X-ray 

diffraction (XRD) instrument (SmartLab 3 kW, Japan) with Cu-Kα radiation set 

at 40 kV in the 2θ range from 20° to 100°, with a step size of 0.013° and a count 

time of 1 s per step. 

2.4. Mechanical characterization techniques 

Room-temperature hardness was tested by an HVS–1000a microhardness 

tester (Huayuzhongxin, Laizhou, China) with a 200 g load and an indentation 

time of 10 s. Five measurements were conducted and averaged to determine 

each material’s Vickers microhardness. Tensile testing was carried out with an 

electronic universal testing machine (FBS–100KNW, FBS, Shenzhen, China) 

with a strain rate of 0.6 × 10-3 s-1 at room temperature. Three tensile samples 

(pure Cu15Ni8Sn: P-v250, TiB2-modified Cu15Ni8Sn: M-v250 and M-v550) 

were tested to obtain the yield strength (YS), ultimate tensile strength (UTS) 

and elongation at break. The tensile samples were set to flat dog-bone shaped, 

cutting from the as-built pure Cu15Ni8Sn and TiB2-modified Cu15Ni8Sn by 

electrical discharge machining. The gage length, width, and thickness of the 

tensile samples were set to 28 mm, 2.8 mm and 1.7 mm, respectively. The 

nano-indentation experiments were performed at room temperature by using a 

NanoTest Vantage system (Micro Materials, UK). Six measurements were 

conducted and averaged for each material. A Vickers indentation head was 

selected (with a maximum load of 200 mN, a holding time of 10 s and an 

unloading time of 10 s) to obtain the Young’s modulus of pure and TiB2-modified 



samples. The thermal conductivity, thermal diffusivity and specific heat at room 

temperature were analysed using a thermal conductivity instrument (LFA 1000, 

Linseis, Germany). LPBF-fabricated Cu15Ni8Sn-pure, Cu15Ni8Sn-1wt.% TiB2 

and TiB2 powders were tested with a UV-Vis-NIR spectrophotometer (Cary 

5000, Agilent, USA) to study their laser absorption properties. 

3. Results 

3.1. Relative density and defects 

Fig. 2a shows the relationship between the relative density and the energy 

density of LPBF-fabricated Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 

materials. The definition of linear laser energy density may be found in previous 

reports [30,31]. 

Overall, the relative density of LPBF-fabricated Cu15Ni8Sn-pure increased 

with an increase in laser energy density. A maximum relative density of 99.06% 

was achieved when a 316.67 J/mm3 energy density value with a laser scanning 

speed of 200 mm/s was employed. A 253.33 J/mm3 laser energy density with a 

scanning speed of 250 mm/s also contributed a relatively high density of 

99.04%. Because of the efficiency of LPBF manufacturing, the 253.33 J/mm3 

condition was selected as the optimum for manufacturing the tensile specimens 

in this study. Interestingly, the relative density of LPBF-fabricated Cu15Ni8Sn-

1 wt.% TiB2 material showed a decreasing trend with an increase in energy 

density. The optimal laser energy density and scanning speed values were 

determined to be 115 J/mm3 and 550 mm/s. The modified Cu15Ni8Sn 

specimens were also manufactured and studied under the 253.33 J/mm3 

condition for comparison to reveal the effects of TiB2 on microstructure 

evolution. 

Fig. 2b shows the laser absorption rates of Cu15Ni8Sn-pure powder, TiB2 

powder, and Cu15Ni8Sn-1wt.% TiB2 powder in this study at different 

wavelengths. The laser absorption rate of Cu15Ni8Sn powder at the 1080 nm 



wavelength was only 53.56%, which means that nearly half the laser energy 

was reflected, resulting in poor LPBF processability. Notably, the laser 

absorption of the modified Cu15Ni8Sn powder increased significantly. 

Compared to the pure Cu15Ni8Sn powder (53.56%), the laser absorption rate 

of Cu15Ni8Sn-1wt.% TiB2 powder was measured to be 79.34% at the 1080 nm 

wavelength, with a 25.78% increase. The higher energy input to the TiB2-

modified sample promoted the fluidity of the molten metal, thereby significantly 

reducing metallurgical defects such as pores and unmelted regions. Therefore, 

the highest relative density value of the modified Cu15Ni8Sn (99.4%) obtained 

in this study was higher than that of Cu15Ni8Sn-pure (99.04%), indicating that 

the added TiB2 improved the material’s processability by enhancing the powder 

bed’s laser absorptivity.  

 
Fig. 2. Relative density and absorption rate: (a) Relative densities of Cu15Ni8Sn-pure and 

Cu15Ni8Sn-1wt.% TiB2 at different laser energy density values; (b) Laser absorption rates for 

Cu15Ni8Sn-pure powder, TiB2 powder, and Cu15Ni8Sn-1wt.% TiB2 powder. 

Fig. 3 shows the microstructure of the unetched LPBF-manufactured 

samples at the vertical sections (parallel to the build direction) under OM 

inspection. As shown in Fig. 3a, regular circular open pores and irregular 

unmelted areas with a size of over 200 μm were observed in the LPBF-

fabricated pure Cu15Ni8Sn, even under the optimal condition. Under the same 

LPBF condition, defects were not detected in the TiB2-modified Cu15Ni8Sn 

material, as shown in Fig. 3b. With an increase in scanning speed to the optimal 

value of 550 mm/s, the LPBF-fabricated TiB2-modified Cu15Ni8Sn exhibited 



nearly defect-free OM microstructure, indicating that the 1 wt.% TiB2 addition 

significantly improved the LPBF processability of Cu15Ni8Sn. 

 

Fig. 3. Microstructure of unetched LPBF samples under optical microscopy (OM) along the 

build direction: (a) P-v250 with an optimal laser scanning speed of 250 mm/s; (b) M-v250 with 

a scanning speed of 250 mm/s; (c) M-v550 with a scanning speed of 550 mm/s. 

Fig. 4 shows the OM microstructure of the three materials at the horizontal 

sections (perpendicular to the build direction). The defects area in the horizontal 

section was found to be much larger than that of the vertical section for the pure 

Cu15Ni8Sn material, where the defects area was calculated to be 2.48% (Fig. 

4a), revealing poor LPBF processability for the Cu15Ni8Sn alloy. For the TiB2-

modified Cu15Ni8Sn materials, the OM microstructure at the horizontal 

sections was very consistent with that of the vertical sections (Fig. 4b–c), where 

a nearly defect-free microstructure was obtained. The addition of TiB2 particles 

could reasonably be thought to have improved the laser absorptivity and further 

affected the Marangoni flow and the magnitude of capillary force within the 

LPBF process [2,32,33], thereby increasing the wettability of the solid-liquid 



interface and significantly reducing defects. 

 

Fig. 4. Microstructure of unetched LPBF samples along the horizontal direction (perpendicular 

to the build direction): (a) P-v250; (b) M-v250; (c) M-v550. 

3.2. Roughness 

The surface roughness values at the top surface of the P-v250, M-v250 and M-

v550 samples were measured and are illustrated in Fig. 5. The average area 

roughness of the LPBF-fabricated pure Cu15Ni8Sn was measured to be Sa = 

13.46 µm, with clear melt pool patterns observed after rapid solidification (Fig. 

5a/b). The relatively high surface roughness may be attributed to the poor 

processability of this material, caused by the high laser reflectivity. The 

insufficient energy input may have caused melt pool instability and the 

formation of unmelted-particles defects, thus leading to poor surface quality. 

Due to the addition of TiB2, and the laser reflectivity being reduced, more 

energy input allowed the TiB2-modified samples (M-v550, M-v250) to affect the 

liquid pool, thus enhancing the fluidity of the molten metal. This step 

significantly reduced the defects caused by the spheroidization phenomenon 



and improved the surface quality found in the roughness values of the M-v250 

(Sa = 9.724 μm) and M-v550 (Sa = 8.085 μm) specimens by 27.76% and 

39.93%, respectively (Fig. 5c–f). Note that the melt pool patterns after 

solidification were not as clear as for the pure Cu15Ni8Sn specimens. The 

findings indicate that the added TiB2 particles smoothed the components’ 

surface finishes by altering the melting/solidification process to some degree. 

 

Fig. 5. Surface roughness of the LPBF-fabricated samples: (a) P-v250; (b) M-v250; (c) M-v550. 

3.3. Phase and microstructure 

The XRD patterns obtained from the P-v250 and M-v550 samples were 

examined in this study are shown in Fig. 6. Because the mass fraction of the 



added TiB2 was only 1wt.% and the size was at the submicron scale, the 

diffraction peaks of TiB2 were not detected. Both samples exhibited the α-Cu 

primary phase (FCC) while the -(CuNi)3Sn phase was only detected in the pure 

sample; the 2θ values of -(CuNi)3Sn phase were measured to be 25.49°, 

29.72°, 62.4° and 78.61°, respectively. The findings were consistent with the 

reported work [28] that the α-Cu phase is a Sn-depleted α-Cu(Ni,Sn) matrix, 

while the -(CuNi)3Sn is a Sn-enriched brittle phase. Interestingly, the typical 

diffraction peaks of the -(CuNi)3Sn phase were not detected in the M-v250 

sample, probably because of the low content of the  phase in the TiB2 modified 

Cu15Ni8Sn material. A comparison of the XRD results between the pure and 

TiB2-modified samples showed that the added TiB2 contributed to the reduction 

of  phase precipitation. 

 

Fig. 6. X-ray diffraction (XRD) patterns of the LPBF-fabricated Cu15Ni8Sn-pure (P-v250) and 

Cu15Ni8Sn-1wt.% TiB2 samples (M-v550). 

On the basis of the XRD detection, no new phases formed or were detected 

in the LPBF-manufactured P-v250 and M-v550 materials. The diffraction peaks 

in the range of 2θ = 47°–53° were magnified to clearly show the change of the 



(200) crystal plane diffraction peak of the two materials, while the diffraction 

peaks in the range of 2θ = 71°–80° were magnified to clearly show the -

(CuNi)3Sn phase of pure sample. The 2θ values of the strong diffraction peak 

of the (200) crystal plane in the P-v250 and M-v550 samples were measured 

to be 49.98° and 50.37°, respectively. According to the Bragg’s law [34], the 

right offset of the 2θ value indicated that the (200) crystal plane in the M-v250 

had a relatively small interplanar spacing, possibly caused by residual stress 

and lattice distortion during LPBF non-equilibrium metallurgical processing [35]. 

Given the accuracy of XRD, further characterizations were conducted in this 

study to reveal the effects of the added TiB2 particles on microstructural 

evolution in Cu15Ni8Sn. 

Fig. 7 shows the microstructure of the LPBF-fabricated pure and TiB2-

modified Cu15Ni8Sn materials under SEM and EDX characterization. Sn 

segregation was noted in all three specimens after rapid solidification had 

occurred. The size of the segregated phase in the TiB2-modified materials was 

also measured to be larger than that in the pure Cu15Ni8Sn (Fig. 7a–c). 

Energy-dispersive spectroscopy (EDS) mapping was performed on matrix 

(point 3 and point 6) and Sn segregation (point 2 and point 5), which further 

confirmed that the matrix was Sn-depleted α-Cu(Ni,Sn) phase and the Sn 

segregation was Sn-enriched -(CuNi)3Sn nano-precipitates phase. the Sn-

segregation behaviour in the three materials and the uniformly distributed TiB2 

particles in the Cu matrix of the modified materials.  

 



 

Fig. 7. Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) 

images of Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 samples: (a–c) low- and high-

magnification SEM images of P-v250, M-v250 and M-v550; (d) EDS point scan of points 1, 2 

and 3 in P-v250; (e) EDS point scan of points 4, 5 and 6 in M-v550.  

EDS mapping also confirmed the uniformly distributed TiB2 particles in the 

Cu matrix of the modified materials (Fig. 7d–e). On the basis of semi-

quantitative EDS analysis and the average value of three SEM images through 

ImageJ calculations, the percentages of  precipitates in P-v250, M-v250 and 

M-v550 were determined to be 5.75%, 4.94% and 5.29%, respectively. The size 

of  precipitates in P-v250, M-v250 and M-v550 were determined to be 167.5 



nm, 216.6 nm and 205.9 nm, respectively. Note that the  phase formed at the 

grain and subgrain boundaries (the white phase observed in the Fig. 7a–c). Li 

et al. [15] also detected the  phase formed in  the LPBF-fabricated pure 

Cu15Ni8Sn material. The authors found that the grain refinement was strongly 

related to the Sn-enriched  nano-precipitates phase and their distribution along 

the melt pool boundaries. Notably, the size of the added TiB2 particles was 

reduced in the LPBF-fabricated specimens compared to the raw powder, 

implying that the TiB2 particles may have partially melted in the melt pools under 

the strong laser irradiation. The addition of TiB2 particles could conceivably 

reduce the Sn-segregation behaviour, and the size of the segregated phase 

could be tailored by the suitable selection of LPBF-process parameters. 

The images in Fig. 8a–f show the grain orientations of the LPBF-fabricated 

Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 samples obtained by EBSD 

examination. Very fine grains with a number of equiaxed grains were found to 

have formed in the pure Cu15Ni8Sn; ultrafine equiaxed grains tended to form 

along the fusion boundaries (Fig. 8a). This situation may be explained by the 

fact that the cooling rate at the melt pool boundary is generally higher than that 

of the other zones during the LPBF of single metallic materials [36]. This 

equiaxed-columnar bimodal grain structure is also known as a heterogeneous 

grain structure [15,21]. 

The P-v250 sample showed no apparent crystal orientation at the vertical 

section. Interestingly, the addition of TiB2 particles did not appear to function as 

a heterogeneous nucleation site to promote grain refinement in the LPBF of the 

modified materials (Fig. 8b–c), while this behaviour has been widely reported 

in the LPBF of aluminium and nickel alloys [27,37–39]. More typical columnar 

grains formed in both the M-v250 and M-v550 specimens. Considering the layer 

thickness of 30 µm used in the present study, many columnar grains in M-v250 

crossed over 10 layers (Fig. 8b/e), indicating that under the same LPBF 

condition, the added TiB2 promoted the formation of columnar grains, probably 

by affecting the melt pool solidification behaviour. The strong thermal resistance 



offered by the TiB2 particles reduced the melt pool cooling rate and increased 

the thermal gradients, resulting in columnar grain growth. Under the optimal 

LPBF condition, the M-v550 material exhibited much finer grain structures 

compared to M-v250 due to the increased scanning speed (Fig. 8c/f). The 

equivalent diameters of P-v250, M-v250 and M-v550 were determined to be 4.9 

µm, 7.48 µm and 7 µm, respectively. 

 
Fig. 8. Electron backscattered diffraction (EBSD) images of Cu15Ni8Sn-pure and Cu15Ni8Sn-

1wt.% TiB2 samples: (a–c) inverse pole figure (IPF) orientation map for P-v250, M-v250 and M-

v550; (d–e) EBSD image quality map with high- and low-angle grain boundaries (HAGBs and 

LAGBs) superimposed for P-v250, M-v250 and M-v550; (g–i) EBSD image quality map showing 

the average grain size and fraction for the three materials. 

It is worth noting that in general, the addition of TiB2 changes the grain 

morphology, size and orientation of Cu15Ni8Sn alloy. The grain structures of 

the M-v250 and M-v550 samples are dominated by columnar grains. In contrast 

to the random crystal orientation of the P-v250 sample, both the M-v250 and 



M-v550 samples exhibited a strong <101> crystal orientation. Related studies 

have shown that this behaviour may have been related to the internal stress 

and storage energy of the material [40]. The added TiB2 particles improved the 

LPBF processability of Cu15Ni8Sn by minimizing the defects, but the inclusion 

also promoted the formation of columnar grains, which implies that grain 

refinement may not have been an influential factor in altering the mechanical 

performance of the modified Cu15Ni8Sn material. Investigating the changes of 

the added TiB2 particles to the modified material would be an interesting course 

of study. 

Fig. 9 shows the local misorientation maps and frequencies of the local 

misorientation angle (also known as the kernel average misorientation, or KAM) 

of the original Cu15Ni8Sn and TiB2-modified Cu15Ni8Sn materials. The KAM 

is generally used to calculate the geometrically necessary dislocations (GNDs), 

correlated linearly with the magnitude of local plastic strain [41]. The GNDs 

were caused by the high thermal stress and strain in the LPBF-fabricated 

samples [42,43]. The P-v250 sample was found to have more GNDs than the 

M-v250 and M-v550 samples (Fig. 9a–c). The equivalent density of GNDs can 

be determined by 
ave2 / bGND KAM =  [44], where KAMave is the average KAM 

value of the tested region (also the average θ of the local misorientation in the 

selected region), μ is the step distance used for the EBSD (0.8 μm) and b is the 

Burgers vector (0.2556 nm) [45]. The average dislocation density values of the 

GNDs of the P-v250, M-v250 and M-v550 were determined to be 6.38x1014 m–

2, 5.61x1014 m–2 and 5.71x1014 m–2, respectively (Fig. 9d–f). The variation of 

LPBF process parameters played a significant role in the GND density. When 

other process parameters were fixed, a higher laser scanning speed (v550) 

generally resulted in higher cooling rates, thermal gradients, and GND density 

compared to lower scanning speed conditions [56,57]. Note that the calculated 

dislocation density of the modified-Cu15Ni8Sn was slightly lower than that of 

the pure Cu15Ni8Sn, which was due to the presence of many dislocations and 



dislocation tangles in the Cu15Ni8Sn-pure samples fabricated via LPBF, 

probably caused by the Sn segregation [28]. The SEM and EDS analyses (Fig. 

7) also confirmed that the Sn segregation in the TiB2-modified samples was 

lower than in the pure sample, resulting in a lower dislocation density in the 

TiB2-modified sample. 

 
Fig. 9. Local misorientation maps of Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 samples: 

(a–c) P-v250, M-v250 and M-v550; (d–f) frequency of the local misorientation angle map for P-

v250, M-v250 and M-v550, respectively. 

Fig. 10 shows the pole figures and inverse pole figures of the P-v250, M-v250 

and M-v550 samples, measured at the vertical sections. Compared to the {110} 

and {111} textures, all three samples offered the highest maximum intensity of 

multiples of uniform density (MUD) in the {100} texture, determined to be 2.88, 

11.44 and 10.06, respectively. Noticeably, the TiB2-modified samples exhibited 

strong {100}, {110} and {111} textures, while the {110} and {111} textures were 

significantly weakened in the pure sample. Generally, the texture intensity is 

strongly linked to the LPBF-processing parameters and the material properties. 

This finding indicates that the added TiB2 particles promoted the strong {100} 

texture (Fig. 10a/c/e). Combined with the IPF results, it reveals that the majority 

of the columnar grains of the TiB2-modified samples offered preferred <100> 



orientation parallel to the build direction. The typical fibre texture formed in  the 

TiB2-modified materials (M-v250 and M-v550) might be due to the  high thermal 

gradients along the build direction [48,49]. Copper alloys are well known to have 

Bragg lattices with a face-centred cubic (FCC) structure. Compared with the 

{100} texture, the {110} and {111} textures are more important in FCC-based 

metal materials, which offer a better combination of strength and ductility 

[50,51]. The TiB2-modified Cu15Ni8Sn materials fabricated via LPBF were thus 

expected to exhibit better tensile properties. 

 

Fig. 10. Pole figures and inverse pole figures of Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 

samples: (a, c, e) PFs for P-v250, M-v250 and M-v550; (b, d, f) IPFs for P-v250, M-v250 and 

M-v550. 

The texture strength in the inverse pole figure is also measured by the MUD 

indicator. The MUDs of the P-v250, M-v250 and M-v550 samples were 

determined to be 2.26, 9.09 and 5.35, respectively (Fig. 10b/d/f). This confirmed 

that the <100>//Y0 texture of the three materials was strong, and the <100> 

textures of the TiB2-modified materials were stronger than that of the pure 

material. Previous studies have also reported that the {100} texture orientation 

is the preferential grain-growth orientation of FCC-based metal materials 

[31,52]. 



3.4. Mechanical properties 

The tensile properties of both the LPBF-fabricated pure Cu15Ni8Sn and 1wt.% 

TiB2-modified Cu15Ni8Sn samples were measured via uniaxial tensile testing 

at room temperature. The tensile engineering stress-strain curves are shown in 

Fig. 11a, as are the dimensions of the tensile samples. The yield strength (YS), 

ultimate tensile strength (UTS) and elongation at break (ε) values of the 

Cu15Ni8Sn-pure sample (P-v250) were determined to be 402 MPa, 524 MPa 

and 21.5%, respectively. Compared to the pure Cu15Ni8Sn, the 1wt.% 

submicrometre TiB2-modified Cu15Ni8Sn exhibited higher strength. The YS 

and UTS values of the Cu15Ni8Sn-1wt.% TiB2 sample (M-v550) were 

determined to be 448 MPa and 601 MPa, with an increase of 11.44% and 

14.69%, respectively. The elongation at break in the M-v550 was found to be 

17.8%, which was slightly lower than that of the P-v250 (21.5%). This increased 

strength may be attributed to the elimination of the defects (pores and unmelted 

areas) and the strengthening of the added 1wt.% TiB2 ceramic particles. The 

YS, UTS and ε values of the LPBF-fabricated pure Cu15Ni8Sn and TiB2-

modified Cu15Ni8Sn materials are summarized in Table 2. Given the integral 

benefits of the combination of strength and ductility, the TiB2-modified 

Cu15Ni8Sn showed better mechanical performance, which was also confirmed 

by our EBSD-based finding that strong {110} and {111} textures had formed in 

the TiB2-modified specimens (Fig. 10). Considering the residual thermal 

stresses, metallurgical defects formed in the LPBF-fabricated components, the 

necessary post-heat treatments are required in order to further improve the 

mechanical performance and microstructure uniformity to meet the engineering 

standards. Previous studies [45,53,54] have  revealed that  the heat treatment 

employed is to produce spinodal decomposition and ordered precipitation 

phases to achieve excellent mechanical properties for the Cu15Ni8Sn alloy. 

Future work may study the effects of the solid solution and aging treatment on 

the LPBF-fabricated TiB2-modified Cu15Ni8Sn materials. The strengthening 



mechanisms of the three LPBF-fabricated materials are discussed in the next 

section. 

 

Fig. 11. Mechanical performance of the specimens: (a) engineering stress-strain curves; (b) 

nano-indentation load-indentation depth curves of Cu15Ni8Sn-pure (P-v250) and Cu15Ni8Sn-

1wt.% TiB2 samples (M-v250 and M-v550). 

Fig. 11b shows the nano-indentation performance measured on the polished 

sections of the LPBF-fabricated pure Cu15Ni8Sn and TiB2-modified 

Cu15Ni8Sn materials. The nano-indentation load-depth curves include three 

stages: loading, holding at maximum load and unloading. The initial slope and 

indentation depth of the unloading stage can be used to calculate the Young’s 

modulus and nanohardness of the material. The Young’s modulus and 

microhardness values for all three samples are also summarized in Table 2. 

Compared to the value for P-v250 (183 ± 6 HV0.2), the microhardness values 

of the two TiB2-modified Cu15Ni8Sn specimens were found to have increased 

by 16.39% and 21.31%, respectively. The Young’s modulus values of the pure 

Cu15Ni8Sn material and Cu15Ni8Sn-1wt.% TiB2 material were measured to be 

89.93 ± 1.82 GPa and 96.51 ± 1.46 GPa, respectively.  

 

Table 2. Mechanical properties of Cu15Ni8Sn-pure (P-v250) and Cu15Ni8Sn-1wt.% TiB2 

samples (M-v250 and M-v550) via LPBF.  

Samples 
YS 

(MPa) 
UTS 

(MPa) 
ε 

(%) 

Young’s modulus 
(GPa) 

Microhardness 
(HV0.2) 

P-v250 402 524 21.5 89.93 ± 1.82 183 ± 6 
M-v250 396 575 19.5 96.51 ± 1.46 213 ± 3 

M-V550 448 601 17.8 – 222 ± 8 



 

Fig. 12 shows typical SEM fractographies of the fracture surfaces of all three 

specimens after tensile testing. The fracture surface of the original Cu15Ni8Sn 

specimen (P-v250) displayed relatively flat surfaces with a few metallurgical 

defects, including microscale pores and unmelted defects with a maximum size 

of 200 µm (Fig. 12a1–a2). Metallurgical defects were also observed in the as-

fabricated pure Cu15Ni8n specimens (Figs. 3–4). Better metallurgical bonding 

formed in the TiB2-modified specimens compared to the pure Cu15Ni8Sn alloy. 

A few cracks (about 100 µm in length) on the fracture surface, however, were 

observed in the M-v550 specimen (Fig. 12c2). Fine and uniform dimples were 

observed from the high-magnification SEM images (Fig. 12a3/b3/c3), indicating 

that all the specimens may have displayed typical ductile fracturing. 

Interestingly, uniformly distributed nanometre-scale particles in the fine dimples 

were detected in the TiB2-modified specimens (Fig. 12b3/c3). Due to the uneven 

surface of the fracture, the chemical composition of the nanoscale particles was 

not detected under EDS analysis. Considering the uniform distribution and 

hexagonal prismatically shaped particles combined with the EDS point scan 

results (Fig. 7), we may reasonably infer that these particles were the added 

1wt.% TiB2 particles. The average dimple sizes of the original Cu15Ni8Sn (P-

v250) and TiB2-modified Cu15Ni8Sn (M-v250 and M-v550) materials were 

determined to be 445 nm, 654 nm and 589 nm, respectively. The size of the 

ductile dimples in the pure Cu15Ni8Sn specimen was smaller and deeper than 

that of the TiB2-modified specimens, implying that the pure specimen offered 

better ductility. These fractographic observations are consistent with the 

mechanical properties obtained in the study (Fig. 11). 



 
Fig. 12. SEM fractographies showing the fracture surfaces of Cu15Ni8Sn-pure and 

Cu15Ni8Sn-1wt.% TiB2 specimens: (a1–a3) pure Cu15Ni8Sn specimen, P-v250; (b1–b3) TiB2-

modified Cu15Ni8Sn specimen, M-v250; (c1–c3) TiB2-modified Cu15Ni8Sn specimen, M-v550. 

4. Discussion 

4.1 Effects of TiB2 on thermophysical properties 

 

Fig. 13. Thermophysical properties of Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 materials 

at room temperature: (a) thermal conductivities and thermal diffusivities, (b) specific heats for 



P-v250, M-v250 and M-v550, respectively. 

In general, the thermophysical properties and the laser absorptivity are the 

primary factors that affect the LPBF processability. The images in Fig. 13 show 

the thermophysical properties of Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 

samples at room temperature, including thermal conductivity, specific heat 

capacity and thermal diffusivity. Previous studies have demonstrated that the 

thermophysical properties of metals are mainly affected by porosity [55]. Due 

to the existence of fewer metallurgical defects and the higher density of the 

TiB2-modified samples, and the fact that the added TiB2 also has a high thermal 

conductivity [56], the modified Cu15Ni8Sn displayed higher thermal 

conductivity and thermal diffusivity than pure Cu15Ni8Sn. This finding indicates 

that the TiB2 modified Cu15Ni8Sn material may disperse heat energy more 

efficiently compared to pure Cu15Ni8Sn when used in the cooling systems. The 

specific heat capacity of the M-v250 and M-v550 samples was examined to be 

a bit lower than that of the P-v250 sample. Second, studies have also shown 

that the thermal physical properties of metals are also affected by the 

precipitates and grain boundary fraction [57]. Interestingly, the TiB2 modified 

samples showed different thermophysical properties and this could be due to 

the increase in density caused by the microstructural evolution. That is, the 

fraction of the α-Cu phase and precipitates in M-v550 was higher than that of 

M-v250.  

4.2. Possible strengthening mechanisms 

On the basis of the systematic microstructure characterization by XRD, SEM 

and EBSD, the LPBF-fabricated Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 

specimens offered different microstructure performances, which also resulted 

in differences in mechanical behaviour. As noted in the literature [15,58,59], the 

difference in mechanical performance may be attributed to the various 

strengthening mechanisms in the three materials. 

 



Table 3. The terms used in this study. 

Symbol Description P-v250 M-v250 M-v550 Reference 

0  Lattice friction of stress of 

Cu 

52 MPa [60] 

k  Strengthening coefficient 

related to the grain 

boundary structure of Cu 

0.356 MPa m–1/2 [58] 

d  Average grain size / / / This work 

M  Taylor factor / / / This work 

  Proportionality coefficient 

of Cu 

0.3 [58] 

G  Shear modulus of this 

alloy 

/ / This work 

b  Burgers vector of Cu 0.2556 nm [45] 

  Dislocation density / / / This work 

pd  
Average radius of the 

precipitate 

/ / / This work 

v  Poisson’s ratio of Cu 0.34 [61] 

vf  Volume fraction of 

precipitate 

/ / / This work 

4.2.1. Grain boundary strengthening 

Generally, the extremely high cooling rate within the LPBF could have 

increased the grain boundary density by refining grains, and the increased grain 

boundaries could have strengthened the material by hindering the movement 

of dislocations. The contribution of grain boundary strengthening may be 

calculated by using the Hall–Petch formula [45,60]: 

1

2σ dGBS k
−

=
      (1) 

where k  is a constant (the value of 0.356 MPa m–1/2 from the literature was 

adopted in the present study [58]), and d  is the grain size of the matrix. Based 

on Eq. (1), the contributions of grain boundary strengthening for the P-v250, M-

v250 and M-v550 specimens were determined to be 160.8 MPa, 130.2 MPa 

and 134.6 MPa, respectively. 



4.2.2. Dislocation strengthening 

Dislocation strengthening can be estimated by the Bailey–Hirsch relation [62]: 

σ α ρDIS M Gb=
     (2) 

where M  is the Taylor factor, which was obtained from the EBSD measurement 

in this study; M  is 3.10 for P-v250, 2.53 for M-v250 and 3.03 for M-v550; b  is 

the Berger vector (0.2556 nm [45]);   is the geometric constant (  = 0.3 [58]); 

and G  is the shear modulus, which is calculated from the following equation: 

2(1 ν)

E
G =

+                    (3)  

where E   is the Young 's modulus, v   is the Poisson 's ratio. Thus, the 

contributions of dislocation strengthening in the P-v250, M-v250 and M-v550 

specimens were determined to be 361.7 MPa, 297.1 MPa and 358.9 MPa, 

respectively. 

4.2.3. Orowan precipitation strengthening 

As a precipitation hardening alloy, the δ precipitation ((CuxNi1-x)3Sn) was 

uniformly distributed in the matrix, thus playing a significant role in hindering 

dislocation movement [15]. In addition, in contrast to the pure Cu15Ni8Sn 

sample, the added TiB2 ceramic particles functioned as a second phase, which 

also hindered dislocation movement. The Orowan precipitation strengthening 

can be expressed by the Orowan–Ashby equation [63]: 

ops 1/2

ln(d / )b
0.81

2 (1 ν) λ

p

p

bMG

d
 =

− −
   (4) 

where   is the spacing between the precipitates in the sliding plane.   is related 

to the average diameter pd  and the volume fraction 
vf  of the precipitates and 

with the following equation [64]: 

p

1 3
λ

2 2 v

d
f


=

       (5) 

For the pure Cu15Ni8Sn sample (P-v250) and TiB2-modified Cu15Ni8Sn 



samples (M-v250 and M-v550)，the average pd   of the    precipitates was 

calculated to be  167.5 nm, 216.6 nm and 205.9 nm，respectively, as shown in 

the SEM observation (Fig. 7). The volume fraction 
vf  of the   precipitates was 

calculated to be 5.75 vol%, 4.94 vol% and 5.29 vol%, respectively. The 

contribution of the added 1wt.% TiB2 to Orowan precipitation strengthening in 

both the M-v250 and M-v550 samples was calculated to be 38.8 MPa. The total 

contribution of the Orowan precipitation strengthening in the P-v250, M-v250 

and M-v550 samples were thus set to 83.2 MPa, 92 MPa and 108.2 MPa 

respectively. 

4.2.4. Solid solution strengthening 

Solid solution strengthening is mainly determined by the modulus mismatch and 

lattice mismatch between solute atoms and solvent atoms to hinder the 

movement of dislocations. Due to the large difference in atomic radii between 

Sn (1.4 Å) and Cu (1.28 Å) / Ni (1.24 Å), the solid solution strengthening in 

Cu15Ni8Sn in general is mainly caused by the dissolution of Sn [15,65], which 

may be expressed as follows [58,66]: 

3/2 1/2σ c
700

SS ss

MG
= 

      (6) 

SS G b

 = − 
       (7) 

1
1

2

G
G

G

 
 =

+   
       (8) 
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dc
G

G
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 =

       (9) 

b

1 d

a

a

dc
 =

       (10) 

where c   is the concentration (at%) of the solute atom,    is a geometric 

parameter (taken as 3) and a   is the lattice parameter of α-Cu based on 

previous studies [15,45,58]. The proportion of solid solution strengthening 

contributions is quite limited, so a value of 25 MPa from the literature [58] was 

used as the contribution of solid solution strengthening towards the three LPBF-



fabricated samples. 

4.2.5. Load transfer strengthening 

Compared to the LPBF-fabricated pure Cu15Ni8Sn samples, good particle-

particle metallurgical bonding between the TiB2 particles and the Cu15Ni8Sn 

matrix was found to have formed in the TiB2-modified specimens. The load-

bearing strengthening thus played an important role in the TiB2-modified 

specimens. The contribution may be expressed as follows [67]: 

p

3
σ = σ

2
LT mV

       (11) 

where mσ  is the yield strength of the Cu15Ni8Sn matrix (402 MPa) and pV  is 

the volume fraction of the reinforcing particles. The contribution of particle load-

bearing strengthening to the modified Cu15Ni8Sn was determined to be 6.03 

MPa. 

The total yield strength of both Cu15Ni8Sn-pure and Cu15Ni8Sn-1wt.% TiB2 

samples fabricated via LPBF may be estimated by the root mean square 

combination of the above strengthening mechanism [68]: 

2 2 2 2 2

CAL 0 GBS DIS OPS LTσ σ σ σ σ σSS=  + + + + +  

(Note that σLT  for the pure sample is 0, and 
0  is the lattice friction stress of 

Cu, which is taken as 52 MPa [15,60].) According to the above σCAL model, the 

yield strength temperatures of the three samples at room temperature were 

calculated, as shown in Fig. 14. The calculated yield strength values of the P-

v250, M-v250 and M-v550 samples were determined to be 457.25 MPa, 390.15 

MPa and 451.11 MPa, respectively. The experimentally obtained yield strength 

values of the three samples were determined to be 402 MPa, 396 MPa and 448 

MPa, respectively. The calculation value of the TiB2-modified material showed 

good agreement with the experimental results. The calculated yield strength of 

pure Cu15Ni8Sn was slightly higher than the experimental value. This deviation 

might be attributed to several factors, such as the regional locality of the 

precipitates, the calculation of grain size and the existence of metallurgical 



defects [15]. 

 

Fig. 14. The calculated and experimentally obtained strengthening contributions of the 

Cu15Ni8Sn-pure (P-v250) and Cu15Ni8Sn-1wt.% TiB2 (M-v250 and M-v550) samples. 

In addition, from the contribution of each strengthening mechanism shown in 

Fig. 14 to the overall calculated strength, the dislocation strengthening and 

grain boundary strengthening mechanisms played a leading role in 

strengthening the LPBF-fabricated pure Cu15Ni8Sn specimens. In addition to 

the dislocation strengthening and grain boundary strengthening mechanisms, 

the Orowan precipitation strengthening also played an important role in the 

TiB2-modified Cu15Ni8Sn due to the second phase of TiB2 ceramic particles. 

Note that the contribution of dislocation strengthening in M-v250 was about 50 

MPa lower than that of the M-v550 sample, which explains the decrease in the 

yield strength of the M-v250 sample in the experimentally obtained stress-strain 

curve. 

 

5. Conclusions 

In this study, we have investigated the effects of added 1wt.% TiB2 particles on 

processability during the laser powder bed fusion (LPBF) of Cu15Ni8Sn alloy. 



The strengthening mechanisms within the LPBF of Cu15Ni8Sn-pure and 1wt.% 

TiB2-modified Cu15Ni8Sn were also systematically analyzed. The following 

conclusions may be drawn from this study: 

1. The processability improvement in the LPBF of TiB2-modified Cu15Ni8Sn 

material was found to have been induced by the improvement in laser 

absorbability. The required optimal energy density was reduced to achieve 

nearly full-dense specimens without apparent pores and unmelted particles 

for the modified material compared to the original Cu15Ni8Sn. 

2. The addition of TiB2 particles was found to reduce the Sn-segregation 

behaviour in the as-fabricated Cu15Ni8Sn materials, implying that the size 

of the segregated phase may be tailored by the suitable selection of LPBF-

process parameters. Grain refinement, however, was not found to have 

occurred during the LPBF of TiB2-modified Cu15Ni8Sn, since the average 

equivalent grain size was 7 µm compared to 4.9 µm for the pure Cu15Ni8Sn. 

3. Although grain refinement was not found to have occurred in the LPBF-

fabricated TiB2-modified Cu15Ni8Sn, the added 1 wt.% TiB2 particles 

contributed to improvements in mechanical performance. The ultimate 

tensile strength value for pure Cu15Ni8Sn was measured to be 524 MPa, 

while the value increased to 601 MPa for the TiB2-modified Cu15Ni8Sn, 

with no significant scarification in ductility. 

4. The primary strengthening mechanisms for the LPBF-fabricated pure 

Cu15Ni8Sn used in this study included dislocation strengthening and grain 

boundary strengthening. Orowan precipitation strengthening also played a 

significant role in the Cu15Ni8Sn-1wt.% TiB2 material, as did dislocation 

strengthening and grain boundary strengthening. 
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