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Abstract In this work, the effect of different speeds on the

tribological properties of sintered iron–copper–graphite

(Fe–Cu–C) based self lubricating composites have been

studied. Fe–Cu–C based self-lubricating composites were

prepared by powder metallurgical compaction and sinter-

ing method. CaF2, a solid lubricant in weight percentages

of 0, 3, 6, 9 and 12 was added to the base matrix consisting

of Fe-2Cu-0.8C. The fabricated samples were tested for

friction and wear at a constant load of 10 N and three

different speeds of 0.5, 5 and 10 m/s. The surface proper-

ties of unworn and worn surfaces were analyzed using

optical and scanning electron microscope. The friction and

wear test of the composites exhibited decrease in coeffi-

cient of friction and increase in wear loss with the increase

in speed. The results also revealed different trends in the

friction behavior of the developed composites at low

(0.5 m/s) and high speeds(5 and 10 m/s). However, at all

test speeds, COF of samples with 3, 6 and 9 wt.% was less

than the base matrix, and wear loss of 3 wt.% CaF2 sample

was the lowest at all speeds. Ploughing, adhesive and

delamination wear were the dominant wear mechanism as

revealed by SEM. Based upon the findings, the developed

material could be used for low and high speed antifriction

applications.

Keywords Fe–Cu–C � Wear � Friction � Speeds �
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1 Introduction

Self lubricating materials hold an important place in day

to day life and, the researchers have been in the process

of developing more such materials with high sustain-

ability and low cost. These materials consist of one or

more solid lubricants in a base matrix which may be a

metal, ceramic, polymer etc. [1–3]. Solid lubricants are

the materials which offer lubrication characteristics due to

their molecular structure e.g., graphite and molybdenum

disulfide (MoS2) due to their hexagonal structure serve as

solid lubricants. The working environment also affects

these lubricants such as, in moist conditions graphite is

more effective than MoS2, and in dry conditions it is vice

versa. Moreover, various other materials like calcium

fluoride (CaF2), tin, (Sn), antimony (Sb), silver (Ag),

tungsten disulfide (WS2) and boron nitride (BN) have

also been tried by the researchers as solid lubricants

[4–7]. Apart from this, high oxidation and thermal resis-

tance also plays a vital role in the selection of solid

lubricants e.g., magnesium, calcium and barium fluorides

exhibit high thermal and oxidation resistance than other

lubricants [8–11]. The lubrication ability of fluorides

increases with an increase in temperature as it undergoes

brittle to ductile transition resulting in low shear strength,

thus causing lubrication [12].

Among various metals, iron is being considered as

most economical material to be used in metal matrix

composites. Iron itself, or with other metals such as

copper, graphite, nickel etc., were used as base matrix in

various composites [13]. The addition of antimony up to

7.5% in iron resulted in increased hardness and com-

pressive strength [5]. The tribological properties of vari-

ous steels were improved by solid lubricants such as

MoS2 and hexagonal boron nitride (h-BN) [14–17].
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Various fluorides were also tried as solid lubricants in

many metal matrices. CaF2 and BaF2 were used as solid

lubricants in sintered Fe based composites, and CaF2 was

found to exhibit least friction and wear than BaF2 [18].

The investigation of wear resistance of high-speed steels

containing CaF2, manganese sulfide (MnS) and titanium

carbide (TiC) was reported by Childs et al. [19]. The

study revealed that the addition of TiC resulted in

enhanced wear resistance, whereas self lubricating prop-

erties were improved by MnS and CaF2. Han et al. [20]

and Kostornov et al. [21] also reported improvement in

the mechanical and tribological properties of sintered iron

based materials with CaF2 as a solid lubricant. The

mechanical and tribological properties of Fe–Cu–C based

material were improved by adding various metals and

solid lubricants to the base matrix as reported by various

researchers [15, 16, 22].

The technological advancements demands materials to

perform satisfactorily at various operating parameters

such as load, temperature, speeds and topography of the

contact surfaces. It has been reported by the researchers

that these operating parameters strongly influence the

friction and wear characteristics of the materials [23–25].

The influence of different speeds on the friction and wear

behavior of materials cannot be anticipated, and that’s

why researchers are investigating tribological properties

of materials at different speeds. Plasma nitrided and

borided steels were investigated for friction and wear at

different speeds with constant load and sliding distance.

The study revealed decrease in coefficient of friction and

increase in wear resistance of the steels [26]. The increase

in speed led to decreased friction values along with

increase in wear rate in unlubricated steels [27]. The

friction and wear study of AISI 1045 steel coated with

Fe–Al showed mixed behavior due to the conditions of

different speed and different loads. However, at high load

it was observed that coefficient of friction and wear rate

decreased with the increase in speed until speed reached

to 4 m/s, where both friction and wear rate were higher.

The decrease or increase in friction and wear rate at

various speeds was attributed to the behaviour of tibo

oxide layers [28].

In the present paper, the effect of sliding speed on a

newly developed self lubricating composite has been

investigated. The composite comprises of Fe–Cu–C as base

matrix to which CaF2 is added in varying percentages. The

tests have been conducted at speeds of 0.5, 5 and 10 m/s.

All the tests have been carried out at a constant load of

10 N and, the tribological testing has been carried out at

room temperature. The surface morphology of unworn and

worn samples have been studied using optical and scanning

electron microscopy.

2 Experimental Procedure

2.1 Materials and Manufacturing Process

Samples from five different compositions (as shown in

Table 1) were fabricated by using uni-axial compaction

and sintering process. To ensure homogeneity in the

composites, the powders were mixed in a mortar pestle for

15 min, followed by double cone mixing for 30 min. The

speed of rotation of the double cone mixer was maintained

at 100 rpm. In order to provide lubrication within the

powder particles and, between the compact and die walls,

zinc stearate was added to the powders. The average par-

ticle sizes of iron, copper and, graphite powders were

around 75, 50 and 50 lm respectively. The average particle

size of CaF2 powder was about 10 lm. The compaction

was carried out in a cylindrical die to obtain green com-

pacts in the shape of cylindrical pins. The compaction was

carried out at 600 MPa by means of a hydraulic press. The

sintering of the green compacts was carried out at 1120 �C
in an inert atmosphere (90% nitrogen and 10% hydrogen)

for around 30 min [29, 30]. The purity of iron, copper,

graphite and, calcium fluoride powders used in the sample

preparation were 99.9, 99.7, 98.5 and, 99% respectively.

2.2 Test Methods and Parameters

The density and hardness of the fabricated samples were

investigated. Archimedes principle was used to measure

the density of the samples and hardness was measured

using Vickers hardness tester. The indentation load for

hardness measurement was 50 N and, average value of 5–6

readings for each sample was considered. Friction and wear

tests were carried out using a DuCom Wear and friction

Monitor TR-20LE-PHM400 pin-on-disc wear test rig. The

counterface material used for friction and wear testing was

En 31 steel of hardness 60 ± 2HRC and centerline average

surface roughness was 1.6 Ra. Friction and wear tests were

carried out using cylindrical pins of 8 mm diameter. At the

beginning of every friction test, polishing of the samples

was carried out with silicon carbide papers of 800 and 1000

grades. Thereafter, the samples were cleaned in acetone

and weighed using an electronic weighing balance. Each

wear and friction test was carried out at room temperature

for a constant load and sliding distance of 10 N and

4000 m respectively. All the tests were conducted at slid-

ing speeds of 0.5 m/s [31], 5 and 10 m/s. In order to ensure

the consistency, every test was repeated thrice and, the

average values were reported in the text. The friction force

was obtained directly from the machine and, the wear loss

was determined from the difference in weight of the sample

pin measured before and after the test. The surface
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morphology of the as sintered samples was studied by

optical microscopy and, scanning electron microscope was

used to study the wear mechanisms of the worn out sur-

faces. The SEM and EDS images were obtained with a

JEOL JSM 5600 LV electronic microscope.

3 Results and Discussions

3.1 Density and Hardness

Table 2 shows the density and hardness values of the

samples fabricated from various compositions. It is

observed that the density of the sintered samples decreases

with an increase in the weight percentage of CaF2. Same

can be seen from the micrographs as shown in Fig. 1.

Amongst all the composites, sample with 3 wt.% CaF2

exhibits highest hardness, which is attributed to the grain

refinement of 3 wt.% CaF2 sample as shown in Fig. 1

[20, 32–34]. A continuous decrease in hardness of the

samples with 6, 9 and 12 wt.% CaF2 is observed, and this is

attributed to decrease in density of the CaF2 added

materials.

3.2 Coefficient of Friction (COF)

The friction curves of all the compositions tested at speeds

of 0.5, 5 and 10 m/s are as shown in Fig. 2. The presence

of oxide layer and contact between less number of asper-

ities initially lead to low values of COF. Thereafter, a

sudden rise in the COF is observed which may be due to

the formation of a true contact area and removal of oxide

layer leading to metal to metal contact. However, from

Fig. 2, it can be seen that a sudden rise in COF is less in

samples tested at 10 m/s than those tested at other speeds.

This may be due to short running period at a speed of 10 m/

s as compared to tests carried out at 0.5 and 5 m/s [35, 36].

The time taken/sliding distance to reach the highest value

of COF is more in samples which are subjected to high

speed (Fig. 2c) than those at relatively low speed (Fig. 2a,

b). However, the COF stabilizes after sliding through a

distance of approximately 1000 m. The curves exhibit

relatively stable behavior at 0.5 and 5 m/s as compared to

10 m/s. During the investigation, the variation in average

COF of all the compositions is between 0.331–0.490. It is

also observed that among all tested samples, 3 wt.% CaF2

added sample exhibit the lowest COF at 0.5 m/s speed

whereas, at 5 and 10 m/s, COF of 3, 6, and 9 wt.% CaF2

added samples is less than the base matrix.

3.2.1 Effect of Speed on COF

The friction values of the samples have shown a decreasing

trend with the increase in sliding speeds (Fig. 3). Similar

results have been reported by various authors [37–40].

However, in the present research, decrease in values of

COF with rise in speed is attributed to the presence of solid

lubricant CaF2. The overall pattern of the COF at low speed

(0.5 m/s) is slightly different from that of high speeds (5

and 10 m/s). A gradual decline is observed in COF of the

base matrix and 3 wt.% CaF2 samples from 0.5 to 5 m/s.

The decline in COF of the base matrix is attributed to

thermal softening of the material due to rise in frictional

heat at the interface. The decrease in COF of CaF2 added

samples is attributed to the weight percentage of solid

lubricant (CaF2) and the interfacial temperature, which

increases with increase in speed. For instance, a gradual

decrease in COF of 3 wt.% CaF2 added sample is due to

the presence of low content of CaF2, as compared to sharp

decline in the values of COF for 6, 9 and 12 wt.% CaF2

added compositions with an increase in speed from 0.5 to

5 m/s. At high speeds, there is heat generation at the

interface which increases the lubrication capability of

CaF2, resulting in sharp decline of COF at high percentages

Table 1 Chemical composition of the materials (weight %)

Sr. No Fe Cu Graphite CaF2

1 97.2 2 0.8 0

2 94.2 2 0.8 3

3 91.2 2 0.8 6

4 88.2 2 0.8 9

5 85.2 2 0.8 12

Table 2 Density and Hardness of the materials

Composition (weight %) Hardness (HV) Sintered density (gm/cm3) Percentage densification

Fe-2Cu-0.8C 90 ± 3 6.30 ± 0.03 80.29

Fe-2Cu-0.8C-3CaF2 128 ± 4 6.11 ± 0.03 79.16

Fe-2Cu-0.8C-6CaF2 84 ± 4 5.87 ± 0.04 77.86

Fe-2Cu-0.8C-9CaF2 78 ± 3 5.61 ± 0.03 75.7

Fe-2Cu-0.8C-12CaF2 67 ± 4 5.41 ± 0.04 74.28
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of CaF2. At 5 and 10 m/s, a consistent decrease in COF is

observed for all the samples.

Increased speeds result in raised interfacial temperature

which in turn results in the formation of tribooxides [28] in

addition to the presence of solid lubricant CaF2. The

presence of oxides is confirmed from the EDS images as

shown in Fig. 4.

3.2.2 Effect of CaF2 on COF

At 0.5 m/s, amongst all the CaF2 added samples, 3 wt.%

CaF2 sample exhibits the lowest COF. This is attributed to

the lubrication behavior of CaF2, which increases with the

increase in temperature [10]. However, at 0.5 m/s, heat

generation at the interface is quite less as compared to

other speeds, and this amounts to partial adhesion. Due to

this partial adhesion, CaF2 causes adhesion which in turn

increases friction with the increase in CaF2 contents. This

is the reason for increased COF at 6 wt.% CaF2 and

onwards at 0.5 m/s. At increased speeds, friction values of

CaF2 added samples are less than base matrix, except for

12 wt.%. A decreasing trend is observed in friction up to

6wt.% CaF2, followed by an increasing trend from 9 to 12

wt.% CaF2. The decreasing trend is due to the decrease in

the shear strength of CaF2 at increased temperature which

enhances the lubrication capability of CaF2 [10, 12].

However, the increasing trend in COF is attributed to the

dominance of hard iron oxides over solid lubricant. Due to

increased interfacial temperature, more oxides are formed

in samples with increased porosity as in 9 and 12 wt.%

CaF2 samples. These tribo oxides formed dominates the

lubrication capability of CaF2, thus raising the friction

values. EDS images as shown in Fig. 4 confirm the pres-

ence of oxides in base matrix and CaF2 added samples.

3.3 Wear Loss

The wear loss of the material at different speeds is deter-

mined by the difference in weight of the sintered steel pin

measured before and after the test.

3.3.1 Effect of Speed on Wear Loss

The average wear loss of samples investigated at 0.5, 5 and

10 m/s is as shown in Fig. 5. It is observed that the wear

loss increases with the increase in speed. This may be

attributed to the decreased strength of the material due to

frictional heat generated at the contact surface. At high

speeds, the frictional heat softens the material at the

interface, and thus results in reduced shear strength of the

material. The softening of materials at high speeds leads to

enhancement of true contact area which results in increased

adhesive and abrasive wear loss (Fig. 6). Increased adhe-

sion is one of the factors in decreasing friction but results in

increased wear loss. The increase in wear loss is also

attributed to the unstable behaviour of oxides. The weak

bonding between the oxides and the substrate results in

high rate of oxide removal than its formation [31, 41]. The

hardness may have decreased with the rise in interfacial

temperatures due to high speeds, resulting in the increased

wear loss with the rise in speeds [26, 42].

Fig. 1 Optical micrographs of a Fe–Cu–C, b Fe–Cu–C–3CaF2, c Fe–

Cu–C–9CaF2
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3.3.2 Effect of CaF2 on Wear Loss

The wear loss in base matrix is due to the thermal softening

of the material, leading to increased adhesive wear.

Amongst all the samples, wear loss of 3wt.% CaF2 added

sample is observed to be the lowest at all test speeds. This

is attributed to hardness and weight percentage of CaF2.

Due to high hardness of 3 wt.% CaF2 sample, the coun-

terface material asperities penetrate less as compared to

other compositions. Secondly, lowest wear loss is

Fig. 2 Friction Curves of all

compositions at a 0.5 m/s [31],

b 5 m/s, c 10 m/s
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attributed to the partial adhesion of CaF2. Due to decrease

in the shear strength at high temperatures, CaF2 undergoes

brittle to ductile transition and thus causes lubrication [10].

However, the present tests being carried at room

temperature does not generate sufficient high temperatures

at the interface, which results in partial adhesion with

increase in wt.% of CaF2, causing increased adhesive wear.

Fig. 3 Average COF of all

compositions

Fig. 4 EDS images of worn out

surfaces of a Fe–Cu–C and

b Fe–Cu–C–3CaF2
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Fig. 5 Wear loss of all

compositions

Fig. 6 SEM images of worn surfaces of Fe–Cu–C at, a 0.5 m/s, b 5 m/s, c 10 m/s; Fe–Cu–C-3CaF2 at, d 0.5 m/s, e 5 m/s, f 10 m/s; Fe–Cu–C–

9CaF2 at, g 0.5 m/s, h 5 m/s, i 10 m/s
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Increase in wear loss in compositions except 3 wt.%

CaF2 may be attributed to the hardness of the composites

(Table 2), which decreases with the increase in CaF2 per-

centage. Increased adhesion is also attributed as one

amongst other reasons for increased wear. As discussed

above, at room temperature, sliding doesn’t generate high

temperatures, which aid CaF2 to adhere properly to the

substrate and result in improved tribo properties. Due to

this very reason, partial adhesion take place which lead to

adhesive wear and delamination. Increased weight per-

centage of CaF2 results in increased delamination and same

can be observed from the SEM images as shown in Fig. 6.

3.4 Worn Surface Analysis

In this study, wear of the materials is attributed to distinct

wear mechanisms. Figure 6a shows that at 0.5 m/s, adhe-

sion along with ploughing has occurred in the base matrix,

but the former seems to be more prominent than the later.

Cracks and cavities are also observed in the base compo-

sition. The cavities formed are aligned in the direction

parallel to the sliding and the cracks are inclined at a

certain angle to the direction of sliding. The increase in

adhesion and ploughing in the base matrix at 5 m/s is

observed in Fig. 6b. Delamination is also seen in Fig. 6b,

indicating increased wear rate with the increase in speed.

Figure 6c shows more increase in wear due to increased

delamination and adhesion at 10 m/s. Some worn out

particles from the material also lead to third body abrasion

causing an increase in wear. At 0.5 m/s, 3 wt.% CaF2

added sample is subjected to less ploughing and adhesion

as compared to the base matrix (Fig. 6d). The cracks

generated can also be seen in Fig. 6e. It is observed that

most of the cracks are formed in the direction perpendic-

ular to the direction of sliding. At high speeds, an increase

in ploughing is observed with adhesion at certain locations

(Fig. 6f). Adhesion may be due to raised temperature at the

interface causing CaF2 to adhere to the surface, thus

reducing friction. Adhesion becomes more prominent at

10 m/s and delamination regions can also be spotted, which

indicate increase in wear loss. It is observed from Fig. 6g

that at 0.5 m/s, the effect of ploughing in 9 wt.% CaF2

added sample is more as compared with 0, and 3 wt.%

CaF2 added samples. Ploughing and delaminated regions

can also be seen in Fig. 6h, i. There is increase in adhesion

and delamination wear at high speeds which indicate

increase in wear.

From the SEM images, it can be concluded that with the

increase in speed, wear mechanisms at low speed have

intensified at high speeds. Delamination, mostly is seen at

high speeds and also in samples with less density (high

porosity), depicting increase in wear. Increased adhesion in

the samples also adds to increase in wear but have reduced

friction. It is observed from the above mentioned SEM

images that worn surfaces of 3wt.% CaF2 added sample are

relatively smoother than rest of the samples, which indi-

cates better friction and wear properties.

4 Conclusions

A self lubricating composite comprising of Fe–Cu–C as

base matrix and, CaF2 as a solid lubricant additive was

developed during the study. Tribological testing was car-

ried out for the developed materials at different speeds and,

following conclusions could be drawn from the results:

1. The density of Fe–Cu–C–CaF2 decreased with an

increase in the weight percentage of CaF2. The

composite with 3 wt.% CaF2 exhibited highest hard-

ness due to grain refinement and beyond 3 wt.% CaF2,

hardness followed a decreasing pattern due to a

decrease in density.

2. The speeds ranging from low to high influenced the

friction and wear behaviour of the developed compos-

ites i.e., friction of all the composites decreased with

the increase in speed, where as wear loss increased.

3. A decreasing pattern was observed in the friction

values from base matrix to 6 wt.% CaF2, followed by

an increasing pattern up to 12 wt.% CaF2. Despite the

different patterns, friction values of CaF2 added

samples up to 9 wt.% were less than that of base

matrix.

4. Fe–Cu–C–3CaF2 composition showed the lowest wear

loss due to its highest hardness at all the test speeds.

5. The SEM microscopy revealed that wear mechanisms

such as, adhesion, ploughing and delamination were

prominent along with crack formation at certain

places.
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