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Room-Temperature Indentation Creep and the
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Alloys
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In this paper, we study the room-temperature indentation creep and the mechanical properties of Sn-Sb-Pb-
Cu alloys. Rapid solidification from melt using the melt-spinning technique is applied to prepare all the
alloys. The experimental results show that the magnitude of the creep displacement increases with the
increase in both time and applied load, and the stress exponent increases with the increase in the copper
content in the alloys which happens primarily due to the existence of the intermetallic compounds SbSn and
CueSns. The calculated values of the stress exponent are in the range of 2.82 to 5.16, which are in good
agreement with the values reported for the Sn-Sb-Pb-Cu alloys. We have also studied and analyzed the
structure, elastic modulus, and internal friction of the Sn-Sb-Pb-Cu alloys.

Keywords hardness, indentation creep, rapid solidification, x-ray
diffraction

1. Introduction

A fast, simple, and non-destructive method of investigating the
mechanical properties of solid materials is called indentation creep
test (Ref 1-9). The indentation creep tests have several advantages
compared with the conventional creep experiments (Ref 1), e.g., in
these tests small amounts of materials are needed and the method of
preparing the sample is simple because only flat sample surface is
required. Moreover, for example, the characterization of the local
deformation behavior of thin films or particles in composites can be
performed by indentation creep tests. In the Vickers hardness tests
with a pyramid indenter or a cylindrical indenter, the net section
stress under the indenter is constant in a constant load test, which is
an advantage over other indentation techniques, whereas in other
indenter geometries, the net section stress decreases with time (Ref
10-13). The indentation process demonstrates that a hard indenter
maintains a constant load over a period of time and the changes in
the size of the indentation are monitored as the indenter moves into
the test specimen (Ref 1, 3, 8). The size of the indentation observed
during the creep test depends on the quality of the material to
deform plastically. The hardness test has been used effectively for
studying the bulk deformation behavior, although the indenter is
only in contact with the surface of the sample (Ref 4). The
indentation creep process is characterized by the stress exponent n
that is equal to the creep exponent of the material. The stress
exponent can be used as an indicator of the creep mechanism (Ref

Mustafa Kamal, A. El-Bediwi, and A.H. El-Zarka, Metal Physics
Lab, Physics Department, Faculty of Science, Mansoura University,
Mansoura 35516, Egypt; and A.R. Lashin, Metal Physics Lab, Physics
Department, Faculty of Science, Mansoura University, Mansoura
35516, Egypt; and Physics Department, Faculty of Applied Science,
Umm Al-Qura University, Mecca 21955, Saudi Arabia. Contact
e-mail: lashingi@mans.edu.eg.

2084—Volume 25(5) May 2016

13, 14). It has been found that when the value of n is 1, creep is
controlled by vacancy diffusion as deformation mechanism (Ref
14-16); when n is 2, the creep mechanism is controlled by grain
boundary sliding (Ref 17); when n is 3, diffusion-controlled
dislocation motion acts as deformation mechanism (Ref 17); when
nis 4 to 7, it is attributed to dislocation climb-controlled creep
mechanism (Ref 18); and when 7 is more than 8, creep is controlled
by the reinforcement of particles (Ref 19).

Lead- and tin-based alloys are generally the first choice for
developing materials that offer superior compatibility with steel
shafts, their ability (due to their softness) to embed foreign
particles and their unique ability to adapt to misalignment.
Despite their higher cost, tin Babbitt are often preferred over lead
Babbitt because of their excellent corrosion resistance, easy
bonding, and less tendency toward segregation (Ref 20-25). Tin-
based Babbitt alloys generally contain antimony and copper that
have adequate hardness number, which provides excellent load-
carrying characteristic (Ref 23, 24). In the absence of adequate
lubrication, they also exhibit low friction resistance, low wear,
good run-in properties, and good emergency behavior. In this
paper, the room-temperature indentation creep and the mechan-
ical properties of Sn-11%Sb-(9 — X)Pb-X%Cu alloys, where
X=0,1, 3, and 5 wt.%, have been studied.

2. Materials and Methods

In the present work, Sn-11%Sb-(9 — X)Pb-X%Cu alloys,
where X = 0, 1, 3, and 5 wt.%, were used as samples, and were
melted in a muffle furnace using tin, antimony, lead, and copper
with purity more than 99.5%. In order to increase the
homogeneity, the resulting ingots were turned and re-melted
four times. These ingots were rapidly solidified from melt. The
rapid solidification was achieved by a single copper roller type
melt-spinning technique. The surface velocity of the roller was
31.4 m/s corresponding to 3.7 x 10° K/s (Ref 26). All samples
were quenched in air. The samples were then divided into
convenient shapes for the measurements using double knife

Journal of Materials Engineering and Performance


http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-016-2024-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-016-2024-5&amp;domain=pdf

cutter. Typical dimensions of samples (ribbons) were about
5 mm in width, 60 um in thickness, and 5 cm in length.

The dynamic resonance method was used to determine the
internal friction, Q’l, and the elastic constants. The value of the
dynamic Young modulus F is determined by the following
equation (Ref 27-29):

E\'? 2nl’fy
o k2

(Eq 1)

where p is the density of the sample used in the test, L is the
length of the vibrated part of the sample, k is the radius of
gyration of the cross-section perpendicular to its plane of mo-
tion, f is the resonance frequency, and z is a constant which
depends on the mode of vibration and is equal to 1.8751.
The resonance curve is drawn by plotting the amplitude of
vibration against the frequency of vibration around the reso-
nance f;. The internal friction, Q~', of the sample can be
determined by the following equation:

Af

o' = 0.5773f—0, (Eq 2)
where Af'is the half-width of the resonance curve.
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Fig. 1 X-ray diffraction patterns of the Sn-11%Sb-9%Pb (a), Sn-11%Sb-8%Pb-1%Cu (b), Sn-11%Sb-6%Pb-3%Cu (c),

5%Cu (d) alloys
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A Shimadzu x-ray diffractometer (DX-30) using Cu Ko
radiation with a Ni filter (4 = 1.5406 A) was used to carry out
x-ray diffraction analysis (XRD). The microstructure was
examined with a Joel SEM (Joel Corp., Mikaka, Japan). The
Vickers microhardness tester (Model-FM7-Japan) with loads of
10, 25, and 50 g force (gf) for dwell times 5 up to 90 s was
applied to study the creep indentation behavior of the used
samples. Each reading was an average of at least six separate
measurements taken at random places in both x- and y-
directions on the surface of the sample. The readings had an
accuracy of 0.01 um. All the indentations were at a distance of
minimum 0.5 mm from the edges and other indentations.

3. Results and Discussion

3.1 X-ray Diffraction Measurements

The XRD diffraction patterns of rapidly solidified alloys that
were converted from melt Sn-11%Sb-(9 — X)%Pb-X%Cu
alloys (where X =0, 1, and 3 wt.%) show the corresponding
lines of B-Sn, a-Pb, and SbSn phases as shown in Fig. 1(a) to
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Table 1 Stress exponent, Young’s modulus, internal friction, and lattice particle size of the Sn-11%Sb-(9 — X)%Pb-X%Cu

alloys, where X =0, 1, 3, and 5 wt.%

Alloy The average Stress exponent Young’s Modulus, GPa The internal friction, Q' The average lattice size, A
Sn-11%Sb-9%Pb 2.824+0.17 14.8+£0.48 0.035240.0023 405.86 £2.35
Sn-11%Sb-8%Pb-1%Cu 3.18+0.17 16.9+2.19 0.0351+0.0014 355.45+4.57
Sn-11%Sb-6%Pb-3%Cu 3.57+0.14 18.6 £1.22 0.0329+0.0013 335.22+3.60
Sn-11%Sb-4%Pb-5%Cu 5.16£0.17 20.2£3.10 0.0355+0.0019 22941 +1.78

(c). In addition to the lines corresponding to B-Sn, a-Pb, and
SbSn phases, extra lines of CugSns intermetallic compounds
were found for rapidly quenched alloys that contain 5 wt.% Cu
(Fig. 1(d)).

The Scherrer method is used to calculate the crystal sizes
obtained from the X-ray patterns (Ref 30, 31). According to this
method, if the crystallites that are used to prepare a powder
specimen are sufficiently small, the maxima of the diffraction
pattern are increased by an amount inversely proportional to the
crystallite size, and the crystal size is given by the following
equation:

2
=-q—-
Y bcos 0’

where y is the crystal size, 4 is the wavelength of the radia-
tion, b is the additional broadening (in radians), 0 is the
Bragg’s angle, and «a is a dimensionless number of the order
of unity (=0.9 for the alloys used in this paper), which is
known as the Scherrer constant. Table 1 shows the average
crystal sizes of different phases for the Sn-11%Sb-(9 — X)%
Pb-X%Cu alloys (where X =0, 1, 3, and 5 wt.%).

As the average crystal size of the $-Sn matrix is greater than
that of the intermetallic compounds (SbSn and CugSns) (Ref
32), as shown in Table 1, it is shown that the average crystal
size decreases with the increase in the concentration of copper
at the expense of lead. The presence of these intermetallic
compounds with small crystal sizes implies that the alloys are
melted using the grain-refining process. The fine-grained
materials are harder and stronger than those that are produced
using coarse-grained materials, since the former have a greater
total grain boundary area to impede the dislocation motion.
Note that the reduction in the size of the grain not only
improves the strength, but also enhances the ductility and the
toughness of these alloys (Ref 33). Although Cu was not
detected in the alloys containing 1 and 3 wt.%. copper, its effect
is clearly appeared in mechanical properties of these alloys as
shown in Table 1. Rapid solidification with high cooling rate
increases the Cu solubility (Ref 34, 35); therefore, copper was
dissolute to form a solid solution with the matrix.

(Eq 3)

3.2 Microstructural Examination

Figure 2(a) and (b) displays the scanning electron micro-
scope images of the Sn-11%Sb-8%Pb-1%Cu and Sn-11%Sb-
4%Pb-5%Cu alloys, respectively. The morphology of the
surface is different in both alloys. Figure 2(a) contains Sn-rich
phase (matrix) with some precipitates of SbSn and Pb phases.
The intermetallic compound Cu6Sn5 has been appeared in the
microstructure of the Sn-11%Sb-4%Pb-5%Cu alloy. However,
it is clear that the particle size in Sn-11%Sb-4%Pb-5%Cu is
finer than that in the Sn-11%Sb-8%Pb-1%Cu alloy. This is in
agreement with the crystal size measurements that are obtained
by the x-ray diffraction (Table 1).
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Fig. 2 Scanning electron microscope (SEM) images for the Sn-
11%Sb-8%Pb-1%Cu alloy (a) and the Sn-11%Sb-4%Pb-5%Cu alloy (b)

3.3 Indentation Greep Measurements

The normal creep curve consists three stages: (1) transient
creep that starts at a fairly rapid rate which then decreases with
time as strain hardening sets in, (2) steady-state creep in which
the rate of strain is fairly uniform and at its lowest value and (3)
tertiary creep in which the rate of strain increases rapidly so that
fracture occurs (Ref 36). In the indentation creep, the shape of
the indentation curve is the same as that of an ordinary creep
curve. The only difference is that in the indentation creep the
last stage does not appear. This happens because the hardness
test is actually a compression test, the fracture of the specimen
does not occur and hence it is obviously not possible to
measure a third stage of the curve (Ref 37).

Generally, the steady-state stress exponent, n, is used to
describe the variation in the steady-state creep rate with the
applied stress which is given by the following equation (Ref 38):

Olné
n=

dlno|,’
where € the strain rate and o is the tensile stress at a constant
temperature 7. An analogy relationship described by Juhasz

et al. used to analyze the indentation creep (Ref 39) which
can be shown in the following form:

(Eq 4)
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where Hv = C(F/d?) is the Vickers hardness number, d is
the rate of variation in indentation length, d is the indentation
diagonal length, C is a constant, and F is the applied load.
This implies that a straight line would be obtained, the slope
of which is the stress exponent n, if d is plotted against Hv
on a double logarithmic scale.

For the Sn-11%Sb-(9 — X)Pb-X%Cu alloys, where X = 0, 1,
3, and 5 wt.%, the indentation length is plotted against time at
different constant loads 10, 25, and 50 gf as shown in Fig. 3(a)
to (d). This figure indicates that the indentation length increases
with the loading time and the applied load. Figure 4(a) to (d)
displays the logarithm of the rate of variation of indentation
displacement against the logarithm of the Vickers hardness
number of the Sn-11%Sb-(9 — X)Pb-X%Cu alloys, where
X=0,1,3,and 5 wt.% at loads 10, 25, and 50 gf according to
Eq 5. Table 1 shows the values of stress exponents that are
obtained. The values of stress exponents obtained from
indentation curves range between 2.82 and 5.16. It is also
found that by increasing the concentration of copper at the
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expense of lead, the stress exponent increases, which indicates
that room-temperature creep takes place less rapidly.

The change in stress exponent values is attributable to
microstructural change in the matrix, such as change in the
lattice parameters, solid solution, size and distribution of
strengthening phases, intermetallic phases (Ref 24). Decreasing
the grain size by increasing the Cu content increases the grain
boundaries that act as more effective barriers to dislocation
movement and hence the stress exponent values increase as
shown in Table 1.

3.4 Young's Modulus and Internal Friction Measurements

One of the important characteristics that strongly reflect the
interaction and the bonding nature of the constituent atoms is
known as Young’s modulus (Ref 40). The magnitude of the
elastic constant of defect-free metal alloys is merely a function
of the magnitude of the stiffness of the atomic bonds. Other
factors such as porosity, concentration of impurities, intergran-
ular phases, and alloying elements may influence the magnitude
of the elastic constants in real polycrystalline melt-spun alloys.
The nominal elastic modulus value of Sn and its alloys is
generally considered as 50 GPa, but the experimental values of
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pure tin and its alloys can vary between 16 and 55 GPa as
reported from the literature (Ref 41). The resonance curves of
melt-spun alloys Sn-11%Sb-(9 — X)%Pb-X%Cu, where X = 0,
1, 3, and 5% Cu, are shown in Fig. 5. The calculated values of
the elastic modulus of each alloy are listed in Table 1. Note that
the value of the elastic modulus increases with the increase in
the concentration of Cu at the expense of lead. The bonding
force among atoms is used to determine Young’s modulus.
Therefore, the bonding force is not only related to the crystal
structure, but also to the distance among atoms and it can be
affected by alloying additions (Ref 42). In addition, it is
observed that Cu atoms tend to interact much more strongly
with Sn than Sb and Pb to form high melting point intermetallic
compound CugSns as compared with SbSn compound (Ref 43).
Therefore, for melting an alloy, a small amount of copper is
added to facilitate the formation of yet another metallic
compound CugSns and to increase the elastic modulus of the
Sn-Pb-Sb melt-spun bearing alloy. Usually, two common
intermetallic compounds are obtained from the interaction of
Cu with the liquid Sn, they are CugSns and CusSn, which
precipitate at different stages of the reaction in Sn-Cu alloys.
Cu3Sn needs high amounts of Cu and higher temperature than
CueSns (Ref 44). Cu;Sn is usually formed from the growth of
CueSns (Ref 45). However, the types and amount of inter-
metallics which form during solidification are determined by
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Fig. 5 The resonance curves (the amplitude, A, vs. frequency, F)
for melt-spun alloys Sn-11% Sb-(9 — X)%Pb-X%Cu and X = 0,1,3,
and 5% Cu

the starting composition and how much copper and other
metals have dissolved into the molten of the alloy. Due to the
rapid quenching and the different alloying elements in the
matrix, this small amount of Cu is increased in our study.
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The dissipation of mechanical energy inside the material is
called internal friction and it is different from “friction,” which
is the resistance against the motion of two solid surfaces
relative to each other. To study structural defects and their
mobility, transport phenomena, and phase transformations in
solids, internal friction is widely used in solid state and physical
metallurgy (Ref 46). The results of internal friction, as listed in
Table 1, varied slightly. The change in the alloying elements in
the materials is the cause of this variation in internal friction.
There is an overall increase in the internal friction with
increasing the Cu content at the expense of Pb. This can be
attributed to the particle refinement that results from the
existence of intermetallic compounds (Ref 32).

4. Conclusions

In this paper, the indentation creep and the mechanical
properties of Sn-11%Sb-(9 — X)Pb-X%Cu alloys, where X = 0,
1, 3, and 5 wt.%, have been investigated. The change in the
microstructure of the B-Sn matrix because of the formation of
the SbSn and CugSns intermetallic compounds affects all
measured physical properties, such as elastic modulus and
internal friction. Finally, the following conclusions are drawn:

1. With the increase in both time and applied load, the
indentation length increases.

2. A regime of individual creep curves is observed for the
first and second stages. As the fracture of the samples
does not occur, it is not possible to measure the third
stage of the curve as generally happens in an ordinary
creep test.

3. The indentation creep process can be characterized by
the stress exponents. The stress exponents that are ob-
tained from indentation curves range between 2.82 and
5.16.

4. The stress exponent increases with the increase in the
concentration of copper at the expenses of lead, which
indicates that room-temperature creep takes place less ra-
pidly.

5. The mechanical properties were improved with the in-
crease in the concentration of copper at the expenses of
lead.

6. Improvement in the mechanical properties of the alloys
that were investigated is primarily due to the formation
of the intermetallic compounds SbSn and CugSns that
have smaller particle size than the B-Sn matrix.
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