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The source of
increased carbon
content in gas cut
steel surfaces

1. Introduction

It is an established fact that carbon migration at
the surface of a cut does occur, although as yet there
appears to be no complete agreement between investi-
gators as to exactly how this enrichment near the cut
surface is brought about. (1)

To mention a few different opinions that have been
put forward, Zobel (2) indicates that *‘‘the cutting
oxygen, which is released at high velocity in the centre
of a small acetylene flame, passes directly through the
kerf almost without mixing with the surrounding
gases. It is these surrounding gases that fill the kerf
after the passage of the oxygen stream that might be
supposed to carburize the edge of the steel while it is
still heated above the critical temperature”. Seymour
Semper (3) states that ‘““tests on mild and carbon steel
have shown what appears to be a tendency towards
migration of carbon to the cut surface. The surface
itself shows an increment of carbon while just below a
narrow decarbonized band is to be found. It is thought
that carbon may migrate from relatively colder metal
to hotter metal. Possibly, too, under some conditions
of reaction there may be a pick-up of carbon from metal
oxidized in or removed from the kerf. That the sur-
face carbonization cannot be attributed to the pre-heat
flame is proved by the fact that the effect is the same
either with coal gas or such carbon rich gas as
acetylene”.

In an article entitled “Transformations and re-
actions in the heat affected zone during the welding and
oxygen cutting of steel” a summary of the problem is
given by Professor Jurgen Ruge. (4) He mentions
the following possibilities :
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(a) Carbon diffusion from central regions to areas
at the edge of the plate.

If this assumption is correct, then a reduction in
the carbon content at some distance from the surface
of the cut would result. As, however, no such reduc-
tions could be observed, this hypothesis is probably
incorrect.

(b) Carburization due to the cutting flame.

In this case the replacement of acetylene by, for
example, hydrogen for the preheating flame should
have the effect of preventing carburization. In actual
fact, however, it has been proved that, even when
hydrogen is used as the heating gas, a considerable
degree of carburization takes place (5). As, however,
no carburization has been observed as a result of the
oxygen cutting of carbonfree iron, the carbon cannot
originate from the cutting flame. On the contrary,
it is known that the carburization of the outer case
increases with the increases in the carbon content of
steel (6). Finally, it was found that carburization
took place even when the heating flame was dispensed
with altogether and the plate was pre-heated to ignition
temperature from the reverse side of the plate.

(c) The restriction of the oxidation of carbon.

When a metal or its constituent elements are oxi-
dised, an oxide skin is formed between the metal and
the oxygen which then divides the two reacting elements
from each other. In the case of steel, the oxidation of
carbon takes place at the phase boundary steel/wustite.
A noticeable diffusion of carbon through the oxide
film is considered impossible, whereas a diffusion of
iron through the oxide film is unlikely. The reaction
of oxygen with carbon in accordance with the formula

C 4+ MeO —- CO + Me
CO + MeO -» CO, + Me
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can only progress if the gases formed can escape. If
this is not the case, the reaction comes to a halt and a
carbon pick-up in the surface area results. The fact
that during the formation of scale, albeit at lower
temperatures, at the commencement of the oxidation
process, noticeably less carbon is oxidized than would
be expected with a uniform oxidation of iron and
carbon, has already been noted elsewhere (7). The
validity of this mechanism with regard to the problem
discussed should be proved by further experiments.

2. Testing Methods

The aim of the investigation was to try to find out
the origin of the carbon that carburized the surface of
the oxy-acetylene cut and to elucidate the possible
mechanisms involved.

The method employed was to cut a piece of steel
treated with radio-active carbon-14. The steel was
designed to have the same properties as the common
ship-building steels SIS 1411. The steel for the ex-
periment was made at the Swedish Institute for Metal
Research, Stockholm, by melting together the pure
constituent elements in a high-frequency furnace. The
composition of the steel was :

0.15 % C 0.04 % P
0.25 % Si 003 % S
0.70 % Mn

To this was added 0.5 mC radio-active carbon
equivalent to 6 milligramms of carbon. The weight
of the total charge could not be made larger than 300
grams due to the risk of contaminating the furnace.

When the different ingredients had melted together,
they were poured into a casting with the dimensions
20 X 30 x 70 mm. (fig. 1). The casting was then
treated in a rolling mill at the Swedish Institute for
Working of Metals, KTH, Stockholm. It was rolled
four times and was reduced to a thickness of 4.8 mm.
After rolling, one side of the steel plate was ground
free from mill scale and straightened. The steel plate
then was cut in a hand-cutting machine, being kept,
during this operation, inside a box of perspexglass.
The box was filled with argon gas at 2 atmos pressure in
order to eliminate the influence of CO, from the air
in the room and its possible participation in the chemi-
cal reactions when the steel was being cut.

The cut was made with the AGA nozzle JMN-00,
under acetylene pressure of 1.1 atmos and oxygen
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Fig. 1.

pressure of 4 atmos. The speed of cutting was ap-
proximately 600mm;/min.

When the cut was completed, two pieces were
taken out and prepared for microscopic studies. Piece
No. 1 was cut out perpendicularly to the kerf and
piece No. 2 was cut out at an angle of 10 degrees to the
kerf (fig. 3).

Afterwards, the two pieces were polished and placed
on top of very fine grained film. The radiation from
the carbon-14 isotope exposes the film. To get the
films sufficiently exposed, they had to be subjected
to an exposure time of three weeks. If a coarse-grained
X-ray film had been used, an exposure time of 12 to
18 hours would have been enough. The use of a very
fine-grained film allowed the image to be studied micro-
scopically after exposure.

3. Results
3.1.  Autoradiography

Figures 5 and 6 clearly show a carbon concentra-
tion at the surface of the cut. This indicates that the
carburized edge contains carbon which comes from the
steel itself and not from the acetylene.

When studying in the microscope the film exposed
to radio-activity, it was not possible to observe a zone
behind the carburized edge which was lighter than the
original material. This indicates that there was no
carbon diffusion from central regions to the areas at
the edge of the plate. The carbon must have come
from the material that was burnt off in the kerf (see
fig. 7).
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Fig. 2. Picture taken just after the cutting operation
was completed.

Fig 5 also shows that the carbon concentration
increases towards the bottom of the cut, which was also
observed by Miller in 1925.

The picture further reveals that there was no carbon
migration at the very top of the kerf. In fact, when
comparing the autoradiographic picture and a metallo-
graphic picture, it is found that a small area near the
top is missing on the autoradiographic picture. This
indicates that the area has been decarburized and this
is confirmed when the microstructure is studied (Fig. 12).
This decarburization is probably caused by the acety-
lene flame, as it is a known phenomenon that an open
flame decarburizes a steel surface. The decarburiza-
tion of the cut steel plate is also disclosed by the light
bands across the piece parallel with the cut (Fig.4).
From the autoradiographic picture it is easy to measure
the thickness of the carburized zone. It was here found
to be approximately 0.04 mm.
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Fig. 4. Autoradiographic picture on X ray film of steel
plate before and after the cut. Dark parts
show the exposure to radioactive carbon-14.
The light area at the bottom is mill scale which
the radiation could not penetrate. The expo-
sure time was 18 hrs. scale 1 ; 1.

3.2 Microstructure

The original microstructure of the steel plate,
(Fig. 8), consists of ferrite and pearlite in a typical
band structure. At a distance of 2 mm from the cut
surface the microstructure is influenced by the heat
from the cutting process and turns into a fine-grained
structure (Fig. 9), while at 0.5 mm from the cut surface

Fig. 5. Autoradiographic picture of piece No. 1 with the
cut surface on the right side.
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Fig. 6. Autoradiographic of piece No. 2 with the cut
surface on the left side.

the pearlite grains grow larger and have grain boundary
ferrite and Widmanstatten-ferrite (Fig. 10).

The very thin carburized layer on the cut surface,
approximately 0.04 mm thick, has a structure very
similar to 1009 pearlite (Fig. 10).

Here and there on the lower part of the kerf, a
layer of ledeburite approximately 0.015 mm thick
has been found on top of the 0.04 mm thick carburized
structure (Fig. 11).

The carbon content in the steel was analysed in a
carbon analyser type AVECARBON-100, made by
Avesta Jernverks AB, and was found to be 0.1419
C. From the gas cut surface, a small prism was cut
out. The area of the carburized surface on the prism
was 2 X 4.8 mm? = 9.6 mm? and the weight was

Fig. 7. Microphotograph of film exposed to radioactive
carbon in steel; from left to right original mate-
rial, carburized surface, unexposed film.
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Fig. 10,

0.12 gram. The carbon content in this piece was
0.176%, C. This tells us that the carbon concentration
in the narrow carburized zone is about 1.5%. This
method of estimating the carbon concentration is,
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Fig. 11.

however, not very accurate even though the carbon-
analyser is accurate to the third decimal. The carbon
content in the carburized edge was also analysed with
electron microprobe at the Swedish Institute for Metal
Research. This method indicated a carbon content
well over 2%. These figures were not expected, as
1009, pearlitic steel has a carbon concentration of

0.8%.
3.3. Hardness

The hardness of steel increases with increasing
carbon content and with the speed of cooling. The
carbon content on the gas cut surface increases pro-
portionally to the carbon content in the original
material. The speed of cooling depends on the speed
of cutting and the thickness of the steel. The major
part of the heat developed when the iron is oxidised
conducts through the steel. This implies that the
thicker the steel, the more rapid the cooling of the edge.

Fig. 12. Ferrite structure to the left due to the decar-
burization effect.
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Fig. 13.

A series of hardness measurements has been made
with a Reichert micro hardness using a load of 20
gram. The first series of measurements (Fig. 13)
was made in the upper part of the cut where the struc-
ture was ferritic on the edge (Fig. 12). The rise of
hardness 0.15 mm from the edge is perhaps a quench-
ing effect resulting from the heating flame.

The second series of hardness measurements
(Fig. 14) was made in the middle of the cut. The
diagram reveals that the hard structure has approxi-
mately the same thickness as the carburized layer,
which is logical having regard to the facts mentioned
above.

The unaffected original structure had an average
hardness of 218 MHYV and the martensite layer had a
hardness of 750-650 MHYV.

3.4, Carburizing mechanism and. discussion

The results obtained indicate that carbon originates
from the steel itself and from the material which is
destroyed during the cutting operation. It is also
observed that the concentration of carbon increases
towards the bottom of the kerf, where a very carbon-

MHV
ledeburite

500 peartlitic structure

005 010 0.15 020 mm
Fig. 14.
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Fig. 15. Standard free energy of formation of oxides
as a function of tempzrature.

rich drop is often found suspended. How is this car-
burized material produced ?

When steel is gas cut, not only carbon is enriched
in the cut surface but also nickel and copper (8, 9).
This is because the oxygen jet causes a selective oxida-
tion of the steel. The selective oxidation is explained
by Gibbs’ diagram of free energy of formation of
oxides as a function of temperature (Fig. 15). The
diagram shows that curves of Ni and Cu lie above the
curves 3/2 Fe+4-O, and 6 FeO+0,, which means that
iron is more easily oxidated than the other metals
mentioned above.

When the preheated iron is oxidated, FeO is found
in a liquid state (melting point 1420°C) due to the heat
liberated by the reaction. As carbon is insoluble in
liquid FeO, the carbon is forced into the iron behind
the FeO layer giving rise to the carbon concentration.
It is interesting to note that the transition zone between
the carburized material and the heat affected zone is
rather sharp. If the carbon had diffused into the steel
one would expect a transition zone with a slow reduc-
tion of the carbon concentration.

The sharp transition zone is explained by the fact
that a thin iron layer just behind the FeO layer also
becomes liquid (melting point 1535°C) owing to the
heat released by oxidation. The carbon diffuses easily
and quickly into the liquid iron but stops when it

INDIAN WELDING JOURNAL, JANUARY 1972

liquid Fe+C
liquid FeO

+—ledeburite

martensite
roostite

tempered
artensite

_j ——bainite
——pearlite

solid FeO
ferrite

This figure is.an attempt to describe the oxygen
cutting process. The oxygen jet oxidises the
preheated. iron forming different iron oxides in
a liquid state. Most of the oxides are blown
away by the jet action, thereby forming a cut.
But on the sides of kerf there is always a thin
layer of oxides which after solidification falls off
by itself, while the layer of liquid iron and
carbon solidifies ; layers (0.015 mm) of lede-
burite are formed in the lower parts of the kerf.

reaches the solid steel. This means that the carburized
edge is mainly formed in a narrow band of liquid iron.
This also explains why we often get carbon-rich drops
at the bottom of the kerf (Fig.5). Part of the liquid
Fe+4C is transported down the kerf by the jet action
of the oxygen, giving the cut surface an increasing
carbon content with the depth. This is also the reason
why there is almost no carbon at the top of the kerf.

In Gibbs’ diagram (fig. 15) the carbon line crosses
the 1500°C line below the iron oxidation lines which
should indicate that the carbon should oxidise easier
than Fe. If this really is the case, a carburization
effect should not result. The explanation why the
carbon oxidation does not follow the Gibbs’ diagram
is that the carbon monoxide cannot nucleate. The
same occurs in a blast furnace where the CO is formed
only along the walls of the furnace where it can nu-
cleate, and not in the middle of the melt. An attempt
to explain the cutting operation is done in fig. 16.
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Fig. 17.

Because of the carbon concentration in the liquid
iron (~2% C) we get a structure which is very similar
to cast iron, and, in some places, ledeburite formed
when the carbon-rich liquid iron solidifies. The amount
of carbon on the edge is proportional to the carbon
content in the steel. In the specimen studied, there
was a carbon content of 0.15%; and there was more than
2% C on the cut surface. An amount of 4.39, was
found in the ledeburite spots in the lower part of the
cut, probably due to the higher carbon content men-
tioned above.

If steel with a higher carbon content is cut, it is
possible to get a ledeburite structure (9) which indicates
that the cut surface has more than 4.39] carbon.

The steel piece in this investigation containing
radioactive carbon was a small, only 5 mm thick, plate.
When cutting this piece, the cooling conditions are
not the same as when cutting a thicker piece. There-
fore, the micro-structure of the gas cut edge varies
with different thicknesses. Fig. 17 shows the micro-
structure in a plate 18 mm thick with approximately
the same analysis as the radioactive steel plate.

The microstructure also strongly depends on the
analysis of the steel. Fig. 18 shows the microstructure
of a St-52-3 steel which is very different from the earlier
mentioned steel. St-52-3 has the following analysis : 0.18
C, 0.47 Si, 1.40 Mn, 0.01 Cr, 0.02 Ni, 0.025 Nb, 0.008 Al.

Research is now being carried out at the Depart-
ment of Welding Technology, Royal Institute of
Technology, Stockholm, on the practical effects of
the gas cutting of steel surfaces.
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