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Recently, new duplex surface treatments involving the use of pre-electroplating and pulsed plasma
electrolytic nitrocarburizing (PPEN/C) have led to the possibility of using this material for applications
usually typical for tool steels. In this work, we present results concerning the duplex treatment of pre-
electroplating of Cr and PPEN/C of AISI 1020 mild steel. The samples were electroplated in a plating
bath. After electroplating, the samples were nitrocarburized. The effects of time and applied voltage of
PPEN/C process were discussed. The samples were characterized using scanning electron microscopy
(SEM), atomic force microscopy (AFM), and microhardness testing. Electroplated layers of up to
100 lm were obtained. The subsequent PPEN/C increased the surface hardness to 1200 HV0.2 due to the
formation of nitrides and carbides. Decreasing the size of nanocrystalline carbonitrides will lead to
improvement of their wear resistance significantly.

Keywords AISI 1020 mild steel, carbonitriding, nanocrys-
talline, plasma electrolysis, scanning electron
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1. Introduction

Several processes are currently used to provide wear
protection to metal surfaces in contact, and to extend the
life of critical components used in bearings, cutting tools,
and aerospace industry. Chromium carbide/nitride, such
as CrC and CrN, films have high hardness, low friction
coefficient, and good corrosion resistance (Ref 1). They
can improve the load-bearing capacity and wear resistance
of steel components that are widely used in engineering
and industrial applications. Till now, various technologies
have been developed to deposit or form these carbide/
nitride, such as ion beam-assisted deposition (Ref 2), and
plasma carbiding/nitriding (Ref 1). Hard coatings, which
can withstand high stress without plastic deformation and
fracture, are more effective in reducing friction and wear
than soft layers. Despite its attractive engineering prop-
erties, mild steel appears to lack good wear resistance.
However, the carbide/nitride films on steel produced by
the aforementioned deposition methods are thin, other-
wise the adhesion of the films is insufficient due to the

increased internal stress in the films, and thereby delami-
nation of the films has been observed under wear condi-
tion. Although plasma carbiding/nitriding treatment at
700-900 �C leads to firmly adhered carbide/nitride layer,
the formation of the compound layer with the thickness
more than 10 lm requires much higher temperature and
longer treatment times (Ref 2), which results in worse
fatigue behavior and earlier fracture due to the aging of
the substrate material. It has been proved that the
improvement efficacy of the wear resistance and load-
bearing capacity strongly depend on the thickness and
adhesion of the hard films (Ref 1), thus alternative
methods to produce thick and firmly adhered carbide/
nitride films on mild steel substrate at low temperature are
still worth exploring. Plasma electrolysis is one of the most
successful processes in which an adherent carbonitride
layer on the surface of the part is obtained by subjecting
the part to a saturated electrolyte from nitrogen and car-
bon at a sufficient temperature for ions diffusion. Plasma
electrolytic carbonitriding has the advantage of providing
close dimensional tolerance and low cost. It could be
successfully used for different metals (Ref 3, 4). The
present investigation was aimed at producing stable
carbonitride coatings on pre-electroplated mild steel sub-
strate. In this article, a relatively new method, pulsed
plasma electrolytic carbonitriding (PPEC/N), was used to
apply penetrative coatings on AISI 1020 substrate. Tri-
bological properties of samples were studied after carbo-
nitriding, using wear rig using normalized ASTM G105
standard. Temperature, as the main effective factor on
carbonitriding process and process duration were dis-
cussed. Discussion about surface temperature was done by
its relative factor of process, i.e., applied voltage during
the coating process. Scanning electron microscope was
employed to determine the layers on the surface.
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2. Technical Work Preparation

2.1 Materials and Methods

Chemical composition of AISI 1020 mild steel is given
in Table 1 that resulted from quantometric test. In quan-
tometric tests materials will transform to gas phase by an
arc discharge on their surface and the elements in gas
phase will be detected by analyzing with a laser beam. The
beam can detect elements as well as their weight per-
centages. Most of the samples used were of 20 mm in

diameter and 5 mm in thickness. The surfaces of the
substrates were mechanically polished sequentially by 120,
400, 600, 800, 1200, and 3000 grit wet SiC emery paper,
followed by fine polishing with alumina slurry to yield a
mirror finish and chromium electroplating before being
placed in the electrolyte. Finally, they were cleaned with
acetone prior to carbonitriding. A schematic diagram of
the reactor assembly used in this study is shown in Fig. 1.
This unit consists of three main parts, an external cooling
unit to maintain a constant temperature of electrolyte, an
external power supply to strike and maintain plasma, and
a bath for holding different parts and relevant electrolyte.

The pulsed DC voltage necessary to obtain good car-
bonitriding is between 400 and 600 V. The work pieces to
be carbonitrided are placed as the cathode of the system.
The carbonitriding temperature was measured using a
Type K thermocouple embedded exactly 500 lm from the
surface of the sample as shown in Fig. 2. The temperature
was measured by an analog voltmeter for fast response.
Carbonitriding was carried out in the temperature range
between 700 and 900 �C as measured by the thermocou-
ple. Energy for diffusion of nitrogen and carbon into the
work piece is provided by the kinetic energy transfer
generated by the ion bombardment. The actual tempera-
ture of the sample may therefore be slightly different from
the surface of it due to plasma heating.

The cross-sectional samples of carbonitrided pieces
were mounted in reinforced bakelite to ensure edge
retention. Specimens were ground through successive SiC
papers automatically, grades 240, 320, 400, 600, 800, 1000,
1200, 1500, 2000, 2500, 3000, and 4000 and finally polished
with a 6 micron diamond paste and finished with a
0.1 micron alumina cloth.

Polishing times were increased by increasing the SiC
abrasive paper number to avoid the onset of unacceptable
beveling of the specimen edges. Rotation during grinding
was found to be too harmful for the thin carbonitrided
layers, resulting in heavy damage and fractures of the
layers, and fixed grinding on SiC papers by a specific load
automatically, without rotation of specimen between
paper grades, was found to be effective.

Fig. 1 Scheme of the plasma reactor. 1: Cathode support; 2:
Pulsed DC power supply; 3: Jacketed stainless vessel and also
anode of the system; 4: Water inlet; 5: Cathode fixture; 6: Solu-
tion addition; 7: Thermocouple for measuring the temperature of
electrolyte; 8: Water outlet; 9: Gas exhaust; 10: Treated cathode

Fig. 2 Opened system used for measuring surface temperature
of the sample. 1: CP-Ti Sample; 2: A hole between sample for
thermocouple that machined up to 500 lm near the surface of
other side of the sample; 3: Pure alumina mini crucible for
insulating head of the thermocouple; 4: Head of type K ther-
mocouple; 5: Alumina shield for insulating thermocouple
between stainless steel rod; 6: Stainless steel rod; 7: Polymeric
heat resistance and insulating coating for stainless steel rod

Table 1 Chemical composition of AISI 1020 mild
steel substrate

C Mn Si Cr Ni Mo W S Cu P

0.2 0.54 0.27 0.08 0.05 0.010 0.031 0.051 0.025 0.019
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The carbonitrided specimens were etched in Kroll�s
reagent (1–3 mL HF, 2–6 mL HNO3, 100 mL water)
(Ref 5). Thickness of various layers formed during car-
bonitriding was measured using photomicrographs taken
at different magnifications using standard optical micro-
scopes and a scanning electron microscope. The micro
hardness indentations were made by means of a Buhler-
Micromet1 micro hardness tester. A 200 g load with 20 s
as loading time was used to provide optimum indentation
depths across various layers.

Wear resistance was measured using a rig using ASTM
G105 standard. The test conditions are detailed in Table 2.
The test block is loaded against a ring that rotates at a
given speed. The block and the ring were cleaned in ace-
tone using an ultrasonic cleaner before and after the test,
dried and weighed by means of an analytical balance to the
nearest 0.1 mg. The scar width on the block is measured
using an optical microscope. The friction force required to
keep the block in place is continuously measured during
the test with a load cell. The wear rate was evaluated by the
weight loss of both the block and the ring.

3. Results and Discussion

3.1 Conditions of PEC/N

All the parts, with the exception of the thermocouple in
the electrolyte shown in Fig. 1, were made of stainless
steel. The chemicals used in electrolyte were pure car-
bamide and Natrium carbonate that were diluted in dis-
tilled water prior to entering into the plasma reactor. The
work pieces were being ultrasonically cleaned in acetone
before carbonitriding process. Following these procedures,
small parts of pre-electroplated AISI 1020 steel were
successfully carbonitrided. Incorporation of oxygen in the
system develops a band on the surface and carbon con-
taminates with an unsightly black surface. A striking result
was the successful carbonitriding of all surfaces of the mild
steel samples including the lower surface around the
contact with the stainless steel rod holder. This result
indicates either uniform plasma penetration around the
sample or more likely rapid transport by surface diffusion
of nitrogen and carbon atoms along the carbonitrided
surfaces. A drawback is that this phenomenon has so far
prevented the development of any suitable masking
technique. It might be noted that substrate at the carbo-
nitriding temperature diffusionally bonds to most possible
masking agents.

3.2 Microstructural Features

Plasma carbonitrided sample at 900 �C for 90 min
resulted in the formation of several distinct phases on the
surface as shown in the SEM micrograph of the cross-
sectional sample in Fig. 3. Nanocrystalline microstructure
was obtained in compound layer and surface morphology
of the compound layer shows that this layer may exhibit
good friction coefficient as these can be seen in Fig. 4 and
5. Compound layers grew parallel to the surface of the
work pieces. The over layers consisted of oxide and
nitride/carbide that formed due to increasing temperature
of the substrate. A thick layer of solid solution of nitrogen
and carbon was formed in the substrate. These results are
compatible with our previous research (Ref 6). Figure 6 is
an example of XRD pattern of a treated sample. The
growth of various carbonitride layers in the substrate
under various carbonitriding conditions are illustrated in
Fig. 7. Different SEM micrographs of the cross sections of
the substrate proved a gradual increase in the thickness of
various layers with increasing carbonitriding voltage and
as a result of that carbonitriding temperature and also
treatment time. It must be mentioned that in this process
after a period of time the compound layer thickness will
not grow significantly.

3.3 Growth Kinetics

Kinetics of carbonitride layer growth on samples was
studied. The overall growth of all layers (compound and
diffusive layer) obeyed a simple t1/2 relationship as shown
in Fig. 7 for the substrate.

Table 2 Wear test parameters

Block Carbonitrided and untreated samples
of AISI 1020 steel

Ring Rubber coated steel
Speed 180 rpm
Load static 3-20 kg
Temperature Ambient temperature
Test environment Unlubricated, air at relative humidity 85%

Fig. 3 Cross section of AISI 1020 steel carbonitrided for 90 min
at 900 �C
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3.4 Hardness Measurements

To evaluate the effects of carbonitriding temperature
on the extent of nitrogen and carbon dissolution, micro
hardness traverses were carried out on samples which has
been heat treated at 700, 800, and 900 �C for 21 min of
exposure times. The effect of carbonitriding temperature
on the micro hardness is illustrated in Fig. 8. A significant
increase in the Knoop hardness up to 1100 is observed at

the surface when compared with about 250 at the core in
mild steel with increasing temperature (see Fig. 9). Car-
bonitriding at higher temperature also resulted in a higher
hardness which may be due merely to the increased
thickness of the hardened layers. The gradual decrease in
the hardness toward the core indicates the decreasing
amount of nitrogen and carbon in the carbonitride layers.
All of the contours tend to be steep near the interface,

Fig. 4 Example of nanocrystalline compound layer

Fig. 5 AFM surface morphology of carbonitrided sample for
90 min at 900 �C

Fig. 6 XRD pattern of carbonitrided sample by 475 V

Fig. 7 Case depth as a function of square root of time

Fig. 8 Variation of micro hardness across the cross section for
sample carbonitrided for 21 min at specified temperatures
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indicating increasing concentration of nitrogen and carbon
in such regions. The results in the present work are in
agreement with most of the studies which indicated that
the rate-controlling mechanism in the growth of carbo-
nitride layers is diffusion of nitrogen and carbon through
the product layers under high electrical field.

3.5 Wear Test

Although a lot of work has been carried out on the
wear resistance of carbonitrided steels there is very little
data published on the wear resistance of plasma electro-
lytic carbonitrided samples. It was observed in some
investigations that rough nitrided surfaces showed better
wear resistance than lapped nitrided surfaces or lapped
implanted surfaces. The authors attributed this improve-
ment in the wear resistance to the reduction in friction
induced by chemical modification of the surface as a result
of compound layer. In the present investigation, wear test
according to normalized ASTM G105 was used to evalu-
ate the wear resistance of the carbonitrided samples.

This is one of the most widely used industrial technique
for evaluating the adhesive wear resistance of compo-
nents. The weight loss of the uncarbonitrided and plasma
electrolytic carbonitrided wear blocks is compared in
Fig. 10 which indicates that the plasma electrolytic car-
bonitride block is an order of magnitude or more superior
than the uncarbonitrided block. A slight reduction of the
coefficient of dynamic friction was also observed in the
carbonitrided sample (0.14) when compared with uncar-
bonitrided sample (0.23). Although a brief carbonitriding
gives a major benefit, the results show that with longer
time and thicker carbonitrided layer, wear resistance can

be further improved. The scar widths of the uncarbonit-
rided and plasma electrolytic carbonitrided blocks were
compared and it illustrated a major improvement in the
wear resistance of the carbonitrided samples. In the car-
bonitrided blocks, major wear groves are seen while after
carbonitriding only a very narrow scar is seen.

Finally, it has been revealed that the wear resistance of
carbonitrided layers has a direct relationship with the
average size of nanocrystalline carbonitrides. Figure 11
shows that by lowering the size of nanocrystalline carbo-
nitrides, their wear resistance will improve significantly.

4. Conclusions

1. AISI 1020 steel was successfully treated using plasma
electrolytic carbonitriding and the process parameters
were established for small components. Multiphase
coating was performed based on CrN and CrC and
also complex phases.

2. Plasma electrolytic carbonitriding offers a hard case of
as high as 1100 Knoop hardness as compared with 250
of the core.

3. Nanocrystalline compound layer and a solid solution
of nitrogen and carbon in the substrate in sequence
from the surface were identified.

Fig. 9 Cross-section micrograph of a carbonitrided sample
(treated at 900 �C, 90 min)

Fig. 10 Comparison of weight loss of carbonitrided and uncar-
bonitrided samples in wear tests for different temperatures and
treatment durations

Fig. 11 Relationship between the size of nanocrystalline car-
bonitrides and weight loss
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4. SEM and micro hardness measurements indicate that the
growth rate of carbonitrided layers is controlled essen-
tially by the diffusion of nitrogen and carbon through the
carbonitrided layers under high electrical field.

5. Wear tests indicated that the carbonitrided parts
exhibited excellent wear resistance when compared
with uncarbonitrided part. Four to seventeen times less
weight loss was found for the carbonitrided samples.

6. Decreasing the size of nanocrystalline carbonitrides
will lead to improvement of their wear resistance
significantly.
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