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Abstract
In production it is necessary to achieve conditions that 
lead to the minimum decarburization of a steel prod-
uct’s surfaces. In this study, the hypo-eutectoid carbon 
steel C45 was annealed in air in the temperature range 
Ta = 600–1100 °C. The annealing times were between 
ta = ½ h and ta = 2 h. Different decarburizations oc-
curred in different microstructures: ferrite–pearlite 
(Ta = 600 °C and 700 °C, Ta < AC1, no visible decarburiza-
tion); ferrite–austenite (Ta = 760 °C, AC1 < Ta < AC3, vis-
ible decarburization); austenite at the beginning, fer-
rite–austenite after the incubation period (Ta = 850 °C, 
AC3 < Ta < 912 °C, visible decarburization); and austenite 
(Ta = 950 °C and 1100 °C, Ta > 912 °C, visible decarburi-
zation and overheating of steel). The edges were more 
prone to decarburization and to overheating. Stress re-
lieving, normalizing and annealing before quenching of 
the steel C45 can be carried out in air.

Key words: annealing, hypo-eutectoid steel, air, oxida-
tion, decarburization
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Povzetek
Tehnološko je nujno potrebno dosegati pogoje, ki vo-
dijo k minimalnemu razogljičenju površin jeklenega 
izdelka. V tej študiji smo podevtektoidno ogljikovo je-
klo C45 žarili na zraku, v temperaturnem območju od 
Ta = 600 do 1100 ° C. Čas žarjenja ta je bil med ½ ure 
in 2 urama. Različne stopnje razogljičenja so nastajale 
v različnih mikrostrukturah: ferit-perlit (Ta = 600 ° C in 
700 ° C, Ta < AC1, brez vidnega razogljičenja); ferit-av-
stenit (Ta = 760 ° C, AC1 < Ta < AC3, vidno razogljičenje); 
avstenit na začetku, ferit-avstenit po inkubacijski dobi 
(Ta = 850 ° C, AC3 < Ta <912 ° C, vidno razogljičenje); in 
v avstenitu (Ta = 950 ° C in 1100 ° C, Ta > 912 ° C, vidno 
razogljičenje in pregretje jekla). Robovi so bili bolj na-
gnjeni k razogljičenju in   pregretju. Žarjenje za odpra-
vo napetosti, normalizacijo in žarjenje pred kaljenjem 
jekla C45 lahko glede na izsledke te študije izvajamo 
na zraku.

Ključne besede: žarjenje, podevtektoidno jeklo, zrak, 
oksidacija, razogljičenje
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the metal [1, 3–7]. There are many factors that 
affect the kinetics of decarburization [3–6]: the 
type of atmosphere and its flux, the time and 
temperature of the annealing, the proportion of 
carbon and other alloying elements in the steel, 
the condition of the surface (ground without 
scale, with scale), the microstructure of steel on 
the annealing temperature and the shape of the 
steel product (edges, notches, thin jutting parts 
and similar). Strong decarburization occurs in 
the vicinity of the rolled-in scale and in the vi-
cinity of the cracks that were already present 
prior to the annealing [1,2,6,8].
Depending on the conditions of annealing, 
decarburization can occur in three forms: as 
a ferrite surface layer (total decarburization), 
as a surface layer with a higher ferrite content 
than the non-decarburized parts (partial decar-
burization; here the content of ferrite gradu-
ally reduces with distance from the surface, to 
the point where the ferrite content is equal to 
that in the non-carburized parts) and as a com-
bination of those two with ferrite surface lay-
er and a partially decarburized layer below it 
[1–9]. A clearly visible partial decarburization 
with a higher ferrite content is a characteristic 
of a microstructure that was ferritic–pearlit-
ic or pearlitic prior to annealing, while partial 
decarburization in quenched and tempered 
microstructures is not so clearly visible be-
cause of the needle-like microstructure [9,10]. 
A partially decarburized layer in sferoidize-an-
nealed hyper-eutectoid tool steels is visible as 
a lamellar pearlite [1,9]. Compared to a non-de-
carburized material, the decarburized layer has 
a lower hardness (lower wear resistance, easi-
er creation of surface damage and therefore the 
notch effect), a lower yield strength and tensile 
strength (possibility of surface-crack initiation 
because of overloading) and a lower fatigue 
strength (lower resistance to cyclic loading). In 
general, a fatigue crack will always be initiated 
in a ferrite surface layer [1,6]. It is known that 
in unfavourably oriented ferrite grains in (110) 
crystal planes even stresses that are lower than 
the yield strength can create conditions that 
make dislocation slips possible [11,12]. This 
means that a surface crack can initiate even 
when the surface is not damaged and at stress-
es that are acceptable for construction appli-
cations. All this being said, decarburization is 

Introduction

The oxidation and decarburization of the steel 
happen simultaneously during annealing in an 
oxidising atmosphere. Burning the carbon from 
the surface creates a difference in the carbon 
concentrations between the surface and the 
inner layers of the steel, leading to a constant 
diffusion of carbon from the inner layers to-
wards the surface. This results in an unwanted, 
either completely or partially decarburized lay-
er on the surface. In production it is necessary 
to achieve conditions that lead to the minimum 
decarburization of a steel product’s surfaces. 
This either involves measures that prevent car-
bon from burning or annealing conditions un-
der which the oxidation of steel is faster than 
the diffusion of carbon and therefore decarbu-
rization [1–3].
Decarburization is a process in which the car-
bon content in the surface of steel products 
decreases during the annealing when the steel 
is exposed to gases like O2, CO2, H2O and H2 at 
elevated temperatures [1–3]. The carbon on 
the surface of the steel reacts with these gases, 
producing CO and CO2 in an oxidizing atmo-
sphere, or CH4 in a hydrogen atmosphere. Be-
cause of these reactions the carbon is able to 
escape from the steel, creating a surface layer 
with a lower carbon content. Concurrently, at 
T > 570 °C in an oxidizing atmosphere iron gen-
erally oxidizes to form FeO. Decarburization oc-
curs when the chemical potential of the carbon 
in the atmosphere is lower than the equilibrium 
carbon potential that is needed to maintain the 
carbon content on the surface of the annealed 
steel. Decarburization is therefore a means of 
achieving the thermodynamic equilibrium be-
tween the steel and the atmosphere at the an-
nealing temperature. Since this is not possible, 
burning of carbon on the surface creates and 
maintains the concentration gradient of the 
carbon between the surface and the interior of 
the steel product. This creates the conditions 
for the permanent diffusion of carbon from the 
interior into the surface of the steel. Because of 
this, longer annealing times mean thicker de-
carburized layers. Therefore, decarburization 
is a result of simultaneous oxidation and diffu-
sion processes and is only visible when the dif-
fusion of carbon is faster than the oxidation of 
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usually considered as being a negative feature. 
Partial decarburization is, however, recom-
mended in products produced from quenched 
and tempered steel. In this case the partial de-
carburization is acceptable as it slightly reduc-
es the surface hardness and therefore increases 
the ductility and the resistance of the tempered 
martensite to brittle fracture [10]. In practice 
it is necessary to achieve conditions that result 
in the lowest possible decarburization of the 
surface, whether with procedures that prevent 
burning of the carbon on the surface or with 
conditions of annealing at which the oxida-
tion of steel is faster than the carbon diffusion. 
These kinds of conditions can also be achieved 
in the air, which is otherwise unfavourable for 
annealing, but is cost-free. 
This article combines theoretical analyses of 
oxidation with experimental results for the 
annealing of the hypo-eutectoid steel C45 
(EN 10027-1) with a ground surface at differ-
ent annealing temperatures and times in the air. 

Materials and Methods 

Research was conducted on non-alloyed, hy-
po-eutectoid carbon steel C45 with chemical 
composition as follows: C = 0.43, Si = 0.22, 
Mn = 0.61, P = 0.034, S = 0.014, Fe: balance, all 
in wt.%. The chemical composition was deter-
mined with an emission spectrometer. Steel’s 
transformation temperatures are AC1 = 735 °C 
and AC3 = 785 °C [13]. Suggested hot-work-
ing and heat-treatment temperatures are: 
forging at T = 850–1100 °C, normalization at 
T = 840–870 °C, quenching from T = 820–860 °C, 
tempering at T = 530–670 °C, and spheroidizing 
at T = 650–700 °C [2]. The microstructure of the 
steel prior to annealing was ferritic–pearlitic. 
Annealing took place in the ambient air (hu-
midity and consequently the effect of water 
vapour was neglected), which means in a gas 
mixture consisting of 78 vol.% N2, 21 vol.% O2 
and 1 vol.% of other gases. Annealing tempera-
tures (Ta = 600, 700, 760, 850, 950, 1100; in °C) 
and annealing times (ta = ½, 1, 2; in hours) were 
chosen congruently with the parameters for 
different types of annealing and hot working. 
From a metallurgical point of view this means 
decarburization in different microstructural 

states: ferrite–pearlite (Ta < AC1), ferrite–aus-
tenite (AC1 < Ta < AC3), firstly austenite and 
ferrite–austenite after the incubation period 
(AC3 < Ta < 912 °C ) and austenite (Ta > 912 °C).
Samples were cut from a rod with a circular di-
ameter D = 135 mm. They were in a cubic shape 
with average dimensions 40 × 30 × 17 mm and 
mass m = 160 g ± 20 g. Prior to annealing, the 
masses of all the samples were measured and 
they were put into groups in a way so that the 
differences between the masses of all three 
samples that were annealed at the same tem-
perature at different times were within 5 grams 
of each other. The surfaces of the samples were 
ground with SiC paper #80 prior to the anneal-
ing to obtain a light metallic surface and thus 
were without any traces of oxides.
Each sample was annealed in a CARBOLITE lab-
oratory electrical resistance furnace with a vol-
ume of 22 dm3 with a static air atmosphere. 
The furnace has a programmer that allows it 
to set the temperature and annealing time as 
well as the heating rate to the annealing tem-
perature. As the atmosphere heats faster than 
the sample, these temperatures were also con-
trolled using a certified ALMEMO 2590-9 con-
tact thermocouple, which was inserted into 
the furnace from a hole in the ceiling and was 
in contact with the sample from the side. Each 
sample was put in exactly the same place in 
the furnace (on a fireproof brick in the centre 
of the furnace). Before they were put in place, 
both the furnace and fireproof brick were heat-
ed to and stabilized at the annealing tempera-
ture. This guaranteed the same conditions and 
as fast as possible heating of each sample to 
its annealing temperature. The annealing time 
was being measured from the point when the 
sample or the control thermometer achieved 
a temperature of T = Ta – 0.5 °C. During the 
process the temperature changed in the range 
Ta – 1°C ≤ T ≤ Ta + 3 °C. After the annealing 
the samples were cooled out of the furnace in 
the air.
The decarburization depth was researched 
with optical microscopy. With this method it is 
possible to assess the totally decarburized lay-
er (ferrite) and the partially decarburized one 
(higher content of ferrite than in non-decarbu-
rized steel) in the ferritic–pearlitic microstruc-
ture. Metallographic samples were wet-ground 
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with a SiC paper up to #4000, polished with 
a ¼ μm diamond paste and etched with 3% 
HNO3 in ethanol. Decarburization was assessed 
on the surfaces and edges (cutting area through 
the middle of the sample on a longer side) that 
were in contact with the air atmosphere (up-
per surface and sides). The depth of the visible 
decarburization was measured in two ways so 
that the results were sure to be correct. Firstly, 
a conventional approach on a microscope with 
a measuring ocular was used (because of the 
different magnifications, the length between 
two lines was measured with a micrometre 
plate), and secondly a computer version of this 
method was employed.
The surface of samples was ground prior to the 
annealing, so the effect of the scale on the kinet-
ics of decarburization was nullified. It is a well-
known fact that a preliminary scale increases 
the intensity of decarburization [9].

Results and discussion

Surface oxidation
It is well known that a high temperature and 
longer annealing times caused a higher degree 
of surface oxidation. Although the oxidation 
process of iron and the composition of oxide 
layer at temperature range from T = 570 do 
700 °C are different as at T > 700 °C [14], based 
on the Fe-O phase diagram is generally accept-
ed that during steady-state annealing in air the 
oxide layer at T > 570 °C is composed from three 
layers. At temperatures T > 700 °C, the compo-
sition is, regardless of its depth, approximately 
95% FeO, 4% Fe3O4 and 1% Fe2O3 [6,11,14,15]. 
The formation of different oxides in scale can be 
simplified according to the following chemical 
reactions [2,16]:

2Fe + 3/2 O2 = Fe2O3 (a),

3Fe + 2 O2 = Fe3O4 (b),

Fe + 1/2 O2 = FeO (c).

In our case most of the scale shattered and 
fell off the surface during the manipulation of 
the samples. Therefore, we were unable to ac-
curately measure the thickness of the scales 

(we could only measure parts of scale on the 
samples that were annealed at Ta = 1100 °C 
and ta = 2 h, whose thickness was more than 
1.0 mm). Despite the fact that the oxidation 
of carbon steels is slower than the oxidation 
of iron [14], we assumed and simplified that 
oxidation of the carbon steel C45 is similar to 
the oxidation of iron, since the C45 steel con-
tains a very small amount of alloying elements. 
Generally, at temperatures T > 570 °C iron and 
carbon steel oxidation follows a parabolic law 
[14,16] (in [15] it is stated that this occurs at 
T = 700–1000 °C). The thickness of the scale dox 
that formed on the surface of the steel C45 was 
therefore calculated with an equation for iron 
oxidation [6,15]:

𝑑𝑑𝑜𝑜𝑜𝑜 = √6 ⋅ 𝑡𝑡 ⋅ 𝑒𝑒
−20392

𝑇𝑇  , (cm) (1),

where t is time (s) and T is the absolute an-
nealing temperature (K). Table 1 shows cal-
culated values of the scale that forms during 
the annealing of the hypo-eutectoid, non-al-
loyed steel C45 in air under our experimental 
annealing conditions. A comparison between 
our data and the experimental data for the 
oxidation of steel 55SiCr with 1.51 wt.% Si 
and 0.70 wt.% Cr shows that the steel 55SiCr 
oxidizes more slowly [5] [(a) Ta = 750 °C, 
ta = 1 h → steel 55SiCr: dox = 30 μm, equation 
1: dox = 69 μm; (b) Ta = 1100 °C, ta = 1 h → steel 
55SiCr: dox = 530 μm, equation 1: dox = 875 μm; 
(c) Ta = 1100 °C, ta = 2 h → steel 55SiCr: dox = no 

Table 1. Calculated scale thickness on the surface of C45 steel 
after annealing in the air.

Annealing time t (s):

1800 3600 7200
Temperature 

T (°C) Scale thickness dox (μm)

600 9 12 18

700 29 41 58

760 54 76 107

850 118 168 237

950 249 352 498

1100 619 875 1238
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data, equation 1: dox = 1238 μm], which is a re-
sult of the higher silicon content and the added 
chromium. Taking into account our approxi-
mate scale thickness measures after annealing 
at Ta = 1100 °C and ta = 2 h, we concluded that 
equation (1) adequately describes the oxida-
tion of non-alloyed steel C45 during the anneal-
ing in air.

Surface decarburization
During the annealing of steel at scale/steel in-
terface a gas mixture of (CO + CO2) forms in the 
air by the reactions between carbon from steel 
and oxygen from air. However, simultaneously 
the carbon from the steel reacts also with pre-
viously formed CO2 according to Boudouard re-
action [2]:

2C + O2 = 2CO (d),

C + O2 = CO2 (e),

C + CO2 = 2CO (f).

The stability of CO increases with higher tem-
perature; at pressure p = 1 atm, e.g. the ra-
tio CO/CO2 = 1 is achieved in a gas mixture at 
T ≈ 675 °C, while the ratio CO/CO2 = 4 is achieved 
at T ≈ 750 °C [2]. Hence, with increasing tem-
perature the reactions (d) and (f) prevail.  
Decarburization only occurs if newly created 
gases are able to escape from the steel/scale 
boundary into the atmosphere. This means that 
the scale has to be permeable to these gases. 
The scale is permeable because of cracking and 
porosity. Non-porous scale becomes perme-
able above the critical thickness dox ≈ 50 μm, 
when the tendency for cracking and peeling of 
the scale from the steel’s surface occurs [11]. 
Scale with an overcritical thickness will crack 
because of combination of different phenome-
na: growing tensile stresses in wüstite (those 
generated due to local changes in composition 
of FeO), reduction of plastic deformation ability 
of scale to conform the steel surface and suffi-
ciently high pressure of carbon oxides (those 
created during decarburisation) in space be-
tween the scale and the steel. So, in the early 
stage of oxidation, the process of decarburiza-
tion is suppressed. But when gaseous carbon 
oxides are free to escape into the atmosphere, 

the processes of oxidation and decarburiza-
tion will happen simultaneously. Decarburiza-
tion causes the chemical composition and the 
microstructure of the affected layer of steel to 
change during the annealing. 
For non-alloyed steels the process can be the-
oretically described with the left part of the 
Fe–Fe3C phase diagram, which in the case of our 
steel with C = 0.43 wt.% is shown in Figure 1, 
together with all the annealing temperatures. 
It is not necessary that all the microstructural 
changes will be seen. Visible decarburization 
actually occurs only when the decarburization 
and carbon diffusion in the steel are faster than 
the oxidation of the steel’s surface. 
The state of the flat surfaces after the annealing 
under different annealing conditions in the air 
is shown in Figure 2 and the state of the edges 
of the same samples is shown in Figure 3 (only 
the cases where states are different than those 
on the flat surfaces are shown). Neither the flat 
surfaces nor the edges show any signs of visible 
decarburization during annealing at Ta ≤ 700 °C 

Figure 1: Microstructural changes for steel with C = 0.43 wt.% 
due to decarburization (schematically).
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Figure 2: Microstructural state of the flat surfaces of the steel C45 after annealing in air.
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and ta ≤ 2 h, which is in agreement with the 
data of other researchers [4,5]. It appears that 
the annealing time is too short, as according to 
some data and for a visible decarburization at 
Ta = 700 °C, the annealing times have to be up 
to ta = 32 h [5,17]. It seems that under these 
annealing conditions the speed of decarburi-
zation is slower than the speed of oxidation, 
which is a consequence of the carbon being 
bound in the Fe3C. Furthermore, it seems that 
the scale (thickness calculated at dox = 58 μm af-
ter the annealing at Ta = 700 °C and ta = 2 h) is 
still compact enough to make it impermeable to 
gases, which means that decarburization does 
not begin.
The microstructure of steel during the anneal-
ing at temperatures Ta = 760 °C (AC1 < Ta < AC3) is 
austenitic–ferritic all the time, which is proven 
by the larger untransformed ferritic grains in 
the fine-grained ferritic-perlitic microstructure. 
Based on Figure 1 the surface becomes purely 
ferritic after a certain time. This was also prov-
en with our results. After annealing for ta = ½ h 
the flat surface and the edges did not become 
decarburized (there is only one local decarbu-
rized area on the flat surface, which does not 

affect the surface properties and could be mis-
taken for untransformed ferrite). Oxidation of 
the surface in the first half an hour of annealing 
is obviously faster than the decarburization, 
while the scale is thin and compact (calculated 
thickness of the scale is dox = 54 μm). The decar-
burized ferritic layer is clearly visible after an-
nealing for ta = 1 h (calculated thickness of scale 
is dox = 76 μm, so it already cracks and is per-
meable to gases), but there are also still parts 
of the surface without visible decarburization. 
After annealing for ta ≤ 1 h the edges did not be-
come decarburized, which means that the edg-
es also experienced only local decarburization. 
It seems that the factors which control the de-
carburization process under these conditions 
are local segregations in the steel and different 
oxidation speeds in different surface areas (de-
carburization on the edges should be more vis-
ible since the oxidation there is slower [18]; but 
on the other hand the slower oxidation on the 
edges means that the scale is still thin enough 
not to crack, which means it is still imperme-
able for gases, and therefore the edges were not 
decarburized). After annealing for ta = 2 h the 
decarburized layer is continuous, regardless of 

Figure 3: Microstructural state of the edges of the steel C45 after annealing in air.
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surface type, which shows that the oxidation is 
slower than the decarburization under these 
conditions. The calculated value of the scale’s 
thickness is dox = 107 μm, which means that it 
is permeable to gases. The visible surface fer-
ritic layer of the surface already forming during 
the annealing in the ferritic–austenitic micro-
structure as a result of carbon concentrating in 
the austenite and carbon diffuses towards the 
surface through the ferritic layer, which conse-
quently caused the simultaneous transforma-
tion of austenite into ferrite. This ferrite there-
fore frontally grows into the austenite (the only 
part where the austenite can become depleted 
with carbon is on the inner boundary with the 
ferritic surface layer; this is because of the car-
bon diffusion towards the surface through the 
ferritic layer).
When annealing at Ta = 850 °C (AC3 < Ta < 912 °C) 
the steel has the austenite microstructure at the 
beginning. After some time the surface layer be-
comes purely ferritic, which is a consequence 
of the carbon reacting with an oxidative atmo-
sphere (the surface layer goes from the γ area 
through the α+γ area to the α area) as shown 
in Figure 1. After annealing for ta = ½ h there 
is a visible locally limited total and partial de-
carburization, after ta = 1 h the decarburization 
is not visible, while there is only visible partial 
decarburization of the surfaces and the edges 
after annealing for ta = 2 h (it seems that the ox-
idation is already too fast for a ferritic layer to 
form). The scale is certainly permeable to gases 
(the calculated value of the scale after annealing 
for ta = ½ h is dox = 118 μm). It seems that for the 
shortest times the speed of oxidation is slower 
than the speed of decarburization, while for the 
longest times the speed of oxidation of the flat 
surfaces is in general the same or higher than 
the speed of decarburization. Non-decarbu-
rized areas and locally decarburized areas are 
a consequence of segregations in the steel and 
different adherence of the scale on the steel’s 
surface. After cooling, even the edges show the 
ferritic–pearlitic microstructure consisting of 
fine grains, which means that under these con-
ditions there was still no overheating. While 
annealing at temperatures Ta = 950 °C and 
1100 °C (AC3 < Ta > 912 °C) the steel has an aus-
tenitic microstructure all the time. Due to de-
carburization the carbon concentration in the 

austenite (based on Figure 1) increases from 
the decarburized surface towards the interior 
of the sample in accordance with Fick’s second 
law. After cooling the austenite transforms into 
ferrite and pearlite. At annealing temperatures 
and times of Ta = 950 °C and ta = ½ h there is 
some local decarburization on the flat surfaces. 
For practical uses this level of decarburization 
is negligible. This, however, does not mean that 
there is no decarburization going on. Based on 
calculations the oxide layer is dox = 83 μm even 
after just 3 minutes of annealing, which means 
it quickly becomes permeable to gases. It seems 
that the speed of oxidation is the same or fast-
er than the speed of the decarburization. Even 
when annealing for longer times flat surfaces 
will show only local decarburization, while the 
edges are already highly decarburized. It is, 
however, possible to find areas with the surface 
ferritic layer.
Another feature seen on the edges is overheat-
ing. This is proven by nests of pearlite grains 
and a Widmanstätten microstructure. It seems 
that annealing temperatures of Ta = 950 °C are 
already high enough for some austenite grains 
in non-alloyed steel to grow. This is also men-
tioned and shown in [1]. After annealing at 
Ta = 1100 °C the surface layer becomes highly 
decarburized, regardless of the annealing time. 
The same happens with the microstructure, 
which, regardless of the annealing time, con-
sists of a purely ferritic layer on the surface 
and a Widmanstätten microstructure below. At 
this temperature it becomes clear that the dif-
fusion of carbon on the austenite grain bound-
aries is of much higher magnitudes (because of 
the decarburized austenitic grain boundaries 
there will be polygonal ferrite present at these 
boundaries after cooling; Widmanstätten fer-
rite grows from this polygonal ferrite into the 
interior of the pearlitic grains) and that the 
decarburization speed is much higher than the 
rate of oxidation. 
The edges are therefore more prone to decar-
burization than the flat surfaces, while they are 
also a critical area for overheating. In steel C45 
at temperatures Ta ≥ 950 °C this is responsible 
for a locally or globally present coarse-grain 
austenitic microstructure, which is shown 
by nests of pearlitic grains (Figure 3). This is 
certainly a consequence of locally converg-
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ing surfaces (edges are subjected to annealing 
temperatures for longer times than the flat sur-
faces) and different conditions for oxidation (it 
is usually of lower intensity than on the flat sur-
faces [18]). The conclusion is that different geo-
metrical features affect the process of decarbu-
rization under the same annealing conditions. 
The measured maximum depths of the decar-
burization are shown graphically in Figure 4. 
Our results are in accordance with the findings 
[8,16] that decarburization follows a parabol-
ic law like the oxidation. For the decarburiza-
tion at Ta = 850 °C two curves are plotted. The 
dashed line shows the generally well-known 
parabolic shape of the decarburization, while 
the full line represents the real state of the 
decarburization obtained from the measure-
ments. The results show that at this tempera-
ture the shorter time of annealing in the air is 
more critical than a longer time (on the surface 
a fully decarburized ferritic layer forms after 
annealing for ta = ½ h, while the ferritic surface 
layer is not visible when annealed for longer 
times). 
There is a time interval of annealing in the air 
when visible decarburization does not exist. 

This is undoubtedly related to the oxidation 
rate of the surface, which is also confirmed 
by the results in [19,20]. In this case the de-
carburization of the steel was studied in an 
atmosphere consisting of N2 and 4 vol.% nat-
ural gas in which a different amount of air was 
added. Under the following annealing condi-
tions (Ta = 850 °C in ta = 2 h and the content 
of air is less than 8 vol. %) the decarburization 
increases. However, when more than 8 vol. % 
of air was added a significant difference in the 
decarburization depths was found (the curve in 
the Figure 4 [20] is dashed and describes a the-
oretical process of decarburization), which is 
explained by surface oxidation. The oxidation 
and various impact factors (the chemical com-
position of the steel, the volume of the furnace 
chamber, different types of chamber furnace, 
i.e., with or without a fan, the ratio between the 
volume of the chamber and the sample, the air 
flux in the furnace, the air’s humidity) are cer-
tainly a reason for the huge deviations in the 
decarburization depth measurements found in 
the literature. The effect of the humidity of the 
non-air atmospheres is known (if the humidi-
ty is higher, then the dew point is also higher, 

Figure 4: Maximum depth of visible decarburized layer ddec of steel C45 after annealing in air.
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the carbon potential of the atmosphere is lower 
and the decarburization is stronger [20]). How-
ever, according to known facts (due to water 
vapour in air the adherence of the scale to the 
steel surface is better and thus, the oxidation 
rate is higher [14]; the oxidation rate of steel is 
two to three times higher in air supersaturat-
ed with moisture [21]) the visual decarburiza-
tion in the wet air is supposed to be decreased 
in comparison to the dry air (the effect of the 
humidity might be important only in a certain 
temperature range).

Conclusions

In this research the decarburization of normal-
ized, non-alloyed, hypo-eutectoid carbon steel 
C45 annealed in an air atmosphere was investi-
gated. Based on the results it can be concluded:

• The rates of decarburization and oxida-
tion for the surface increase with higher 
temperatures and longer annealing times. 
Compared to the flat surfaces, the edges 
had a higher degree of decarburization, 
in general. There was no visible decar-
burization of the surface of the C45 steel 
under some annealing conditions. These 
are: Ta ≤ 700 °C for ta ≤ 2 h, Ta = 760 °C 
for ta = 1/2 h and Ta = 850 °C for ta = 1 h. 
The rate of oxidation of the surface under 
these annealing conditions is higher than 
the rate of its decarburization. This means 
that stress relieving, normalizing and an-
nealing for quenching can be carried out 
in air.

• Locally limited decarburization of the sur-
face was discovered when annealing at 
Ta = 760 °C for ½ h < ta < 1 h, Ta = 850 °C 
for ta = ½ h and 2 h and Ta ≤ 950 °C for 
½ h < ta ≤ 2 h. The speeds of oxidation 
and decarburization are approximately 
the same under these conditions, which 
means that one of the possible reason for 
locally decarburization is a consequence 
of segregations. This increases the activity 
of carbon in those areas (because silicon 
does not segregate a lot, the only other op-
tion in C45 steel is that these segregations 
have a lower manganese concentration 
than the rest of the steel). The occurrence 

of locally decarburized areas is time de-
pendent until the global decarburization 
happened (in our case this happened at 
Ta = 760 °C, ta = 2 h and Ta = 1100 °C). A sec-
ond, probably more possible reason for 
local decarburization could be a different 
adhesion of the scale to different parts of 
the steel’s surface and local cracking of the 
scale. Under these annealing conditions it 
is necessary to introduce measures to pre-
vent the oxidation and decarburization 
(for example, annealing in a protective at-
mosphere).

• Highest rates of decarburization occur 
during high-temperature annealing where 
the coarse austenite crystal grains also 
occur due to overheating. Those grown 
austenite grains lead to a coarse Widman-
stätten ferritic–pearlitic microstructure 
at room temperature. When annealed at 
Ta = 950 °C for ½ ≤ ta ≤ 2 h, the areas that 
were most prone to overheating and de-
carburization were the edges. Other sur-
faces became prone to those when being 
annealed at Ta = 1100 °C for ta ≥ ½ h. Under 
these annealing conditions it is necessary 
to introduce measures for the prevention 
of oxidation and decarburization.
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