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Abstract The correlations between engine performance
and the borided cylinder liner have been investigated exper-
imentally on firing diesel engine. The inner surface of cast
iron cylinder liners of the enginewas boronized using powder
box-boronizing technique at 780 ◦C for 4h. The boroniz-
ing thickness was approximately 25µm at the cross section
of cast iron cylinder liner after boronizing process. Diesel
engine was operated with original cylinder liner and borided
cylinder liner. Engine performance data were measured with
the help of a hydraulic dynamometer. Indicated mean effec-
tive pressure was measured through the in-cylinder pressure
detector. Indicated and brake parameters were compared for
bothmotors. Borided engine liner temperature wasmeasured
as higher than that of original engine. Similar measurements
were seen in the exhaust temperatures.Mechanical efficiency
is improved about 6% with cylinder liner boronizing.

Keywords Piston–cylinder friction · Engine tribology ·
Boronizing

1 Introduction

In internal combustion engine, only 25% of the total power
obtained from the fuel is converted to useful energy. The
rest of the energy from combustion of the fuel goes into 30%
cooling, 30% exhaust, 15% pumping, andmechanical losses
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[1]. The friction between the piston assembly and cylinder
liner is the single largest contributor, virtually amounting to
50% of the total mechanical losses [2,3].

In the tribological system, the piston assembly plays a very
important role in ensuring performance and endurance of the
engine [4,5]. The frictional behaviors of the piston rings and
cylinder liner are very important in terms of fuel consump-
tion, emissions, and mechanical efficiency in engine. Many
researchers have made a great effort to understand the tri-
bological phenomena and reduce the frictional losses of the
piston assembly [6–12].

The reduction in fuel consumption and the increase in
effective efficiency of engines have been investigated by
engine manufacturers and researchers. Best method for
increasing the efficiency of engine is reducing the mechani-
cal losses in engine.Mechanical loss determination in engine
is quite complex. The combination of several physical mech-
anisms is associated with different positions in the engine.
Mechanical frictional losses canbemeasuredboth inmotored
engine tests and in engine tests that include combustion.
However, the true exhibition of frictional losses can only
be obtained by using a fired engine [13].

Engine performancemeasurement is amethod for compu-
tation of mechanical friction losses in engines. Firing engine
is compared in terms of P–V diagrams or brake-specific fuel
consumption. P–V diagrams are widely used in engine per-
formance measures [14]. The mechanical friction that is the
difference between the indicated work and the brake work
reduces the indicated work of engine [15]. The mechanical
frictional energy loss is called friction mean effective pres-
sure (fmep), and it is difference between the net indicated
mean effective pressure (nimep) and brake mean effective
pressure (bmep) [14]:

fmep = nimep − bmep (1)

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-015-1807-6&domain=pdf
http://orcid.org/0000-0001-5939-951X


3330 Arab J Sci Eng (2015) 40:3329–3335

Measure cylinder pressure is required for the determina-
tion of fmep. The indicated work per cycle is obtained by
the cylinder pressure and combustion by integrating the
pressure–volume (P–V) diagram as follows [13]:

nimep = 1

vh

∫
P · dv (2)

The indicated power equation is computed from nimep given
below:

Ni = Wi · n · z · f

60
W (3)

Here, Wi is indicated work and is a product of nimep and
stroke volume. n is the engine speed, z is the cylinder number,
and f is the number of cycles per revolution.

The determination brake mean effective pressure is given
below [13,14]:

bmep = Ne · nC
Vh · rpm (4)

Here, nC is number of revolutions per cycle (two for four-
stroke cycles; one for two-stroke cycles). Brake power (Ne)

given as follow [16]:

Ne = rpm · Md

954,958
(5)

By using Eqs. (2)–(4) and reordering the Eq. 1 are written as
following:

fmep = nimep − bmep = 1

vh

[(∫
P · dv

)
− Md · nC

954,958

]

(6)

Also, mechanical efficiency is given as follow:

ηM = bmep

nimep
= Md · nC

954,958
· 1∫

P · dv
(7)

The main purpose of the present research is to evaluate
the variation of engine performance using borided cylinder
liner in a firing diesel engine. Therefore, the inner surface
of engine cylinder liner was borided with pack-boronizing
method. Diesel engine was operated with original cylinder
liner (original C. L.) and borided cylinder liner (borided C.
L.). Engine performances were measured with the help of a
hydraulic dynamometer. Indicated pressure of engine was
measured through the in-cylinder pressure detector. Indi-
cated and brake parameters were compared for both motors.
Eventually, owing to boriding of cast iron cylinder liner in
a diesel engine, the mechanical friction power is reduced by
6% boron coating, and an increase in mechanical efficiency

has been observed when the engine load is increased. Also,
this process is projected to increase engine life.

2 Experimental Procedure

The experimental work was conducted in a single-cylinder,
air-cooled, and four-stroke diesel engine. The engine speci-
fications are given in Table 1. Cylinder liner of engine was
boronized with pack-boronizing method using commercial
Ekabor® 2 powder. The chemical composition of the cylin-
der liner used in the experiments is given in Table 2. The
boronizing treatment was carried out in a furnace at 780 ◦C
for 4h. Then, boridedC. L. ismounted to the engine. Original
C. L. and borided C. L. were tested at different conditions
in standard bench tests (1200–1600–2000–2400 rpm speed
and 10, 20Nm load). The average working time of engine
was obtained as 200h. Experimental setup is given in Fig. 1
[16].

Measure of cylinder pressure is important for the nimep
calculation. Indicated mean effective pressure have been
measured on both engines using a piezoelectric-type trans-
ducer mounted as shown Fig. 2. In addition to pressure
measurement, a crank shaft encoder was used to trigger
the acquisition of the pressure signal and also to provide
crank positional information. Cylinder pressure data were
recorded as 100 cycles with reference to the literature [17–
20]. By measuring nimep and the bmep, the fmep could be
calculated. K-type thermocouples were used for measuring
the engine block and exhaust gas temperatures. All of the
data were recorded to a computer through data collection
card. So, the indicated and brake engine parameters were
computed from the Eqs. 3 and 5. Afterward, original and
borided cylinder liner engine datawere comparedwith graph-
ics.

Table 1 Engine specifications

Type Diesel, air cooled, four stroke

Cylinder number 1

Bore × Stroke 102, 5mm×100mm

Displacement 825cc

Compression ratio 17:1

Engine speed max. 3000 rpm

Engine power max. 17hp

Table 2 The chemical composition of the cylinder liner %

C Si S P Mn Ni Cr Mo Cu Fe

3.22 1.87 0.03 0.24 0.75 0.03 0.2 0.005 0.49 93.17
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Fig. 1 Experimental set up

Fig. 2 Installation position of the pressure transducer

3 Results and Discussion

The mechanical losses were calculated experimentally on
diesel engine test. The test equipment enables the measuring
of in-cylinder pressure, the rotational speed, brake torque,
exhaust gas, and engine block temperatures. Engine per-
formance was compared with these parameters. Results of
engine performance were determined for the original and
borided cylinder liner.

Microstructure of the base metal and borided zone of cast
iron are shown in Fig. 3. Here, the metallurgical structure
of boronized cylinder liner has been determined; the boride
layer has tooth-shaped structure. Alike, Sahin and Meric
reported tooth-shaped structure in their cast iron boroniz-

Fig. 3 Microstructure of borided cast iron cylinder liner

ing tests [21]. With boronizing of cast iron cylinder liner, the
topography of original and borided liner surface and SEM
analysis are presented in Fig. 4.

Figure 3 shows that the boronizing thickness was approx-
imately 25µm at the cross section of iron cast cylinder liner
after boronizing process. The iron-boride phases are formed
at the material surface. In Fig. 4, when topographic sur-
face was observed at the end of the borided process, very
upright distinction vanished for the roughness of the sur-
facewhichwas observed to increase. Fe2B spherical particles
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Fig. 4 Surface topography and SEM analysis original and borided cast iron cylinder liner

were formed on the surface and the surface turned into topog-
raphy porous surface. After boronizing process, the borided
cylinder liner was mounted to engine. The engine test was
performed in different toques for both engines, and engine
performance was illustrated with graphics. Figure 5 presents
the dependence of nimep on rotational speed for both base-
line engine and themodified one. By the comparison between
original and borided cylinder liner, measured in-cylinder
pressure is presented in Fig. 6.

Figure 5 indicates the impact of engine torque on the indi-
cated mean effective pressure (imep). Imep values increases
with the increase in the engine torque for both engines.
Also, imep values of original engine are higher from borided
engine under equal effective engine torques. Cylinder pres-
sure curves of imep values in A, B, C, and D points on the
Fig. 5 were compared to both engine conditions in Fig. 6.
Whereby, different analysis of study conditions is more
clearly understood.

Figure 6 shows the instantaneous cylinder pressures as
functions of crank angle for imep values given in Fig. 5.Max-
imum peak cylinder pressures of original engine are higher
than that of borided engine values. Cylinder pressure data are
the average of 100 cycles. While the difference between the
peak cylinder pressures is about 3bar under 10Nm torque at
2000min−1, it wasmeasured about 5bar under 20Nm torque
at 2000min−1. Similarly, when the engine load was raised at
1200min−1, the difference between the cylinder peak pres-
sures increased about from2 to 4bars for original and borided
cylinder liner engines. The variation ofmechanical efficiency
on the engine speed at different torques for both engines is
shown in Fig. 7.

The friction within the engine has the greatest effect on
mechanical efficiency. Figure 7 illustrates that the mechan-
ical efficiency curves of the borided liner engine are higher
than the mechanical efficiency curves of original liner engine
under 10 and 20Nm load. Mechanical efficiency increases as
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Fig. 5 Comparison of nimep
for engines with original and
borided cylinder liners different
torques over a range of engine
speeds

Fig. 6 The comparison of cylinder pressures for A, B, C and D points on Fig. 5

the load increases. While the mechanical efficiency of orig-
inal liner engine is 75% under 10Nm load at 1800min−1

that is average speed for engine, this value is about 77%
for borided liner engine. Similarly, while the mechanical

efficiency of original liner engine under 20Nm load at
1800min−1 is about 81%, the mechanical efficiency of
borided liner engine is about 83%.
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Fig. 7 Variation of mechanical efficiency with engine speed

Mechanical efficiency can be defined as the ratio of indi-
cated power to the effective power out in internal combustion
engines. Therefore, in Fig. 8 are given the indicated and effec-
tive power curves for both engines under 20Nm load.

Figure 8 plots the indicated and effective power curves
that vary with engine speed. The difference between curves
of borided liner engine is less than difference between power
curves of original liner engine. For example, the indicated and
effective power values of borided liner engine at 1800min−1

are about 5.1 and 4.2kW, respectively. Total mechanical
friction losses are about 0.9kW value. The indicated and
effective power values at the same engine speed on origi-
nal liner engine are about 5.3 and 4.1kW, respectively. Total
mechanical losses for original liner engine are about 1.2kW.
Here is seen that original liner engine mechanical losses are
higher than that of borided liner engine. Approximately, this
value is about 6% for medium engine speeds and load. Sim-
ilarly, Howell-Smith et al. [22] have reported that cylinder
liner surface-modifying features improve the engine’s output
power by as much as 4% over that of the standard cylin-
der bore surface. To reduce wear and scuffing, particularly
at the top dead center, hard coatings can also be used [22].
Also, Rahnejat et al. [23] have been informed that the smooth
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demand like coating surface should exhibit better frictional
performance than the standard liner surface. Howell-Smith
et al. have been stated to investigate the frictional perfor-
mances of DLC (diamond-like carbon) coating with a range
of lubricants investigated byMistry, who determined that the
coefficient of friction was reduced by nearly 30% relative to
an uncoated steel substrate [22].

The variations of cylinder liner and exhaust gas temper-
ature for both engines are displayed in Fig. 9 with variation
on engine speed from 1200 to 2400min−1. The exhaust gas
temperature varies of borided C. L. enginemore being higher
than that of original C. L. engine. In a similar manner, this
situation is shown for cylinder liner temperature variation.
The average exhaust gas temperature difference is 45 ◦C at
20Nm load.

4 Conclusions

This study investigated experimentally the correlations
between engine performance and the borided cylinder liner
in a diesel engine. Therefore, the gray cast iron cylinder liner
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Fig. 8 The curves of the indicated and effective power for original and borided liner engine at 20Nm torque
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of a diesel engine was borided, and boriding parameters are
determined with SEM analyses. Subsequently, diesel engine
was operated with original and borided liners. The engine
performances were measured. The indicated power, effec-
tive power, cylinder liner, and exhaust gas temperatures are
compared to both engines. Eventually, the following points
have been reached:

1. The gray cast iron liner successfully was borided about
25 µm thickness, and cylinder liner was mounted to
engine for collecting engine performance data.

2. It was seen that imep data of original engine are higher
than that of borided engine under equal effective engine
torques. Similarly, the borided liner engine cylinder peak
pressure data are lower than that of original engine
at same engine load. On account of, the borided liner
engine produces lower indicated power under equal
torque.

3. The mechanical efficiency curves of the borided liner
engine are higher than that of original engine under
same loads. When the mechanical losses are com-
pared, it seen that the borided liner engine losses are
less than that of original engine. Mechanical efficiency
is improved about 6% with cylinder liner boroniz-
ing.

4. When the liner temperatures versus engine speed are
compared, borided liner engine temperature is higher
than that of original engine. Similarly, this situation
is valid for exhaust temperatures and in terms of heat
transfer should be investigated. The boron coating layer
could be an adiabatic effect. As a result of, the combus-
tion chamber rate of heat transfer could be decreased.
This conclusion can be investigated in subsequent stud-
ies, such as, boriding layer heat transfer coefficient
measurement and the heat transfer effects of layer thick-
ness.
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