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Abstract

The tribological behaviors and applicability analysis of HT250 cast iron and iron-based powder metallurgy under different
applied loads were compared experimentally. The friction coefficients and wear characteristics were measured with the
changing operating load at a certain rotational speed by a ring-on-ring test rig. Results show that the tribological advantage
is strongly dependent on the lubrication regime of frictional surfaces. The powder metallurgy presents better frictional
performance in hydrodynamic lubrication when the applied load is less than 400 N. Still, with the applied load increasing
beyond 400 N, the HT250 cast iron shows better frictional advantages in mixed lubrication. The Stribeck curve also shows
the critical loads from hydrodynamic into mixed lubrication for the HT250 cast iron and powder metallurgy are about 300 N
in present cases. Besides, with the increased applied load, the HT250 cast iron presents better anti-wear performance. The
wear mechanism transforms from a significant abrasive feature to abrasive and oxidative wear.

Keywords Cast iron - Powder metallurgy - Friction coefficient - Wear performance - Lubrication regime

1 Introduction

Powder metallurgy (PM) and HT250 cast iron (HT250) have
been widely applied as the bearing and diaphragm materi-
als of rolling piston rotary compressors for air-conditioning.
PM, due to the low cost, lightweight and high utilization, as
well as the advantages of excellent lubrication properties,
is adopted first in compressors. However, after a long run,
the surface friction and wear limit the design and working
life of tribological components. To this, HT250 is gradu-
ally applied to replace the PM owing to its friction-reducing
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performance and self-lubricating property. However,
the potentiality of cost and processing of PM cannot be
neglected. So the mechanism of friction and wear between
two materials should be clear to compare their advantage
and applicability.

PM and HT250 are typical metal materials, which have
been studied on the friction and wear performance generally
and separately. Currently, the main popularities focus on the
influencing factor analysis such as matrix structure [1-3],
graphite morphology [4], lubrication condition [5] and test
pressure [6], and performance improvement by heat treat-
ment [7], alloy element addition [8, 9], surface texture [10]
and surface coating and treatment [11-14].

To the cast iron, Prasad [5, 15] systematically investigated
the sliding wear properties under different oil lubrication to
point out that, the gray cast iron performs better than that of
the nodular one due to the harder and stronger matrix, the
large surface area and greater thermal conductivity of flake
graphite. Chen [16] researched the tribological performances
of cast iron at high-speed dry sliding with different graphite
morphologies, including flake, vermicular, and nodular. As
the sliding speed increases, the wear rate increases, mean-
while, the friction coefficient decreases. The abrasive, oxi-
dative and fatigue wear are the main wear mechanisms. Qin
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[17] conducted the pin-on-disk friction tests of steel-cast
iron to study the wear mechanism. It is found that, with the
increase in applied load, the wear mechanism transforms
from adhesive and abrasive wear to oxidation and fatigue
wear, even the severe spalling and plastic extrusion when the
applied load increases to a certain value. Halim [18] fabri-
cated the alumina coating by plasma spray to enhance tribo-
logical behavior, which showed the wear mass and friction
coefficient could be reduced by 50% and 10%, respectively.

To the iron-based PM, Li [19] compared the dry sliding
wear resistance between PM and cast iron by a ball-on-disk
test. The friction coefficient and wear topography of PM
are less than cast iron attributed to the evenly distributed
lubricating graphite. The oxidation and stripping induced by
plastic deformation are the primary wear mechanism. Ding
[20] investigated the tribological differences between differ-
ent densities and compositions. The carbon and copper con-
tents are beneficial to reduce the friction coefficient by 27%.
And with load increased, the wear mechanism transforms
from abrasive to oxidative wear. To enhance strength and
harden surface, Gulsoy [21] and Fang [22] improved wear
performance by boron additions or boriding to find that the
wear rate can be significantly decreased due to the increas-
ing matrix hardness and density. And Liang [23] applied the
amorphous alloy and surface sulfide to control the friction
coefficient. The minimum value for the optimal sulfurizing
formula can be reduced to 0.02.

PM and HT250 are the common materials widely used in
rotary compressors and can be substituted mutually due to
their similar mechanical properties. To the above descrip-
tions, though the tribological behaviors of these two materi-
als have been separately analyzed, the advantages compari-
son and applicability range on friction or wear properties
under different operating conditions are not studied, which
is the main topic in this article.

Fig. 1 Ring-on-ring friction

D40

The main purpose of this study is to experimentally
compare the friction and wear performances between the
HT250 and the iron-based PM under different applied loads
with oil lubrication. The friction coefficients were measured
with the changing operating load at a rotational speed of
1500 r min~! by a ring-on-ring test rig, which were used to
analyze the lubrication regime. And the wear topographies
and microstructure were also observed by scanning electron
microscopy (SEM) and metalloscope analysis.

2 Experimental tests
2.1 Samples

A ring-on-ring friction couple consisting of the upper rotor
and bottom stator is presented in Fig. 1. The upper rotor
of JIS FC300 cast iron is rotated with a rotational speed
of w=1500 r min~!. It originates from the rolling piston
of the rotary compressor for air-conditioning (as shown in
Fig. 2) with an outer diameter of 40 mm, an inner diameter
of 27 mm, and a height of 24.2 mm. The static bottom sta-
tor is fabricated with two different materials, including the
HT250 and the iron-based PM, respectively, which are used
for the comparisons of friction and wear performance. The
outer diameter is 54 mm, the inner diameter is 20 mm, and
the height is 7 mm.

The HT250 material takes from a common bearing com-
ponent of the rotary compressor and is machined to finally
form bottom friction specimen.

To the iron-based PM material, 0.3% cutting agent is
applied to improve cutting performance. After mixing of
one hour, the mixed powder is molded and sintered under
pressure of 500-600 Mpa and temperature of 1120 °C.

D54

couple
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Bottom bearing

Fig.2 Schematic of rotary compressor

Table 1 Characteristics of
materials

Table 2 Hardness test of HT250
(HB)

Table 3 Hardness test of
powder metallurgy (HB)

Crankshaft

Subsequently, the steam processing is carried out with
560 °C after 0.5 h heat preservation [20].

And all specimens are polished with a roughness of about
Ra <0.2 pm, then are cleaned in an ultrasonic cleaner with
acetone and alcohol, and dried in an oven.

Compositional analysis is obtained with OES (Optical
Emission Spectrometer) supported by Thermo Scientific
ARL easySpark. The detailed characteristics of materials
are given in Table 1. The hardness of multiple specimens
is tested by a Brinell hardness tester with a steel ball diam-
eter of 2.5 mm and applied force of 1839 N. Six measur-
ing points evenly distributed along the circumference are
selected for each specimen. Finally, the average value can
be obtained as shown in Table 2 and Table 3.

The original topographies of the frictional surface on the
bottom stator are measured on a white-light interfering 3D
profile meter supported by BRUKER Contour GT-K, and
that of the HT250 and PM are shown, respectively, in Fig. 3.
The slight scars induced by abrasive wear during mechanical
polishing can be observed, and the roughness of the fric-
tional surfaces is controlled Ra=0.137 pm for HT250 and
0.155 pm for PM.

Materials Other ingredients except Fe / (%) Density / Hardness / (HB)
) . (gem™)
C Cu Si Mn Ni Mo
HT250 3.6 2.6 0.6 / / 7.3 209.0
PM 0.9 1.2 / 2.0 1.3 6.7 179.6
Specimen  Point 1# Point 2# Point 3# Point 4# Point 5# Point 6# Average value
numbers
No.1# 215.0 198.1 210.3 211.3 209.4 211.3 209.0
No.2# 212.2 211.3 213.0 209.4 212.3 205.8
No.3# 197.3 203.2 205.8 2122 215.7 216.0
No.4# 199.5 204.9 210.3 207.6 198.9 205.8
No.5# 213.2 210.0 212.1 206.3 217.0 215.2
Specimen  Point 1#  Point2#  Point3#  Point4#  Point5#  Point 6# Average value
numbers
No.1# 174.9 179.5 184.3 180.6 172.1 170.9 179.6
No.2# 182.2 185.3 180.3 179.4 182.3 185.1
No.3# 177.2 187.3 185.2 175.8 175.7 184.0
No.4# 170.3 179.5 180.9 182.6 177.9 182.8
No.5# 173.2 180.6 176.3 182.1 177.1 183.2
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Fig.3 Topographies of frictional surface: a HT250 and b PM

2.2 Testing parameters

Figure 4 demonstrates the MMW-1 tribometer with a
ring-on-ring contact configuration used to compare the
friction and wear properties of cast iron and powder met-
allurgy reference surfaces. The upper rotor is connected
to a metallic holder driven by the motor with a rotational
speed of 1500 r min~!. The bottom stator is fixed on a
tray by retaining pins to keep it static; and endured the
applied load of F vertically. During running, the frictional
surfaces are submerged into the lubrication (FV50S), and
the friction coefficient is measured at least twice for each

Fig.4 Schematic of test rig
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operating condition for one hour. After the testing, the
wear topographies on frictional surfaces of the bottom sta-
tor are presented by SEM analysis (FEI Quanta250).

The test conditions and structural parameters are listed
in Table 4.

Rotational
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Table 4 Test conditions and structural parameters

Item Symbol  Dimensions and data
Inner radius of frictional surface r 13.50 mm

Outer radius of frictional surface  r, 20.00 mm

Pressure in inner diameter P, 101,325 Pa

Pressure in outer diameter Py 101,325 Pa
Rotational speeds 0} 1500 r min~!
Applied loads F 0~800 N

3 Results and discussion
3.1 Friction coefficient

The influences of applied loads on the comparison of fric-
tion and wear performance between the HT250 and PM
are studied. Figure 5 shows the friction coefficients of two
different materials under @ = 1500 r min~! and F=400 N
with the increase in running time as one case.

The frictional curve can be divided into four stages:
Firstly, during the start-up phase, the friction coefficient
f drops sharply from a larger value of 0.1044 to 0.0365
for HT250 and from 0.1115 to 0.0441 for PM due to the
transformation from static to dynamic friction coeffi-
cient. Secondly, during the acceleration phase, from 0 to
1500 r min~!, the fincreases rapidly due to the increasing
friction force. Thirdly, during the running-in wear phase,
the duration is 2600 s for HT250 and 3062 s for PM. The

f decreases slowly. The PM presents a longer running-in
time with a larger fluctuation amplitude of friction coef-
ficient. Fourthly, during the steady wear phase, the f main-
tains steady approximately. In this case, finally, the f of
HT250 can reach 0.0287, and PM, 0.0269.

In the author’s last article [24], the tribological proper-
ties of HT250 have been presented. The comparison of fric-
tion curves with PM material under the same condition with
the increase in applied load from 100 to 700 N is shown in
Fig. 6. Note that each curve in this figure is obtained by a
separate and independent test, then spliced into one picture.

As the F increases, the friction coefficients of two dif-
ferent materials present a similar tendency, namely first
decrease slowly, then increase with a larger amplitude. To
HT250 and PM, the transforming values of applied load are
about 300 N with a minimum. The comparison between
the two curves also shows that the PM has less friction
coefficients than HT250 when F <400 N, but the differ-
ences between them gradually decrease. However, with the
increase in applied load when F' >400 N, the HT250 presents
a less value and its advantage gradually enlarges.

The lubrication regime is discussed in Fig. 7 according to
the Stribeck curves of the above two materials coming from
the friction coefficient of the steady phase in Fig. 5. As the
dimensionless parameter nw/p decreases (right-to-left view-
ing), namely the applied load increases, for the HT250, the
friction curve decreases firstly until a minimum of 0.0250
at F=300 N, then increases with a larger amplitude. This
can be concluded that the lubrication regime is transforming
from hydrodynamic into mixed lubrication, and the critical

Fig.5 Friction coefficients with 0.16
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Fig.6 Friction coefficients of
different materials with the
increase in time under different
loads

Fig. 7 Friction coefficients

of different materials with

the increase in dimensionless
parameter under different loads
(n is the viscosity of the lubri-
cant, p is the load per unit area
and w is the rotational speed)
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load is near 300 N. For the PM, the critical load is always

about 300 N with f=0.0207.

In general, by comparisons of friction curves, it is
found that the PM presents better frictional performance
in present cases when F <400 N, with a decrease of 19.3%,
31.0%, 17.2%, and 9.2% at F =100, 200, 300, and 400 N,

@ Springer
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Dimensionless parameter nw/p x10°

respectively. But with the applied load increasing beyond
400 N, the HT250 shows better frictional advantages. To
explain this phenomenon, the metallograph is obtained
by metalloscope to analyze the microstructure, as shown
in Fig. 8.
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Fig.8 Metallographic structures of HT250 and PM

By the metallograph, the PM presents a loose structure
with microporosity, which is beneficial to preserve the lubri-
cant when the applied load is lighter, thus maintaining full-
film lubrication. But with the increased applied load, the
weaker matrix strength and surface hardness (6.7 g cm™ and
179.6 HB) compared with HT250 (7.3 g cm™ and 209.0
HB) generates easily plastic deformation; as a result, this
increases the surface friction and wear. However, to HT250
cast iron with more carbon composition, the increasing
applied load forces graphite free from basis material to
form graphite film with the self-lubricating property [25]. So
when F>400 N, the HT250 shows better frictional advan-
tages and smaller frictional coefficients.

3.2 Wear performance

After frictional testing, the wear macrographs of the bot-
tom specimens are shown in Figure 9. In general, the anti-
wear performance of HT250 is better than that of powder
metallurgy, especially for the higher applied load such as
F=700 N. With the increase in applied load, the wearing
degree becomes more serious gradually for the two mate-
rials, and the significant wear scars and oxidative features
(black wear area) can be found on frictional surfaces at
F=700N.

Figure 10 demonstrates the wear topographies of two
materials measured by SEM analysis. To F=200 N in
Fig. 10a and Fig. 10b, the slight scars induced by abra-
sive wear due to the original mechanical polishing can
be observed, there is no other significant wear feature. To
F=400 N, the frictional surface of HT250 in Fig. 10c has
significant scars induced by two-body abrasive wear com-
pared with PM in Fig. 10d. So this can confirm the results
in Figs. 7 and 9 that the PM presents a better anti-wear per-
formance than the HT250 when F <400 N.

However, to F =700 N, the anti-wear property devel-
ops an opposite change. The HT250 presents the more

Powder metallurgy

Microporosity

o

Fig.9 Wear macrographs of bottom specimens: a HT250 at
F=200 N; b PM at F=200 N; ¢ HT250 at F=400 N; d PM at
F=400N; e HT250 at F=700 N; f PM at F=700 N

significant advantage of resisting surface wear. The origi-
nal machining features and abrasive scars disappear after
running the stable wear stage, as a result, the frictional
interfaces become much smoother in Fig. 10e. The PM
has an extensive plowing due to material loss induced by
plastic extrusion, as a result, the loose microporosities are
crushed without the preservation of lubricant. Besides,
by the EDS analysis, the oxidation film in Fig. 10f can
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Fig. 10 Wear topographies of bottom specimens by SEM measuring: a HT250 at F=200 N; b PM at F=200 N; ¢ HT250 at F =400 N; d PM at

F=400 N; e HT250 at F=700 N; f PM at F=700 N

be found on the friction surfaces, which illustrating that
the oxidative wear becomes the main wear feature at
F=700 N.

4 Conclusions

An experimental test was carried out for tribological com-
parisons and applicability analysis of cast iron and powder
metallurgy under different applied loads for rolling piston
rotary compressors. The friction coefficients and wear char-
acteristics were measured. The following conclusions can
be summarized:

@ Springer

(1) The tribological advantage of two materials is strongly
dependent on the lubrication regime of frictional surfaces.
In present cases, with the increase in applied load, the PM
presents a better frictional performance when F <400 N,
but with the applied load increasing beyond 400 N, the
HT250 shows better frictional advantages. The critical
load from hydrodynamic into mixed lubrication for the
HT250 and PM is about 300 N with the minimums.

(2) Two materials present different wear topography and
wear mechanisms. With the increased applied load, the
HT250 presents a better anti-wear performance, the abra-
sive wear is the dominant wear mechanism. But, for the
PM material, the wear mechanism transforms from the
significant abrasive feature to oxidative wear gradually.
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(3) Compared with the HT250, the PM material used in
this analysis is especially applicable in hydrodynamic
lubrication or light load because of its loose structure to
preserve the lubricant. Here, these two materials can be
substituted mutually, and the PM can provide less fric-
tion coefficient and similar wear resistance. If applied in
a heavy load or mixed lubrication, the material matrix of
PM must be strengthened to enhance surface hardness
and wear resistance to prevent microporosity be crushed.
Or the HT250 becomes the preferred material.

(4) With the application of rotary compressors toward
high speed and high load, PM material is suggested for
strength enhancement by compositional change or addi-
tion, or other means. Besides, the rotational speed plays
an important role in the transformation of the lubrication
regime to affect the friction behavior and wear process,
which needs further analysis.
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