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Abstract

This study aims to modify the microstructure and mechanical properties of Babbitt alloy (ASTM B23 alloy 13).
Two casting techniques were implemented to manufacture the alloy; Gravity Die Casting (GDC) and New
Rheocasting (NRC) techniques. The microscope examination shows that the structures contained two phases, o-
Pb and cubic shaped intermetallic compound ($-SbSn) in a matrix of ternary phases. GDC structure was a
dendrite a-Pb phase, while the equiaxed structure was observed via NRC, with remaining B-SbSn phase as a
cubic shape. The manufactured Babbitt alloy by NRC has the best compression and yield strength, while the
castings produced by GDC recorded lower properties. Backward extrusion was used to improve the properties of
alloy 13 produced by two casting techniques. The backward extrusion were carried in the temperature range of
20-100°C.NRC samples showed the highest mechanical properties under all extruded conditions. The enhanced
mechanical properties were mainly attributed to the grain refinement. FEM-simulation code DEFORM 3D was
used to investigate the stress distribution in backward extrusion process of billet. Highest effective stress exists
in the transition area between bottom and wall of the workpiece (punch corner). At the inner side of the wall,
stress is higher than at the outer side of wall.

Keywords: lead Babbitt alloy, gravity die casting, new rheocasting, backward extrusion, microstructure,
mechanical properties, FEM-simulation.

1. Introduction

Babbitt alloys (white metals) since to the patent 1252 was granted to Isaac Babbitt in 1839. The patent describes
the use of tin-base white metal bearings backed by stronger shell line- bearing box in the 1930. The metal was
refined to be optimized for bearing applications. The term Babbitt alloys is used today for tin-as well as lead-
based alloys [1]. Lead-based white metals exhibit a lower friction coefficient, better, bonding to the shells, and
better properties for casting and extrusion than tin-based alloys. However, the increase in use of lead-based
white metal is attributed mostly to its lower cost. These alloys are generally alloyed with 10-15wt% antimony
and 0.5-8wt% tin. Antimony (Sb) strengthens the matrix by solid solution hardening and with Tin (Sn) forms the
B-phase (SnSb). This intermetallic compound is found as small cuboids dispersed in the matrix, but they do not
have a significant adverse effect on the frictional properties because the soft matrix spreads out on the surface
during sliding to form a thin lubricating film [2]. This may be achieved through microstructural grain
refinement. The grain refinement is believed as the most effective mechanism to accomplish both the desired
strength and ductility at ambient temperature [3]. The microstructure properties of Lead-based alloy can be
controlled by different methods such as the casting techniques and backward extrusion [4, 5]. By using different
casting techniques, hundreds of bearing materials have been developed in the recent time which offers promising
individual properties to meet particular service requirements. There are two common casting techniques. One is
gravity die casting, a technique of fully dendritic microstructure. The other is new rheocasting, which involves
the application of shearing during solid fixation to produce a non-dendritic semi-solid slurry which is transferred
directly into a mould or die to produce a final product [6]. In order to obtain much more enhanced mechanical
properties and wear resistance, accordingly, a proper control of the manufacturing conditions and best
understanding of the relations between the microstructure and mechanical properties of backward extruded lead
alloy have become one of the most important on-going research areas [7, 8]. The backward extrusion method has
been successfully utilized as a final processing method to produce fine grained products. Consequently this route
has become one of the most effective manufacturing processes due to its proper stress distributions, material
savings, and lower required machining [9, 10].

2. Experimental Procedures
2.1 Material Billet Preparation
The material used for backward extrusion was lead Babbitt (ASTM B23 Alloy 13) produced by two casting
techniques Gravity Die Casting (GDC) and New Rheocasting (NRC). Gravity die castings were manufactured in
mould made of AISI H13 steel mould of 60x60x120mm with thickness of 20mm. Two K-type thermocouples
with 3mm in diameter covered with stainless steel sheath were employed. The first thermocouple was used to
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measure the pouring temperature and other was fixed in the mould wall through hole to ensure positive contact
between the sensor tip of thermocouple and the molten to determine cooling rate during solidification. The
molten metal was poured at a temperature of 370°C then left to solidify at room temperature of the inclined
mould [11].

New Rheocasting were produced in mould made of AISI 304 austenitic stainless steel of
60x60x120mm. For increasing the contact area among molten metal and die wall, the die is inclined at an angle
of 75° to give a good occasion for crystals forming on the wall and increase the distance of metal flow which
helps in increasing the probability of separating the freezing crystals from the die wall [12]. Thermocouple and
the procedure used in previous methods were also used in this casting technique. The molten metal at
temperature of 265°C was poured on the wall of the inclined mould. When temperature reached approximately
230°C (this temperature at liquid -solid interface) the mould was water cooled (quenched). The billets are
cylindrical specimens with 24 mm in diameter and 30 mm height, cut and machined from the casting
(60x60x120mm) for GDC and NRC techniques.

2.2 Backward Extrusion

Figure (1) shows the schematic diagram of the die of backward extrusion. The extrusion process was performed
using a hydraulic press (maximum force: 1400 KN, maximum stroke: 500 mm). The billet is reheated at forming
temperature using induction system. Billet was positioned in the center of the inductor

Figure (1); Schematic diagram of die of backward extrusion: 1 -Shank; 2- Upper Plate; 3-Bush; 4-Guide; 5-
Supporter Ring; 6- Stripper; 7- Lower Plate; 8-Fix; 9- Punch Holder; 10-Punch; 11-Die; 12-Billet; 13-Ejector
coil. This heating system is controlled by an electronic device which programs the reheating cycles see Figure
(2). Two “K” type thermocouples were inserted to monitor the temperature evolution: the first one into the
center of the billet and the second one was into the die at less than 5 mm from the billet surface.

Thermal control

System power Heater

Figure (2); Heating system
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2.3 Foundation of Simulation Model

In this work, the effect of forming temperature on stress distribution during backward extrusion process was
investigated by numerical simulation (using DEFORM.3D V10.2). Figure (3) shows the geometric the geometric
model in this simulation, and a half is adopted for its symmetrical character. In this simulation, ASTM B23
Alloy 13 was defined as an isotropic hardened. The constitutive equation in this simulation is as follows [13]:

c =6(g,¢,T)

o is the mean stress, ¢ is the yield stress, ¢ is the equivalent strain € is the strain rate and T is the temperature.
The true stress—true strain response of alloy 13 compressed at 20 and 100°C under the strain rate of 10~/sec” for
gravity die casting and new rheocasting techniques. Were inputted into material storage, and the flow stress
model was established by using log-log space linear differential analysis.

Step -1

Step 100

Step -1

)

Billet Die Product

1

Figure (3); Geometric model

2.4 Microstructure Characterization

In general, the microstructure of lead Babbitt Alloy 13 consists of two phases, the Dark phase o-Pb and the white
cubic phase f-SbSn in a soft matrix of ternary eutectic formed from the dark phase a-Pb, white cubic phase -
SbSn and Sb-rich solid solution was also white. The extruded samples cutting to vertically section (Figure 4).
Four regions of the wall samples were chosen to be investigated, at 1, 2, 3, and 4mm from the inner edge.
Because the microstructure of wall similar to bottom when extrude with contact ratio 0.5 (contact ratio is punch
flatness divided on punch diameter) [14].

1rme—
2mm

Smm._l

drnm

Figure (4); The specimen of microstructure

2.5 Mechanical Properties

The microhardness test was carried out using Vickers hardness tester. The test load and dwelling time were 100g
and 15s respectively according to ASTM-E384. Microhardness measurement selected at four positions from the
inner to the outer edge. To approach the actual assessment, extruded samples and casting were selected for
compression test with a certain dimension specimens with the dimension of diameter and the height of
compression samples were 25 mm and 30 mm, respectively.

2.6 XRD Analysis

The samples with the dimension of 14mm in diameter and Smm in height used for x-ray diffraction analysis.
This analysis method was performed to investigate alloy phases formed during two casting techniques. X-ray
type: Philips pw/840 Holland, Cu target, Ni filter, scan speed 3 degree/min, voltage: 40 K.V and current: 20
mille ampere, was used for detecting the phases as shown in Figure (5).
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Figure (5); X-Ray diffraction analysis a: DC and b: NRC

3. Results and discussion

3.1 Microstructure of Casting

The microstructure obtained from GDC was dendritic a-Pb primary phase formed from the wall to the center
with different DAS sizes are shown in Figure (6). The measurement of average DAS indicates that variation
from the wall to center, at distance of 2, 7, 15 and 30mm, where they are 15, and 26, 27 and 34 um respectively.
This increasing in DAS toward the center is due to the decrease in cooling rate with increasing the distance from
the wall [15]. Coarsening in a cubic B-SbSn phase was observed in coarse soft matrix ternary eutectic with an
average Size of 13, 18, 23 and 31 um, at 2,7,15 and 30 mm respectively.

The microstructure examination of new rheocasting showed fine cluster equaixed grain from a-Pb
phase rather than dendritic structure with difference grain size (Figure 7). The average grain size at the 2mm is
roughly 13um due to high thermal gradient in water cooling. Moreover, a low volume fraction of B-SbSn with
average size equal 12um was observed in fine eutectic .At 7mm from the wall it was recognized of 19um and
14um grain size of B-SbSn. Average grain size of a- Pb and B-SbSn phase with the eutectic coarseness increase
at distance of 15mm from the wall. Sizes of o and 3 are 21um and 16um respectively. Coarser equiaxed grain of
a-phase with reduction in volume fraction is showed at the 30mm center of casting with the size of 25um. while
a cubic phase (SbSn) with average size equal to 22um. Furthermore, the cubic B-SbSn phase is finer than gravity

die casting, from the wall to center of casting.
a-Pb  Eutectic B- $b‘5n

i '&?

] soun.

Flgure ; NRC Mlcrostructure
a: at 2mm, b: at 7mm, c: at 15mm and d: at 30mm
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3.2 Forming Force

The force required for backward extrusion decreases with increasing billet temperature for the all samples
extruded at constant area reduction and contact ratio are present in Figure (8). It is clear that the maximum force
of 83.9 and 89KN for GDC and NRC, respectively at room temperature. While at temperature 100°C the force
recorded 36 and 38.2KN for GDC and NRC. The matter is attributed to the maximum plastic stra-

in that is occurred with increasing temperature and that conform to results of S. Enayatietal [16].
—&— BENRC-20°C —m— BEGDC-20°C --m-- BEGDC-100°C --e-- BENRC-100°C
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Figure (8); Effect of temperature on force required for backward extrusion

3.3 Backward Extruded Microstructure

The extruded microstructure of both conventional gravity die cast and new rheocast show that phases are
uniformly distributed. It contained four distinct regions marked at 1, 2, 3, and 4mm, from center to surface
(Figure 4). The primary a-Pb and B-SbSn phase in both cases was very small at the specimen center, and
gradually increases toward to the surface region. In the surface the grain size was bigger and thicker. It is also
observed that at center, the primary a-Pb is elongated in direction of extrusion and the $-SbSn phase fragmented
to small parts. The material at this region underwent severe plastic deformation, and the fine grains indicate that
recrystallization has occurred. These microstructure changes during the backward extrusion process were closely
related to forming temperature varying at different positions [17].

Figure (9) shows the microstructures at room temperature of both GDC and NRC samples. The grain
size of a-Pb and B-SbSn phase for GDC was 13-25um, and f-SbSn phase 11-16um, respectively. Whereas grain
size of NRC was 8-13um of o-Pb and 7-11pm of B-SbSn phase are presented in (10). Compared with
microstructure at 100°C as shown in Figure (11), it was noticed that grain size of a-Pb for GDC was 13-25um,
and B-SbSn phase 11-16um. While, o-Pb and B-SbSn grain size of NRC were 8-13 pm and 7-11 pm,
respectively (Figure 12).

The forming temperature plays an important role in the formation of finer microstructures. In fact
decreasing the forming temperature lead to finer microstructure. This explained the fact that as the temperature
increases, the size of dynamically recrystallized grain increases [18].

3.4 Vickers Microhardness

The effect of forming temperature on the hardness of Back Extrusion (BE) GDC and BE NRC samples at four
positions was recorded from the inner to the outer edge (Figure 13). The hardness is improved with the
decreasing forming temperature. This phenomenon was also observed in other metal [18]. Hardness of the BE
NRC, is higher than of BE GDC at all temperature. The reason is attributed to the grain size in NRC was smaller
than that of GDC [19]. The results show also the inner edge have the maximum hardness and the hardness
decreased gradually from the inner toward the outer edge of the extruded part. Because an inner edge, which was
directly compressed. The grain size in this region was finer than that of outer edge.
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Figure (9); The Microstructure of BE GDC and BE NRC at 20°C with 40% r and 0.5 R¢
a: at Imm, b: at 2mm, c: at 3mm, and d: at 4mm
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Figure (10); Grain size at 20°C
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Figure (11); The Microstructure of BE GDC and BE NRC at 100°C with 40% r and 0.5 R¢
a: at Imm, b: at 2mm, c: at 3mm, and d: at 4mm
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Figure (12); Grain size at 100°C
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Figure (13); Microhardness measurement

3.5 Mechanical Properties

At room temperature, the yield strength, compression strength and elongation are improved by backward
extrusion process as shown in Table (1). The BENRC alloy exhibits the optimal mechanical properties. Whereas,
the values of compressive yield strength and compressive strength were 68MPa and 80MPa, respectively. The
high mechanical properties are mainly attributed to formation of fine grain microstructures. Accordingly, it is
expected that the dislocation movement is restricted, when the grain size is decreased, thereby higher stress is
needed for further deformation. While, the elongation of BEGDC samples have maximum value of 6.2%
Furthermore, the mechanical properties of the NRC were better than the GDC at different condition.

Table (1); Mechanical properties of alloy 13

Property Compression strength Yield strength .
W MPa MPa Elongation%

GDC 59 42 2.7
NRC 66 54 23
BE GDC 73 51 6.2
BE NRC 80 68 5.1

3.6 Surface Roughness
The surface roughness is increasing with increasing forming temperature. The average surface roughness (Ra) of
the GDC is 0.19um which is significant as compared to the NRC at room temperature 0.15pum (Table 2). The
surface roughness in the samples is the function of forming temperature and mechanical properties of the alloy.
Balusamy et al [20] have reported that the surface roughness and its distribution in the samples depend on
mechanical properties of the alloy.

Table (2); Roughness of extruded alloy 13

Material Temperature Roughness (Ra pm)
GDC 20°C 0.19
NRC 20°C 0.15
GDC 100°C 0.57
NRC 100°C 0.16

3.7 Effective Stress distribution

Effective Stress distribution for GDC and NRC at room temperature, are represented by Figure (14). The lowest
values of effective stress occur at the wall head of the specimen where material flow hardly takes place. In the
workpiece region directly below the punch head there is also restricted material flow. Absolute highest effective
stress exists in the transition area between bottom and wall of the workpiece (punch corner). At the inner side of
the wall stress are higher than outer side of the wall. The effective stress was still largest for the last step. With
increasing forming temperature (Figure 15), the effective stress reduces whereas at 100°C they have the largest
decrease. But no significant difference in the stress distribution for gravity die casting and new rheocasting
samples in backward extrusion at constant temperature.
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Figure (14); Effective stress distribution at 20°C
Stress - Effective (MPa) Stress - Effective (MPa)
65.6 68.5
I Step 100 Step 100 I
57.4 60.0
49.2 51.4
41.0 42.9
32.8 34.3
246 t— 25.8
16.4 . ’ 17.2
9.22 2.66
0.0267 0.0915
Min 0.0267 0.0915 Min
Max 65.5 GDC NRC 7 68.56 Max

Figure (15); Effective stress distribution at 100°C

4. Conclusions

e  With decreasing Forming temperature of extruded products, the grain size is refined and Normal applied
load will be increased.

e Increasing Forming temperature has negative effect on compression, yield strength, hardness and
roughness, while increase the elongation.

e The New Rheocasting products had recorded the maximum compression and yield strength as well as
the hardness, whereas the gravity die casting had recorded the minimum.

e The highest values of effective stress exist in the region around the punch corner whereas the lowest
values of stress occur at the bottom of the specimen.
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