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carbon alloying with a plasma transferred
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The present work was undertaken in order to study the possibility of case hardening of a
plain steel using the Plasma Transferred Arc (PTA) alloying process. It was found that,
depending on the PTA operation parameters and cooling rates, either carburizing or case
hardening can be obtained. The depth of carburizing reaches a depth up to 1 mm and can
be pre-selected by adjusting the PTA operation parameters. Due to the beneficial effect of

carburizing with the PTA alloying technique, wear resistance of the treated surface is
significantly improved. © 2003 Kluwer Academic Publishers

1. Introduction

Low-carbon steels, which are readily machinable, can
have their surface layers carburized and subsequently
hardened. The treatment, called case hardening, gives
the steel a hard and wear resistant surface or case. By
virtue of the fact that the core remains comparatively
soft and tough the component as a whole shows high
impact strength. Owing to the development of com-
pressive stresses in the surface layers during the case-
hardening treatment the fatigue strength of the steel is
also improved [1].

The most important methods of carburizing fall
broadly into three categories: by pack carburizing, lig-
uid carburizing and gas carburizing [2]. In addition,
two relative new techniques have been introduced for
carburizing steels, vacuum carburizing and plasma car-
burizing, with the advantage of achieving a higher con-
centration of carbon on the surface of the steel and mini-
mizing the carburizing time which, generally speaking,
is very high when using the previous techniques [2].
But all these techniques have two main disadvantages.
First the workpiece is heated to high temperatures for
a considerable period of time and second for selective
carburizing the workpiece needs additional treatment
[1].

To overcome these two disadvantages the laser beam
alloying technique has been employed [3]. With this
technique the surface of the steel is covered with a
graphite coating, then the laser beam scans the sur-
face and the carburizing takes place with two possible
mechanisms. The first mechanism involves the melting
of a surface layer of the steel and the mixing of the
carbon coating with the melt producing the carburized
layer [4—7]. The second mechanism involves diffusion
of carbon in the solid state (no melting of the substrate
takes place) activated by laser heating [8, 9]. Although
the reports on laser beam carburizing are very promis-
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ing, the technique has some drawbacks. Investigators
who worked with laser carburizing using the melting
variant reported the formation of cracks in the carbur-
ized layer due to the brittleness of the microstructure
and the high cooling rates during solidification and gas
porosity in the melting zone. On the other hand the
solid state diffusion technique leads to very thin car-
burized layers. In addition laser is a rather expensive
technique. It is, therefore, interesting to investigate the
plasma transferred arc process, which -despite its lower
energy density- has the main advantage to require rather
inexpensive equipment and the possibility to work with
a higher heat input. PTA technique has proved to be as
efficient as laser or electron beam in surface hardening
of steels and coatings [10-19] and has been success-
fully tested in producing composite borided layers on
tool steel surfaces [20].

In this context the present work was undertaken in or-
der to study the possibility of case hardening of a plain
steel using the PTA alloying process. Experiments were
performed on steel plates by rapidly heating to peak
temperatures over the melting point of steel, using both
single and multiple track moving plasma arc. The ge-
ometrical characteristics (form and dimensions) of the
heat affected layer and the corresponding microstruc-
tures were investigated in connection with the main
process variables: heat input and plasma gas flow rate
as well as cooling rate. In order to assess the wear resis-
tance, pin on disc tests have been done on PTA alloyed
specimens.

2. Procedures-experimental techniques

The substrate material used was a plate of an AISI
1522H steel of composition C: 0.2 wt%, Mn: 1.2 wt%,
Si: 0.2 wt%, P: 0.015 wt%, S: 0.015 wt%, Fe
(bal) in recrystallized condition. Samples of size
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Figure 1 (a) Schematic drawing of PTA equipment used for the alloying process and (b) More detailed drawing of the PTA torch.

50 x 50 x 16 mm were cut out and polished to 120 grit
emery paper. The carbon powder, having an average
size of 1 um was suspended in a solution of ethanol to
produce a slurry, which was pasted directly on the spec-
imen and then dried. The powder slurry had an average
thickness of 0.03 mm and weight 0.007 gr of carbon
per cm? of surface area.

Surface alloying was carried out by scanning the
coated area with a transferred plasma arc (PTA). The
main equipment employed was a PTA-2000 Sabre Arc
plasma console, controlling the plasma and shielding
gas flow rates, a plasma torch (PWH-3A) for low-
medium current applications, a KEMPI 2000 power
source and an automatic machine for control of the
torch movement in the horizontal level (x-y axis). The
plasma and shielding gas used was Ar with 99.99% pu-
rity and the plasma torch tip diameter was 2.01 mm. A
schematic drawing of the PTA equipment used is pre-
sented in Fig. 1a and a more detailed drawing of the
PTA torch in Fig. 1b.

In order to investigate the influence of the PTA work-
ing parameters on the alloying process two sets of single
run experiments were performed. Different current in-
tensities (SOA—80A), plasma gas flow rate (0.2 1t/min—
0.5 It/min) and shielding gas flow rate (3.4 1t/min—
7.8 It/min), have been adopted as shown in Table L.
The travelling speed of the PTA torch was kept con-
stant at 3.0 mm/s. Microstructures and depths of alloyed
layers were observed by optical and scanning electron
microscopy (SEM) on polished cross-sections. Micro-
hardness measurements of the alloyed layer were also
performed using a Vickers microhardness tester with a
100 g load.

TABLE I Experimental conditions of the single run PTA passes

Current PGFE S.G.E Stand off
(A) (It/min) (It/min) distance (mm)
Series 1
1.1 50 0.5 7.8 32
1.2 60 0.5 7.8 32
1.3 70 0.5 7.8 32
14 80 0.5 7.8 32
Series 2
2.1 50 0.2 39 32
2.2 60 0.2 39 32
2.3 70 0.2 39 32
24 80 0.2 39 32
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Based upon the preliminary results obtained with
single runs, a convenient set of operation parameters
was chosen for alloying the whole surface with car-
bon (multi-run surfaces). The amount of overlapping
adopted for the PTA successive passes was 65%, in
order to ensure uniform alloyed layers. Under these
conditions layers with a significant thickness, free of
cracks or other defects were obtained. Three cooling
rates were imposed while preparing the surfaces: (i) the
specimens were air-cooled (Surface A), (ii) immersed
in iced water (Surface B) and (iii) in room temperature
water (Surface C). The alloyed surfaces were prepared
for microstructural examination using SEM and XRD
and were evaluated for their wear resistance with a pin
on disk apparatus.

The plasma transferred arc-alloyed surfaces (A, B
and C) and an unmodified surface from the substrate
material were polished up to 2000 grit emery paper and
cleaned with acetone in an ultrasonic bath. The tests
were conducted according to ASTM G99-95a stan-
dards under the applied load of 9.8 N and sliding ve-
locity of 0.12 m/s. The specimens under examination
were cut out from PTA carburized plates to dimensions
40 x 40 x 4 mm and were placed on the rotating disk
and the stationary pin was an Al,O3 ball with a 6 mm
diameter and 1900 HV hardness. The track radius was
10 mm and the total sliding distance covered was 942 m
(15000 revolutions). The pin-on-disk tracks were ex-
amined with electron microscopy in order to reveal the
wear mechanisms involved.

Based on the preliminary results of the wear tests,
PTA scanned surface C was chosen for more thorough
wear investigation for its good wear characteristics. An
additional series of pin on disk wear tests were done
changing the applied load (4.9 N-19.6 N) and sliding
speed (0.12 m/s—0.48 m/s). The wear tracks were also
in this case examined using electron microscopy.

3. Results and discussion

3.1. Single run tests

3.1.1. Microstructure

A typical transverse section of a plasma transferred arc-
treated specimen is shown in Fig. 2, which depicts the
characteristic zones that form below the surface of the
material after plasma treatment. When PTA irradiates a
metal surface, the affected region consists of a melted



Figure 2 Optical micrograph of a cross section of a single run plasma transferred arc pass. h is the depth of the fusion zone (FZ) and H the depth of

the heat affected zone (HAZ).
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Figure 3 SEM micrographs showing the successive microstructures at increasing depth of a single run PTA pass. (a) Fusion zone, (b-h) heat affected

zone, and (i) unaffected substrate steel microstructure.

fusion zone (FZ) and a heat-affected zone (HAZ). In
the FZ, the metal is heated to a temperature above the
melting point and alloying of the surface takes place
giving a homogenized liquid phase, which is subse-
quently resolidified. The FZ in all single-run plasma
treated surfaces consisted of plate martensite and re-
tained austenite of volume fraction depending on the
operating parameters. A typical microstructure of the
FZ is shown in Fig. 3a.

Inthe HAZ, the metal is heated to temperatures above
its transformation temperature (Acy). Solid-state trans-
formations in this zone are affected by the peak tem-
perature reached and rapid cooling rates due to self-
quenching. The microstructures in HAZ is not uniform
and it can be subdivided in three areas, the partial grain
refining zone, the grain refining zone and the grain
coarsening zone. The partial grain-refining region was
subjected to peak temperatures between Ac; and Acs.

The pearlite grains and a small amount of proeutectoid
ferrite have been transformed into austenite which de-
composes during cooling to very fine ferrite and pearlite
grains. Fig. 3h and g represent the microstructure of
the partial grain-refining zone for peak temperatures
just above Ac; and just below Acj respectively. In
both cases a band structure is clearly observed. In the
grain-refining zone the steel was subjected to peak tem-
peratures just above Acs, the initially ferrite—pearlite
microstructure has been transformed fully to austen-
ite which subsequently transformed during continuous
cooling into ferrite and lower bainite. This microstruc-
ture can be seen in Fig. 3e and f for different amounts of
ferrite and lower bainite. Finally the peak temperatures
in the grain-coarsening zone are well above Acs and
large austenitic grains are formed which transform dur-
ing cooling into bainite and lath martensite depending
on the cooling rates at this depth. Generally speaking
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the higher is the peak temperature the higher is the
cooling rates obtained and this explains why the mi-
crostructure changes from a mixture of lower and upper
bainite to upper bainite and lath martensite as can be
seen in Fig. 3d, c and b respectively. Under the HAZ the
unaffected base material microstructure can be seen in
Fig. 2i which consists of elongated pearlite and ferrite
grains.

3.1.2. Depths of FZ and HAZ in relation
to PTA parameters

The depth of the surface-alloyed layer (FZ) and the
depth of HAZ depends on the PTA operating parame-
ters as illustrated in Fig. 4. As expected higher currents
lead to greater FZ and HAZ, Fig. 4a and b. The rela-
tionship between current and FZ and HAZ depths is
linear within the limits examined in this work. On the
other hand plasma gas flow (PGF) and shielding gas
flow (SGF) rates seem to have no significant effect on
the depth of the fusion zone, Fig. 4a, and have small
influence on the depth of HAZ, Fig. 4b. In fact smaller
PGF and SGF leads to thinner HAZ when the PTA cur-
rent exceeds 60 A. This must be attributed to the fact
that PGF and SGF affect the constriction of the plasma
stream and thus the heat input density and hence the
cooling rates achieved. The fusion zone depth (h) in-
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Figure 4 The effect of PTA current, plasma gas flow (PGF) and shielding
gas flow (SGF) on the depth of the fusion (h) and heat affected (H) zone
respectively for the operating conditions of series 1 and series 2 tests
(see Table I).
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creases from 0.2 mm to 1.0 mm by increasing the PTA
current from 50 A to 80 A.

3.1.3. Microhardness and PTA
operating parameters

Operating plasma parameters affect both heating and
cooling rates and subsequently the microstructure and
hardness of the heat-treated areas. As mentioned earlier,
the aim of this work was to produce hard wear resistant
surfaces. Martensitic structures are required in order to
achieve high hardness. The martensitic transformation
primarily depends on chemical composition and cool-
ing rate. As the substrate metal serves as a heat tank
absorbing energy, the higher the specific heat input of
an energy beam, the higher cooling rate is obtained.

The microhardness profiles along the depth of the
alloyed layer of the series 2 of experiments (Table I)
with PGF 0.2 1t/min and SGF 3.9 It/min are illustrated
in Fig. 5a. It is obvious that higher PTA current leads to
higher hardness of the fusion zone. Since the mass of
carbon on the surface is constant, thicker fusion zones
lead to lower carbon concentrations. The theoretical
amount of carbon in the fusion zone of 1 mm depth,
based upon the assumption that during plasma surface
treatment all carbon pasted on the surface is introduced
in the composition of the alloyed area, is estimated to be
equal to 1.1 wt%. It is known that in a martensitic con-
dition carbon increases the hardness of the steel when
its content is up to 1.0 wt%, when this limit is exceeded
the hardness drops again due to large volumes of re-
tained austenite in the microstructure [21]. Since the
maximum FZ depth obtained in this work is 1 mm,
with calculated 1.1 wt% carbon, the hardness should
be increased as the depth of the FZ increases.
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Figure 5 (a) The effect of PTA current in the microhardness profile of
the single run plasma passes. (b) The effect of plasma gas flow rate on
the microhardness profile of the single run plasma passes (PTA current
70 A).



The hardness of the FZ is also dependent on the
plasma gas flow rate and shielding gas flow as it can be
seenin Fig. 5b. For a fixed value of PTA current decreas-
ing the plasma gas flow from 0.5 1t/min to 0.2 1t/min
leads to higher hardness of the FZ. As mentioned in the
previous section a lower plasma gas flow forms more
restricted plasma column, which leads to higher energy
densities and higher cooling rates. Thus the hardness
is higher, Fig. 5b and the heat affected zone is smaller,
Fig. 4b.

3.2. Multiple run tests

3.2.1. Microstructure

Based upon the results of the plasma single run exper-
iments a single set of PTA operation parameters (se-
ries 2.3) were chosen for scanning a whole surface (PTA
current 70 A, PGF 0.2 It/min and SGF 3.9 1t/min). The
parameters chosen produced satisfactory depth of fu-
sion zone (0.8 mm) and high hardness (mean 750 HV).
Because the workpieces had relatively small sizes they
were placed in a water tank and three surfaces with
different cooling conditions were prepared. Surface A
with no cooling media, surface B with iced water as
cooling media and surface C with water in room tem-
perature as cooling media.

A general view of a cross section of a multiple run
surface is presented in Fig. 6a (Surface A). The fusion
zone with amean depth of 1 mm can be seen in the upper
region of the micrograph. The FZ is uniform without
gas pores or cracks and is well bonded to the substrate
material. The absence of pores and cracks is presumably

due to the argon gas protection, characteristic of the
plasma process and relatively low cooling rates which
allows gases to escape from the bath. The HAZ is quite
thick (several mm) due to heat saturation of the substrate
caused by insufficient cooling.

The microstructure of Surface A was pearlitic with
coarse cementite (Fe;C) particles, Fig. 6b, although
in the case of single run experiments the correspond-
ing microstructure of the FZ consisted of martensite.
The fusion zone depth obtained was 1 mm, 0.2 mm
higher than that of the single run experiment. The car-
bon content was calculated as in single run experiments,
to approximately 1.1 wt% and it was measured with
mass spectrography (M.S.) to 1.05 wt%. According to
Andrews linear formula [21] the Ms temperature can be
estimated to be about 60°C. The continuous heating of
the multiple plasma passes raises the bulk temperature
above the Ms temperature and martensitic transforma-
tion is impossible. XRD examination confirms the met-
allographic findings revealing that the microstructure of
Surface A consists of ferrite and cementite, Fig. 7.

Although, carbon alloying (carburizing) is achieved,
hard martensitic microstructures (case hardening) are
not produced In order to counteract this difficulty cool-
ing of the substrate material was applied during the
process by immersing the metal specimen into a tank
containing water and ice, Surface B. Fig. 6c illustrates
the microstructure of the fusion zone of Surface B.
Martensite needles surrounded by retained austenite
and probably some carbides are observed, but small al-
loying depth was achieved due to the high cooling rate
imposed to the substrate metal. The FZ depth is about

Figure 6 (a) Optical micrograph of a cross section of Surface A. (b), (c), (d) SEM micrographs of the fusion zone showing: the hypereutectoid
microstructure of Surface A, the martensitic microstructure of Surface B and the martensitic—bainitic microstructure of Surface C respectively.
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Figure 7 X-ray diffraction of substrate steel and surfaces A through C
carburized using the PTA technique.

0.4 mm, 0.4 mm smaller than that of the single run ex-
periment, which leads to a carbon content of 2.4 wt%
(calculated). The measurements with mass spectrogra-
phy showed a carbon level of approximately 2.3 wt%.
The XRD examination of the surface showed large
amounts of retained austenite and martensite, Fig. 7,
as mentioned before.

A third multi-run surface was prepared, Surface C,
where the metal was cooled by in room temperature wa-
ter, Fig. 6d. Martensite and upper-bainite can be seen
in the fusion zone with retained austenite also present.
The depth of the fusion zone is 0.8 mm, which is ex-
actly the depth of the FZ of the corresponding single
run experiment. The carbon content was estimated to
1.3 wt% and was measured with mass spectography
to 1.2 wt%. For this level of carbon concentration the
amount of retained austenite expected is of the order of
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25% to 30% [21] but using the ASTM E975-95 stan-
dard, the XRD graph, Fig. 7, reveals considerably lower
amounts of austenite, than those previously mentioned.
This is due to the beneficial effect of post heat treat-
ment imposed by the subsequent passes on the previous
ones.

3.2.2. Microhardness of the surfaces

As mentioned before different cooling conditions re-
sulted in different cooling rates and thus to different
microstructures but also in differences in the alloying
depth of the plasma surface alloyed layers, Fig. 8a. Sur-
face A had an average hardness in the FZ of 350 HV
and an alloying depth of approximately 1 mm. Higher
hardness was achieved in the case of Surfaces B and
C, where in the FZ an average of 600 HV and 660 HV
respectively was measured. While hardness of the two
surfaces does not show significant variation, the alloy-
ing depth of Surface B, 0.4 mm, is significantly smaller
than that of surface C which is 0.8 mm.

A multiple run scanning of a metal with PTA differs
from a single run test because each scanning pass is
reheated by the subsequent passes to a different degree.
This post heating of each scanning pass affects its mi-
crostructure and hence its hardness. This fact is clearly
shown in Fig. 8b, where the microhardness profile of
PTA alloyed surface C is compared to the single run
experiment with the same PTA operating parameters.
Although the alloying depth is not affected, the average
hardness of the FZ is nearly 100 HV less in the case of
the multiple run Surface C, compared to the single run
test.
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Wear rates of the PTA alloyed surfaces
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Figure 9 Wear rates of substrate material and the PTA alloyed surfaces
under different cooling rates, for an applied load of 9.8 N and sliding
velocity of 0.12 m/s.

3.2.3. Wear tests

The plasma transferred arc-alloyed surfaces (A, B and
C) and a surface from the substrate material were pol-
ished up to 2000 grit emery paper and cleaned with
acetone in an ultrasonic bath. The wear tests were done
with a pin on disk apparatus (ASTM G99-95a) with
counter body a 6 mm diameter Al,O3 ball with a hard-
ness of 1900 HV. The rotating part was the under test
surface and the conditions applied were 9.8 N load and
0.12 m/s sliding velocity. The wear rate was estimated
as volume loss of material per meter sliding distance
and is illustrated in Fig. 9. As it was expected the sub-
strate material, low carbon steel with 180 HV hardness,
presents the highest wear rate followed by Surface A
which is one order of magnitude lower. This is due
to the increased hardness of surface A, about 360 HV,
two times greater than that of the substrate steel. PTA
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alloyed surfaces B and C present very low wear rates
in relation to substrate steel. Especially the wear rate of
surface C is about two orders of magnitude lower than
the plain steel. Plasma treated surfaces B, with cooling
media iced water, and C with cooling media water at
room temperature, have about the same hardness but
present different wear behavior, this is due to their dif-
ferent microstructure which was discussed earlier.

The surface damage of the wear tracks of the pin on
disk tested surfaces justifies the decreasing order of the
wear rate from substrate material and surface A to sur-
face C, Fig. 10. The plain steel track presents vertical
cracks to the sliding direction and deep grooves, Fig. 9a,
which are evidence of severe plastic deformation (de-
lamination wear) [22, 23]. On the contrary PTA alloyed
surface A presents more shallow grooves, Fig. 10b. That
is because pearlite has greater resistance in plastic de-
formation than ferrite. The hard pro-eutectic cementite
carbides dispersed in the pearlite matrix, Fig. 6b, also
contribute to diminishing the wear rate.

Plasma alloyed surface B wear track is shown in
Fig. 10c, the material was removed from the surface
in the form of small flakes leaving elliptic pools on
polished surface. This is probably the effect of hard—
brittle martensite, which has been formed during the
rapid cooling of the surface, Fig. 6¢. The pin on disk
wear track of surface C reveals no grooving marks like
surface A or elliptic pieces missing from the surface. In
some areas a thin oxide layer has been formed on the
track, Fig. 10d, but generally speaking the surface of
the track appears to be smooth and clean.

Taking into account the previous discussion only sur-
face C was chosen in order to conduct pin on disk
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Figure 10 SEM micrographs of the wear tracks of the pin on disk test. (a) Substrate steel, (b) Surface A, (c) Surface B, and (d) Surface C.
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Wear rates of PTA alloyed surfaces
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Figure 11 Wear rates of the Surface C under different load and sliding
speed conditions.

wear tests under different applied loads (from 4.9 N to
19.6 N) and two different sliding speeds 0.12 m/s and
0.48 m/s. The configuration and procedure followed is
the same with the previous mentioned pin on disk tests.
The results are illustrated in Fig. 11. For the sliding
speed of 0.12 m/s there seems to be a transition be-
tween the applied load of 4.9 N and 9.8 N where the
wear rate presents one order of magnitude difference.
This seems to be a transition between mild to severe
plastic deformation wear [24, 25]. Beyond that point
the wear rate seems to increase linearly with the ap-
plied load. That is also valid for the tests conducted
with sliding velocity of 0.48 m/s.

The surface of the wear track of the pin on disk
test with applied load 14.7 N and sliding speed of
0.12 m/s, Fig. 12a shows plastic deformation grooves
which are covered with an oxide layer revealing that

Figure 12 SEM micrographs of the wear tracks of the pin on disk tests
of Surface C for applied load 14.7 N and sliding speed (a) 0.12 m/s and
(b) 0.48 m/s respectively.
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both oxidation—and plastic deformation play an im-
portant role as wear mechanisms. On the other hand
all wear tracks produced in tests with 0.48 m/s sliding
speed present the same topography like that illustrated
in Fig. 12b. The whole track is covered by an oxide
layer revealing an oxidation mechanism [26, 27]. That
is in agreement with Lim and Ashby wear maps [24,
25] that predict a mild oxidation mechanism for that
range of speed. The later justify the reduced wear rate
of surface C for sliding speed 0.48 m/s in relation to
0.12 m/s (except for the applied load of 4.9 N) pre-
sented in Fig. 11.

4. Conclusions
1. With PTA alloying technique selective carburizing
and case hardening of plain steel can be achieved to a
significant depth.

2. The depth of carburizing can be pre-selected ad-
justing the PTA operation parameters.

3. The produced alloyed layers are free of pores and
cracks and are well bonded to the substrate.

4. Because the carburizing process is held in the lig-
uid state (melt) the carbon content is uniform along the
depth of the fusion zone, as it is verified by metallogra-
phy and microhardness testing. High concentrations of
carbon in the fusion zone up to 2.3 wt%, is achieved.

5. According to cooling conditions, either carburiz-
ing, with cementite—pearlite microstructure, or case
hardening, with quenched and tempered microstruc-
tures of carburized layer, are obtained.

6. Wear resistance in all PTA treated samples is con-
siderably improved in relation to the untreated speci-
men. This is due to the beneficial effect of carburizing
which results in an increase of hardness of the PTA
treated surfaces.
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