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Sintering Behavior and Mechanical ProPerty of cu-Sn alloy with ag addition Produced  
By PulSed electric current Sintering

This work mainly focuses on the sintering behavior of the Cu-Sn alloy with the addition of ag up to 4 wt% after pulsed 
electric current sintering (PeCS) process for ultra-fast sintering. The microstructural evolution was characterized using scanning 
electron microscopy (Sem), X-ray diffraction (XRD), and density measurements. The mechanical properties were evaluated via 
measurements of transverse rupture strength (TRS) and Rockwell hardness. The mechanism during the sintering process has been 
discussed thoroughly, and the effect on porosity with the addition of the ag is also correlated. The results showed that the growth 
of porosity progressed with the amount of ag up to 2 wt%, and further addition of ag leads reduction in porosity. The effect on 
mechanical properties were improved slowly as the amount of ag increased.
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1. introduction

Tool technologies are being widely used in various manu-
facturing industries that were rapidly increasing. machining of 
the workpiece is divided into two main processes: cutting and 
grinding [1]. Cutting is a process of chip-removal such as mill-
ing and turning using inserts. grinding is a finishing process 
used to improve surface roughness and tighten the tolerance 
on cylindrical and flat surfaces by removing a small amount of 
debris [2,3]. grinding is an important process in the manufac-
turing of precision workpieces such as bearing, turbine blades, 
optics, and so on. grinding wheels has been the subject of ex-
tensive research during high efficiency and precision machining 
difficult-to-cut materials in cemented carbide, ni, or Ti base 
superalloy workpiece [4].

The need for grinding tools is widely increasing and the 
work of grinding technologies has been studied in the present. 
grinding tools are divided into four major compositions which 
were defined as 1) metal 2) resinoid (polymer, plastic) 3) vitrified 
(glass) and 4) electroplated. in the case of metal-bond grinding 
tools, an exhibition of self-dressing capability is widely used in 
the machining of non-ferrous materials. Hard and brittle materi-
als such as ceramics and stone due to the superior hardness and 
wear resistance [5,6]. in order to maintain high hardness and wear 
resistance, bonds of grinding tools are normally based on ferrous 

and non-ferrous alloys such as Fe, Cu, Co, ni, Zn, and Sn. The 
typical bonding matrix for this group of tools includes various 
compositions based on either Cu, Co, or Fe [7]. The addition of 
Co and Fe ensures excellent tool life but deteriorates grinding 
performance. The tool life of metal-bond grinding tools with Cu 
is relatively shorter than that of grinding tools with Co and Fe, 
but Cu-based grinding tools exhibit good grindability and shape 
retention properties compared to many other grinding tools [8].

However, tools with heavy metal concentrations are po-
tentially hazardous to the environment and health. Pb has high 
grinding performance and excellent liquid phase sintering (LPS) 
behavior. However, Pb was prohibited by the law of Restriction 
of Hazardous Substances (RoHS). most countries (include eu-
ropean and developed countries) strictly restrict the use of Pb. 
ag can be used as a substitute for the Pb which ensures excellent 
grinding performance, but the use of ag is limited because of its 
expensive price. Cu and ag have significant difference in melt-
ing point, density, and wetting angle. The lattice size of Cu-ag 
phases is smaller than that of Cu, as a result, the volume shrinks 
during sintering. Therefore, when Cu-ag phase is sintered, unlike 
Cu single element sintering, liquid phase sintering takes place 
and diffuses between the powder particles, resulting in increased 
sintering density [9]. in the present research, the properties of 
Cu-Sn grinding tools with various amount of ag addition instead 
of Pb is studied in detail.
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2. Materials and experimental procedures

Composition of Cu-40Sn gas-atomized pre-alloyed pow-
der (Fukuda metal Foil & Powder, japan) and fine ag powder 
(Changsung Corporation, Korea) were mixed for 60 min in a 3-D 
Tubular mixer (waB T2F, Switzerland) with Teflon mixing 
balls. The amount of ag addition to the Cu-40Sn alloy was 0 to 
4 wt% at 1 wt% intervals. Further, the powders are compacted 
in size of 40 mm × 10 mm × 4 mm at a pressure of 50 mPa 
using a uni-axial hydraulic press (50 ton, Korea) according 
to the mPiF TRS standard while using the die-wall lubricated  
mold.

at this work, pulsed electric current sintering (PeCS, Sintris 
10 STv, italy) has been applied for the sintering process in which 
the specimens were heated at the rate of 100°C/min in a vacuum 
atmosphere. The heating included a 30-sec dwell at 430°C for 
de-lubrication and sintering at 600°C at 1 minute holding time. 
Furthermore, the phase has been evaluated by the X-ray dif-
fractometer (Rigaku ultima-3, japan) (XRD, λ = 1.540598 Å) 
operated at 40 kv and 40 ma. Transverse rupture strength 
(TRS) and Rockwell hardness (HRB, 100 kgf) were measured 
using a universal testing machine (Zwick/Roell uTm Z005 Tn, 
germany) and Rockwell hardness tester (mitutoyo wiZhard 
HR-530, japan), respectively. To assess microstructural features, 
Thermofisher “ChemiSem” axia scanning electron microscopy 
(Sem) was employed to detect liquid phase and microstructural 
evolution of sintered compacts.

3. results and discussion

in Fig. 1(a), the Sem morphology has been shown. it was 
found that CuSn spherical-shaped powder particles have an 
average particle size of 30 to 40 µm. alloy powder was evenly 
distributed over the examined surface during the Sem analysis 
while small shaped particles agglomerated over the other particle 
surface. while in Fig 1(b), the ag flakes have demonstrated dif-

ferent shapes and thicknesses. The average length and thickness 
are ~10 µm and ~1 µm respectively.

in Fig. 2(a), the XRD pattern of Cu-Sn sintered alloy with 
and without the addition of the ag flakes has been shown. 
The standard pattern has been matched with Cu6Sn5 alloy and 
found that the patterns are similar to the XRD pattern of Cu6Sn5 
[10]. It was found that an instance peak is about 43.15° (2θ) 
and, several less intensity peak has been also observed without 
ag added alloy. with the addition of the ag contents, the peak 
intensity increased sharply up to 2 wt%. while further addition 
decrease and increases again. notably, the atomic radius of 
the ag (165 pm) is much higher than the Cu (145 pm) and Sn 
(145 pm) elements. noticeably, it produces lattice distortion 
and leads to strains in the alloy system. Thus, the broadening 
and variation in XRD pattern could be found [11]. moreover, 
the shifting of the peaks may also be possible. it is also noted 
that the formation of agCu phases has been observed by the 
addition of the ag element in the system. in the Cu-ag binary 
phase diagram, solubility of Cu-ag at 600°C is about 2.5 wt%, 
and this phase was formed up to 2 wt%. on the other hand, when 
the amount of ag powers was exceed 3 wt%, supersaturated ag 
atoms reacted Sn particles, and ag3Sn intermetallic compound 
(imC) phase was formed at 480°C [12]. in addition, the enthalpy 
of mixing of binary pairs for Cu-Sn, Cu-ag and Sn-ag are 7, 2 
and –3 kj/mol as per the miedema’s model. Hence, ag-Sn is more 
probable to form the imC after the addition of significant amount 
of ag. Thus, a very tiny peak has been observed at 2 wt% addi-
tion of ag, while a instance peak of agSn has been formed due 
to the most negative binary pair at more than 2 wt% addition of 
ag. noticeably, the vanishing of agCu peak has been observed 
due to disassociation with ag [13]. in Fig. 2(b-f), Sem images 
of sintered samples have been shown. The image represents 
several pores on the evaluated surface along with several white 
precipitates. The formation of numerous pores is very obvious 
in the alloy after the sintering. The distribution of black pore is 
spread through the surface. The addition of ag is in the alloy 
system increase the growth of pores simultaneously.

Fig. 1. Sem morphology of (a) Cu-Sn pre-alloyed powders and (b) ag flakes
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ag is an element of making LPS, which is a non-wetting 
element with 90° or more in Cuo substrates or other elements 
[14]. when a small amount of ag is added, the grain boundary 
cannot be fully packed and the liquid phase cannot be formed 
enough, thereby the microstructure of sintered compacts cannot 
make linkage and packing, which are typical shapes of LPS. 
Comparing the same magnification Sem micrographs of 0 wt% 
ag and 1 wt% ag, it can be seen that there is a clear difference 
in the pores. 1 wt%ag sample has lots of pores than 0 wt%ag, 
and the size of pores is increased than 0 wt% ag sample.

The step-by-step formation of the alloy during the sintering 
has been discussed in the section. For, a better understanding 
of the sintering mechanism, the illustration of the mechanism 
and PeCS equipment is shown in Fig. 3(a) and (b), respectively. 

The microstructural evolution that appears with the increase in 
ag goes through three steps, the same as theoretical phenomena 
of liquid phase sintering, 1) Rearrangement of the initial state 
2) Solution-reprecipitation of the intermediate state, and 3) Final 
densification of the final state [15].

a sufficient amount of transient liquid phase is generated 
in step 1, causing volume change due to movement of the liquid 
phase by capillary effect, and open pores in grain boundaries 
move and grow. although the ag has a poor wetting angle with 
a floor wettability of more than 90°, it shows a pattern of pro-
gression when it forms a sufficient liquid phase [16]. when more 
than 4 wt% ag is added, the relative density reaches 99.5% or 
more, and it is clear that grain boundary pores are reduced even 
in microstructure and only intergranular pores have remained. 

Fig. 2. (a) XRD patterns and (b-f) Sem images of Cu-40Sn with ag addition from 0 to 4 wt%

Fig. 3. (a) Step-by-step mechanism of sintering process and (b) schematic of pulsed electric current sintering (PeCS) machine
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Solution-precipitation in step 2 is a phenomenon in which 
a liquid phase is solutionized, and unlike a relatively insufficient 
LP appearing at 2 wt% ag or less, sufficient LP diffuses along 
a grain boundary, is dissolved, and reprecipitate. in this process, 
the phase distribution is visible and is observed in BSe mode. 
The final densification, which is step 3, is a process in which the 
diffusion of the liquid phase is shrunk and fully densified. This 
is a process of increasing density through LPS, and in the case 
of slow rate sintering, a lot of pore movement occurs. 

The density change is directly related to the durability, i.e. 
the life of the grinding tools [17]. when the relative density 
is higher, it leads to an increase of grinding tool life than low 
relative density. Compare to relative density, 1 wt% ag added 
compact shows a noticeable actual density (ρ) decrease than 
0 wt% ag compact. while the addition of ag is more than 2 wt%, 
it is observed that relative density is also higher than 0 wt%ag 
compacts. it can be seen that when the amount of ag added 
exceeds 2 wt%, the relative density increases more than the 
case of the 0 wt% ag sintered sample. 1 wt% ag is about 0.73 
at%, and 2 wt% ag is 1.46 at%. as the weight fraction of ag 
increases, the total amount capable of formation of liquid phase 
increases to form a transitional liquid phase to proceed with LPS 
accompanied by linkage, and discrete pores become separator. 
For the microstructure perspective of the addition of ag, the 
pores on the grain boundary move to form coarse pores on the 
grain boundary when it exceeds 3 wt% ag. and as can be seen 
from the BSe image, there is a difference in phase distribution. 

This experiment has a fast sintering rate of 100°C/min, the 
intergranular pores remain on the grain boundary without mov-
ing. in the case of 4 wt% ag, where liquid phase is sufficiently 
produced, the total number of pores is less than 1-3 wt% ag, 
and the relative density is also the highest. in the case of powder 
metallurgy, the mechanical properties of sintered compacts tend 
to be consistent with the density that could be seen in Fig. 4. 
when the sintered density is directed toward the theoretical 
density, compacts are sintered well and have higher mechani-
cal properties. TRS clearly shows the interposed properties as 
a factor directly affected by the pore inside the compact and the 
neck growth of the powder.

This experiment also shows the results of matching patterns 
of mechanical behavior and density distribution. Both TRS and 
HRB decreased in the 1 wt% ag sample where the actual density 
is also decreased, but both mechanical properties were incubated 
according to the addition of ag. in the case of 4 wt% ag, TRS 
and hardness reversed compared to 0 wt% ag and have higher 
density and mechanical properties in this study. it occurs that 
insufficient liquid phase cannot fill the grain boundary and it 
leads to deteriorating mechanical properties. 

This experimental condition shows a noticeable difference 
in the density change which is not close to theoretical density due 
to the increase in the addition of ag. it is always observed that 
the experimental density is different from the theoretical density. 
it is mainly due to various experimental conditions, i.e. sintering 
temperature, pressure, and holding time. isothermal sintering 
is difficult to reach 100% of theoretical density, and generally 
has a density of less than 99% even though density differences 
occur in the LPS process simultaneously with the shape change 
due to shrinkage during sintering. PeCS has a unique sintering 
mechanism in which electric current flows through individual 
powders, and the temperature can be raised faster than exist-
ing isothermal sintering, and effective neck growth can occur 
smoothly to reach theoretical density.

4. conclusions

in this study, mechanical properties according to the amount 
of ag added to Cu-40Sn pre-alloyed powder were evaluated and 
the following conclusion has been withdrawn.
• Successfully synthesis the Cu-Sn alloy with the addition of 

ag through the pulsed electric current sintering.
• When 1 wt% Ag was added, density was reduced by forming 

a small amount of liquid phase, but at 2 wt% ag or more, 
the liquid phase is sufficiently formed to increase the density 
progressively. 

• In the 3 wt% Ag condition, small open pores gather to form 
large closed pores, and the number of pores decreases while 
4 wt% ag condition, the pore linkage was shown and the 

Fig. 4. (a) Sintered density and (b) transverse rupture strength (TRS) and Rockwell hardness of sintered Cu-40Sn alloy depending on ag contents
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density was satisfied by more than 99%, proving that ag 
could be used instead of the existing Pb.

• As the density increases, the hardness of the sintered alloy 
also increases presenting a good correlation with the density 
and hardness.
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