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ABSTRACT

The subject of this thesis is the calculation and analysis of the thermodynamic data and kinetic simulations
in ductile cast iron Fe-3.4wt%C-4wt%Si-1wt%Nb-(0-4) wt%Al in order to study and predict the surface’s
final form and properties. The goal of the nitriding heat treatment is to enhance surface hardness, fatigue
strength, wear and corrosion resistance, improving efficiency and longevity of cast iron components used
in demanding conditions. THERMOCALC software is used to calculate phase diagrams, phase fractions
and ferritic phase compositions for the cast iron, for different Al contents. It is observed that the suspension
of Si3N4 phase leads to the formation of y’-nitrides for lower nitrogen percentages, as well as the formation
of e-nitrides in higher amounts. The addition of aluminum introduces kappa phase rich in Al and increases
the Nwt% ranges that v’ is formed. Afterwards, based on the thermodynamic data, kinetic simulations for
a small region at the beginning of the surface’s diffusion zone are performed, using DICTRA software. The
effect of nitrogen activity, nitriding temperature and Si content on the nitrogen diffusion, y’-nitride
formation and region distance penetration is examined at different times. For activity value 100, the
simulation results exhibit numerical instabilities, however with the increase of the activity to 1000 those
results are more stable and gradual, resulting in deeper insertion of N and y’ into the region. Even bigger
activity increase to 3000 results in diffusion of higher nitrogen percentages, and creation of thicker nitride
layer. Next, the simulation of a 10°C nitriding temperature increase results in more stable calculations for
lower nitrogen activity, decrease of y’-nitride formation at the same distance for medium activity, as well
as the formation of thicker nitride layer deeper into the diffusion zone, however not as rich in y’-nitrides.

This thesis contributes to the understanding of the thermodynamic and kinetic processes involved in ferritic

ductile cast iron nitriding, providing valuable insights for industrial applications where enhanced surface
hardness and durability are essential. Some of these applications are engine components like crankshafts,
gears, valve stems, transmission systems in the automotive industry, steam and gas turbines for power
generation, pipelines, valves, connectors and fitting in the oil and gas industry and finally, mining and
construction equipment for heavy machinery, all requiring resistance to withstand abrasive environments.

(8]

Institutional Repository - Library & Information Centre - University of Thessaly
03/09/2026 23:21:04 EEST - 216.73.216.250



CHAPTER 1: Introduction

1.1 Ductile Cast Irons

Ductile cast iron is a commonly used metal substance that contains 3.0-4.0wt% of carbon component. Due
to its properties, this material is often highly preferred in industrial production and has many applications
in various industries. Characterized by high strength and durability, ductile cast iron is often the optimal
choice in engine component manufacture, while its great fatigue strength, wear performance and corrosion
resistance make it suitable for production of water pipes, valves and connecting rods used in demanding
conditions, such as saltwater, humidity or chemical exposure, for an extended period of time. This type of
cast iron is distinguished by its microstructure, containing spheroidal nodules of graphite evenly distributed
through the ferrous matrix in such a way, that those nodules work as obstacles against crack propagation
leading to fracture, while at the same time making the material able to withstand significant elongation and
plastic deformation. Ductility is considered to be this material’s most important advantage and sets it apart
from other types of cast iron, providing it with great malleability in production processing, as well as an
impressive lifespan. Ductile cast iron is also widely referred as nodular or spheroidal graphite iron due to
its uniform microstructure which can have a ferritic, pearlitic, bainitic or martensitic matrix depending on
factors such as alloy composition, heat treatment and cooling process. Best ductility is evident in irons of
ferritic matrix structure since the ferritic phase exhibits more stability up to 600 °C [1].

There are various cases that require the use of cast iron components in high temperatures. In exhaust
manifolds of internal combustion engines in the automotive industry, the temperature can rise up to 1000°C
due to hot exhaust gas flow. This can lead to material oxidation after continuous use as well as mechanical
and thermal wear due to stresses. It is therefore very important to use a material that has the ability to
withstand these kinds of conditions while at the same time have a low cost in order to be used frequently in
the production industry.

In order to successfully create the desired surface texture characterized by hardness, durability and wear
resistance, the heat-treating process of nitriding is widely used in industrial settings. Nitriding takes place
inside furnaces consisting of a nitriding medium of ammonia (NH3) which can be in the form of gas, sallt,
or plasma. During the treatment occurs the diffusion of nitrogen atoms inside the cast iron’s lattice, forming
two surface layers, the Compound Layer and the Diffusion Zone. At the end of the process, surface hardness
and resistance are attributed to these two zones. The final surface microstructure is affected by parameters
such as treatment duration, nitriding temperature, medium composition, as well as alloying elements’
contents.

(9]
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1.2 Thesis Subject

Due to the above, it is greatly important for the manufacturing industry to be able to use the nitriding process

in a controlled way in order to be led to specific, predictable results when it comes to material surface
texture and properties. Therefore, the goals of this thesis are:

72
0‘0

The understanding of the nitriding mechanism and process by gathering information from previous
experimental studies and papers.

Calculations of thermodynamic data, phase diagrams, phase fractions as well as compositions of

alloying elements inside the ferritic lattice of a ferritic ductile cast iron.

The study of the effect of aluminum (Al) addition to the alloying system.

The kinetic simulation of the nitriding process of the ferritic ductile cast iron at nitriding
temperature of 510°C, which leads to the ability to analyze and predict nitrogen concentration
caused by the diffusion, as well as the content of phases at the final microstructure.

[10]
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CHAPTER 2: Nitriding- Literature Review

2.1 Nitriding Process

Surface Engineering is a term used to describe the final stage of processing of a material in order to adjust
and enhance the microstructure and mechanical properties of its surface. Heat treatment constitutes one of
the most important types of surface engineering that provides hardening of the outer surface of a material
while maintaining its inner ductile properties. This type of materials is crucial in applications that require
strength, wear and friction resistance while also being durable and not easily fractured. The main idea of
thermochemical treatments is to enrich the material’s surface layer in one of the alloying elements through
the process of high temperature diffusion. The alloying elements that are most commonly increased in
amount are carbon [C] or/and nitrogen [N], and these treatments are known as carburizing, nitriding or
nitrocarburizing as the combination of the two. Nitriding can be applied to all types of steel and cast iron
without any restriction.

Nitriding industrial process can occur in various forms. The most commonly used base conditions are gas,
salt bath and plasma. A gaseous medium is oftentimes optimal, and is preferred in the industry, due to the
easily controlled and manipulated gas conditions and composition, as well as control of basic
thermodynamic parameters. Nitriding treatment is performed in specially designed annealing furnaces
containing NHj3 in gaseous form, where nitrogen is diffused into iron surface at a temperature ranging from
480-550°C. At these temperatures the microstructure of the iron consists of a-ferritic phase. The iron
material undergoes the nitriding process in the furnace for approximately 20-80 hours [2].

During nitriding, diffusion of N atoms occurs into the surface of the treated material, separating it into two
different zones. The Compound Layer, rich in hard Fe nitrides (y’, €), creating a strong, complex outer
surface that exhibits great anti-wear and anti-corrosion properties, as well as the ferritic-based Diffusion
Zone, that exists in greater depth of the surface, consists of dispersed N-phases and contributes greatly to
the materials high fatigue resistance and durability. The increased surface hardness of the material is
attributed to the following factors:

= The thick and detailed dispersion of small-sized nitrides.

= High dislocation density into the atomic lattice.

= Solid solution strengthening due to the high concentration of Nitrogen in interstitial positions within
the ferritic lattice.

= Presence of other alloying elements, such as Al, Cr, Nb, V that, through formation of their own hard
nitrides, offer added hardness to the surface.

[11]
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The following figure /Figure 2.1. 1] presents a schematic image of the structure of the 2 nitriding zones of
the nitrided material’s surface, in relation to the surface’s hardness.

diffusion layer

surface hardness

nitide precipitation

'
'
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L]
:
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workpiece 4
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Figure 2.1. I: Schematic of compound layer and diffusion zone structure and hardness

There was a study conducted by Kondakei and Solak at Istanbul’s Technical University [3] with the goal
of exploring the effect of microstructure on nitriding mechanism of cast iron. Figure 2.1. 2 shows the initial
microstructure of the 3 samples that were used for this research, as shown through SEM (Scanning Electron
Microscopy) examination. The compositions (wt%) of the samples were the following:

a) EN-GJS-500: Fe-3.65C-2.55Si-0.22Mn-0.05Mg-0.32Cu-0.01S
b) EN-GJV-450: Fe-3.76C-2.22Si-0.24Mn-0.0084Mg-0.82Cu-0.012S
c) EN-GJL-250: Fe-3.25C-2.56Si-0.56Mn-0.12Cu-0.054S

Figure 2.1. 2: SEM images of un-nitrided samples: (a) EN-GJS-500, (b) EN-GJV-450, (c) EN-GJL-250
13
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Firstly, the samples were machined and polished in order to create a smooth surface on which the final heat
treatment (nitriding) would take place. Afterwards the samples were placed in nitrogen atmosphere where
they got heated at rate 10°C/min, then the gas-nitriding process occurred at 525°C in ammonia environment
and finally the cast irons were cooled down inside the furnace. The examination after the end of the whole
process was made through X-ray mapping, and the results can be shown in Figure 2.1. 3, where the N
atoms diffused into the samples’ microstructure are visible and represented by red dots. These results offer
the following conclusions [4] concerning the effect of microstructure on nitriding process:

= There are 3 distinct paths that nitrogen atoms follow during their diffusion in cast iron surface.
They are inserted into the grains, they follow the grain boundaries, or graphite boundaries.

= The concentration of nitrogen appears higher along the grain boundaries and graphite particle
boundaries (great number of red dots), so it is assumed that these are the paths that the N atoms
mostly follow.

= It is therefore concluded that, along those primary paths, nitrogen diffusion has lower activation
energy than on the inside of the grains.

Figure 2.1. 3: X-ray mapping results of nitrided cast-iron samples. Red dots indicate nitrogen atoms: (a)
EN-GJS500, (b) EN-GJV-450, (c) EN-GJL-250 [3]

In a different study Du, Somers and Agren investigated the influence of the composition of gas mixture (N
and C activities) on the microstructural evolution and growth kinetics of the compound layer formed during
gaseous nitrocarburizing of iron and iron-carbon samples at 575°C. In each case that was examined it was
noticed that the first step in the development of the compound layer of the specimens’ surface was the
nucleation of cementite. The fact that ammonia NH; dissociates in a slow pace combined with the fast
reduction of CO by H» at the sample surface is what causes the cementite development prior to the
nucleation of a (carbo)nitride phase. The investigation of growth kinetics also revealed that compound
layers consisting of mostly one phase e-Fex(N, C) develop the fastest, while the formation and growth of
phase y’-Fe4(N, C) that occurs later at the interface of the compound layer and diffusion zone leads to
delayed kinetics development. The study resulted in the understanding that due to lack of thermodynamic
and kinetic data, as well as appropriate software for the simulation of phase transformations at a moving
interface of 2 different matrixes, the accurate modeling of compound layer growth kinetics in gaseous
nitrocarburizing of iron has yet to be achieved [5].

[13]
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During a study in two Universities of China, J-Q Sun et al examined gaseous nitriding of cast iron at lower
temperature. The nitriding process was applied to a specifically prepared catalytic surface. Surface catalysis
is a process used commonly in the industry in order to generate a more efficient surface reaction since it
helps the reluctant molecules activate faster and at lower temperatures. The compositions of the cast iron
samples that were used are shown in Table 2. 1.

Table 2. 1 : Composition of alloy cast ion.

Element C Si Mn Cu Cr B P S

Concentration (%) 2.8-3.2 1.6-2.0 0.7-1.0 0.8-1.2 0.25-04 0.03-0.05 0.15-0.25 <0.12

The samples were prepared for surface catalysis and then nitride at different temperatures (360 °C, 400 C,
450 °C, 480 °C for 10 h, and 500 °C for 4 h, respectively). The experimental results showed that ammonia
decomposition on the surface has a higher rate due to the catalytic activity and increases significantly in
relation to the temperature. At 400°C the rate was 5.0% and reached as high as 15.2% at 500-C. In
comparison to untreated samples, the iron specimens that underwent pretreatment exhibited decomposition
rate about 5 times higher, which can be shown in Figure 2.1. 4. The obvious result of this study was that
the presence of catalysts on the nitriding surface enhances ammonia decomposition, and the produced
nitrogen is efficiently absorbed even at lower temperatures [6].

16
I Unpretreatment sample

14 - B8 Pretreatment sample

Decomposition rates (%)

300 360 400 450 480 500
Nitriding temperature ('C)

Figure 2.1. 4: Comparison of NH3 decomposition rates for untreated and pretreated cast iron samples [6].
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2.2 Nitriding Mechanism- Diffusion Reaction

Gas nitriding is a heat treatment process that occurs in an atmosphere composed of a mixture of ammonia
(NHs) and hydrogen (Hz). It can take place on iron or steel surfaces with the goal to increase their durability
and hardness, as mentioned above. The general chemical reaction that occurs {1} is most likely the result
of 2 partial reactions {2} and {3}.

» NH; < [N]+(3/2) H, !
= (1/2)N2 < [N] {2}
= NH: o (1/2)N2 + (3/2)H, {3}

[N] represents the nitrogen atoms dissolved into the octahedral positions of the ferrite or the Fe-nitrides.
Reaction {3} represents the decomposition of NH; inside the gas mixture provided for the process, while
reaction {2} is related to the absorption of nitrogen into the solid ferritic surface during the diffusion. The
activity of an element exhibits its tendency to react with other elements or materials and greatly affects the
element’s diffusion in solid materials. Provided that local equilibrium occurs between the gas phase and the
solid solution of N on the ferritic surface, the activity of nitrogen can be calculated by the following equation

{4}

1

_ 1} PNH3 2(5

ay = K! }_3 Po @
G
Py

In the N activity equation, K1} is the equilibrium constant of reaction {1}, p (NHs, H,) are the partial
pressures of NH3 and H» gas that are assumed to be ideal and py is the reference pressure chosen at 1atm.
Assuming equilibrium, the activity of N that is dissolved can be given by the equation {5}. This parameter
is called nitriding potential [ry] [5].

[15]
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Figure 2.2. 1. The 3 stages of Nitriding Process

In Figure 2.2. 1, the 3 stages of the nitriding process are depicted in relation to time. The first step is the
material’s heating in gaseous nitrogen atmosphere, afterwards the nitriding treatment takes place at about
500-550°C in ammonia environment. The final step is the cool down process inside a furnace. It is important
to note that the total reaction is relatively slow, and the treated specimen could need to be retained inside
the furnace for lengthy amounts of time.

Therefore, the nitriding mechanism can be described by the following phases:

1. Ammonia transportation into the iron or steel surface through molecular diffusion.

2. The molecules get absorbed into the interstitial sites of the ferritic lattice and dissociate into atomic
nitrogen and hydrogen.

3. Nitrogen diffusion into the outer surface and formation of iron nitrides (Fe,N), vy’ and €.

4. Hydrogen, in the form of H> molecules, reacts with oxygen to generate water vapor, which is then
released into the furnace atmosphere.

5. Formation of the Compound Layer on the outer surface and the Diffusion Zone deeper into the
material.

In order to achieve a successful nitriding treatment, it is very important for the basic parameters that affect
the nitrogen diffusion process to be under control. Those basic influences are the furnace temperature, the
duration of treatment, the flow rate of the gas mixture inside the furnace along with the furnace
maintenance. Pre-treatments, preheating and texture of the specimen’s surface also play an important role
in the effectiveness of nitriding and the attainment of the desired final microstructure that leads to a
hardened, more durable and resistant iron or steel surface.

[16]
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2.3 Material under Examination

The material used for this thesis is a novel ductile cast iron with composition Fe- 3.4%C- 4%Si- 1%Nb and
(0-4) wt% Al. This cast iron was chosen to be studied in the search for new improved materials capable of
enduring thermal and mechanical stresses as well as being resistant to oxidation environments. Ferritic
alloys exhibit high thermal conductivity and low thermal expansion [7], are lower-cost than austenitic steels
and show great high-temperature strength. In order to satisfy industry demand, a study by Celik,
Haidemenopoulos et al was conducted with the goal to achieve the appropriate ferritic alloy design which
could replace the use of commercial ferritic ductile cast iron in cases of demanding conditions [8].The
chemical compositions of the cast alloys strongly influence the transformation temperatures and thermal
and mechanical properties of the material. For the enhancement of these properties, a higher 47 temperature
is desired. It is called the eutectoid temperature, it represents the lowest critical temperature in the iron-
carbon phase diagram, and it corresponds to the lowest temperature for stable austenite (y). In designing
the ductile cast iron alloys, a hypereutectic composition of carbon (C) and silicon (Si) should be used to
obtain a hypereutectic C equivalent (>4.7) for casting and solidification. This is utilized to accomplish high
graphite nodularity, high nodule count, as well as homogenous graphite distribution in the cast iron alloy
[9], Presence of Si achieves increase of Al temperature, as well as the addition of Al, Ti, Nb and W [10],
[11]. Tiand Nb addition enhance mechanical properties through the formation of carbides that remain stable
in higher temperatures [12], [13]. It is believed that these 2 alloying elements cause a transformation of
spheroidal graphite nodules spiral shaped [14], [15], [16]. On one hand this transformation improves
thermal conductivity [17] while on the other, the iron’s mechanical properties are somewhat negatively
affected [18], [19].

e Mechanicals properties are also enhanced by the addition of Mo, W and Cr of composition of up to
1wt%.

e Other than Al temperature increase, aluminum (Al) presence also offers the creation of an oxide
layer at elevated temperature that results in oxidative resistant ferritic cast iron [20].

[17]
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CHAPTER 3: Thermodynamic Calculations

3. THERMOCALC - Computational Tool

THERMOCALC is widely considered to be the best tool for calculations of thermodynamic data and phase
diagrams, especially for multi-component alloys. A large variety of databases is available for use, each
containing different groups of material, such as Steel/Fe-alloys, Ni-alloys, Cu-alloys and Al-alloys. This
powerful software has the capacity to compute stable, as well as metastable equilibrium of heterogenous
phases, phase diagrams, the percentage of phases in the system, phase compositions, thermodynamic
properties and phase transformation temperatures. It provides a great variety of information while studying
a material’s microstructure, being able to predict its final form in relation to specific variables and ultimately
compare it to experimental results if needed. The science of materials greatly benefits from the use of this
user-friendly software.

3.1 Phase Diagrams, Phase Fractions, Composition of a-phase

As the first step in the thermodynamical approach of the nitriding process, the phase diagrams of the specific
cast iron A80 {Fe- 3.4C- 4.0Si- 1Nb- 10N- (0-4%wt) Al} were calculated, in order to, determine the
material’s initial microstructure at the nitriding temperature (783K) and in relation to Nitrogen content. The
thermodynamic database TCFEI11: Steels/Fe Alloys of THERMOCALC was used for the calculations, all
phases were suspended and then only the expected phases were restored. Those phases were the following:

1. o -ferritic phase (BCC)

2. v- austenitic phase (FCC)
3. Liquid phase (L)

4. Cementite phase

5. Graphite phase (G)

6. FCC#2 or NbN phase

7. e-nitride / HCP phase

8. v’- nitride / FesN phase

9. AIN phase

10. Si3sN4 phase

11. k-carbide (KAPPA) / Al-rich carbide

[18]
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The vertical axis (y) of the diagram indicates the temperature in degrees Celsius, while the horizontal axis
(x) presents the N composition of the material from 0 to 13 wt.% (weight percent). The calculations were
performed under constant pressure of latm, as well as, constant composition of all other alloying elements,
gradually increasing the composition of Al by 1.0wt% in every calculation. Figure 3.1. I shows the phase
diagram of the cast iron without any aluminum content (0%Al) while Figure 3.1. 2, Figure 3.1. 3, Figure
3.1. 4, and Figure 3.1. 5 depict the corresponding isopleths of aluminum content 1wt%, 2wt%, 3wt% and
4wt% accordingly.
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Figure 3.1. I: Phase Diagram of cast iron A80 Fe- 3.4C- 4.0Si- 1.0Nb- 10.0N- (0Owt%) Al

[19]

Institutional Repository - Library & Information Centre - University of Thessaly
03/09/2026 23:21:04 EEST - 216.73.216.250



800

ALN +y + NBN + G + SI3Nd,
—) X
7501
TDU_f.L_N+tI+NbN
\
650 ALN + o f+y + Nl + G +SI3N4
o 600 N
[+]
B |I
® 550 ALN + NN +y' + G +€ +
- -
2
® 500
i
@D
2 450 |
£ ALM+ a + MbN +y' + G + FI3M4
@ = 7
F 4004 P
ALMN + NbMN+G + & +
350
300 LN + @ +NoN + G + SI3N4 \
250 \
200 T T T

5 6

7

8
Mass percent N

ALM

Temperature [°C

350+

300+

250+

+ad + MBoN +

ALM +a + N

N+ G+ SI3N4

ALN + NbN

N+a+MNoMN+y + G+

+ £ +SI3N4 |

V' +G

SRV

5 6 7

8
Mass percent N

Figure 3.1. 3: Phase Diagram Fe-3.4C-4.0Si-1.0Nb-10N- (2.0wt%) Al

[20]

Institutional Repository - Library & Information Centre - University of Thessaly

03/09/2026 23:21:04 EEST - 216.73.216.250



800

750

7007

550 7

| ".
ALN + o + NI + G +SI3M4 [ 1

Temperature [°C]
e Ju h (4] o
(o] (4] o on o
[ ] O L] [ ] L]

1 1 | | i

ALN + o +NDN I y' + G + 5I3N4
350

30070 ALN 4 0 + NON + G+ KAPPA

250

o1 2 3 4 5 6 7 8 9 10 11 12 13
A Mass percent N

T
\u \
7804 |I N
' k.
7004 | ALM +a +HoN +G |
II \\\
650 |

e ALN +y +

ALN + o +MNbN + G + SI3N4

Temperature [°C]

ALN +a +NbMN +y' +|G + SI3N
3501

300 | ALMN + a + NbMN HG + KAPPA

250

0 1 2 3 4 5 6 7 8 9 10 11 12 13
A Mass percent N

Figure 3.1. 5: Phase Diagram Fe-3.4C-4.0Si-1.0Nb-10N- (4wt%) Al

[21]

Institutional Repository - Library & Information Centre - University of Thessaly
03/09/2026 23:21:04 EEST - 216.73.216.250



It can be noted that with the addition of aluminum, k-carbide becomes gradually evident, which is a logical
outcome considering it is a phase rich in Al. It is also shown that at the specified nitriding temperature of
510-C (783Kelvin) the microstructure follows the same journey of formed phases along the x axis (N
composition) for all Al compositions calculated.

These phase diagrams offer us a way to correspond the distance (x) of the cast iron surface to the weight
percentage of N (0-13wt%). This will become useful during the nitriding process, in order to differentiate
the diffusion surface in 2 stages. The diffusion zone, consisting of ferrite with dispersed phases of graphite,
v -nitride (FesN), AIN, NbN and Si3Na, as well as the compound layer which consists of three distinct areas.
A y’area, a y’+e area and an € phases area. This happens due to the low solubility of nitrogen into ferrite
which creates € and y’ nitrides in sediment form. The diffusion zone and compound layer is be shown in
Figure 3.1. 6.

Compound Layer Diffusion Zone

v
A

v

&
N

Ferrite with dispersed phases

G, y’-nitride, AIN, NbN

Distance x (mm)

Nitrogen wt% 13%

Figure 3.1. 6: Representation of the diffusion zone and compound layer formed on cast iron surface
during nitriding process due to € and y’ nitride in correspondence to wt% of nitrogen
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Afterwards, the phase fractions of the system were calculated, in order to determine the percentages of each
phase under a specific set of conditions. The temperature was set at 510°C and the pressure at 1 atm. The
calculations were made for the same cast iron compositions, the aluminum content increasing from 0 to 4
wt%. The effect of aluminum addition in the cast iron material can be shown in Figure 3.1. 7, Figure 3.1.
8, Figure 3.1. 9, Figure 3.1. 10 and Figure 3.1. 11. The v’ and ¢ nitrides start formation at higher nitrogen
contents with the increase of Al and the Si3N4 phase is also pushed to higher nitrogen levels. The amount
of AIN phase is obviously increased by the added Al and the a-ferritic phase is expanded from about 7.9wt%
N (0%AL) to about 9.6wt% N (4%Al). The Al-rich k-carbide becomes visible with the final addition of
4wt% Al in the lower N contents. It is logical to assume that in case of further aluminum addition x-carbide
would follow the same behavior as the v’ (FesN) and € (HCP) carbides, being pushed to higher nitrogen
contents. The amount of Graphite phase seems to remain stable with the Al additions and the amount of
NbN phase seems constantly low, almost non-existent in all the following figures.
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Figure 3.1. 7: Phase Fractions of Fe-3.4C-4.0Si-1.0Nb-10N- (0wt%) Al
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Figure 3.1. 11: Phase Fractions of Fe-3.4C-4.0Si-1.0Nb-10N- (4wt%) Al at 510-C
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The next step of this project’s process was for the graphs containing the composition of all alloying elements
in BCC a-phase to be calculated. These graphs are useful, in order to determine the amount of all the
alloying elements that is contained in the ferritic phase, which will be used as the base in which the rest of
the phases will be dispersed, as shown in Figure 3.1. 6.

The results of those calculations can be shown in Figure 3.1. 12, Figure 3.1. 13, Figure 3.1. 14, Figure
3.1. 15 and Figure 3.1. 16 for every Al composition 0-4wt%. The Nb mass percentage was barely visible
during the calculation process which means that the amount of NbN phase is BCC is very minimum. For
each case the graph has been zoomed in, in order to determine the amount of N, Si, C and Al components
in the ferritic phase at the same 510°C temperature which will be used during the nitriding process in later
stages of this project.
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Figure 3.1. 12: Composition of alloying elements (Fe, N, Si, C, Nb, Al) for Owt%Al at 510-C
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3.2 Suspension of SizNs & Thermodynamic Calculations

The experimental results of the cast iron’s nitriding process revealed that the phase SizNa4, ultimately was
not formed. That is why it was imperative to repeat the previous thermodynamic calculations, suspending
the Si3N4 phase. A difference is visible in the phase diagrams shown in Figure 3.2. I and Figure 3.2. 2 for
Al composition (0-3) wt%, not including the SizN4-phase.
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Figure 3.2. 1: Phase diagrams of cast iron Fe-3.4%C-4.0%Si-1.0%Nb-10%N, suspended Si3N4 phase, for
Owt%Al [left] and 1wt%Al [right]
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Figure 3.2. 2: Phase diagrams of cast iron Fe-3.4%C-4.0%Si-1.0%Nb-10%N, suspended SizN4 phase, for
2wt%Al [left] and 3wt%Al [right]
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The comparison between the phase diagrams of the material with 4wt% Al content including and

suspending phase SizNy4 are shown in Figure 3.2. 3.
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Figure 3.2. 3: Phase diagrams of cast iron Fe-3.4%C-4.0%Si-1.0%Nb-10%N with 4%A]l without phase
Si3Ny [left] and including phase Si3Ny [right]

Apart from the lack of the suspended phase SizNs, looking at the temperature of 510°C, the biggest
difference that can be determined is that the formation of y’ (FesN4) carbides takes place in lower nitrogen
contents in comparison. The same implies for the € (HCP) phase.
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Figure 3.2. 4: Phase Fractions of Fe-3.4C-4.0Si-1.0Nb-10N- (0wt%) Al -510°C-Si3N4 suspended.
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Figure 3.2. 5: Phase Fractions of Fe-3.4C-4.0Si-1.0Nb-10N-(1wt%) Al-570°C-Si3N4 suspended.

_.
o

o Qo o o

[+2] ~ @ w

1 ! 1 1
jﬂ

0.5

044

Amount of all phases [mol]

AN
/  NbN

A 7

4 5 6 7 8
Mass percent N

9 10 11 12 13
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Comparing the phase fraction graphs that were calculated after the suspension of phase SizN4 (Figure 3.2.
4, Figure 3.2. 5, Figure 3.2. 6, Figure 3.2. 7 and Figure 3.2. 8) to those including the phase, it is easy to
verify that the y’-carbides are formed in lower nitrogen contents. It is also evident that the amount of the
phase vy’ in the system for the specific temperature (510°C) is significantly less. With the SisN4 phase
suspended the percentage of vy’ doesn’t reach higher than about 34%, decreasing with the addition of Al to
25%, while previously the maximum amount reaches as high as 74%. The nitrogen ranges of y’-phase for
the two cases and different Al compositions are shown in the following Table 3. 1:

wt%Al

wt%N range for y> with Si;N,

wt%N range for y’, no SizNy

0%

(2.92-9.7) wt% N

(0.24 —2.83) wt% N

1%

(3.44—10.1) wt% N

(0.75 - 3.26) wt% N

2%

(3.95—10.5) wt% N

(1.27 - 3.66) wt% N

3%

(4.47-10.9) wt% N

(1.79 — 4.06) wt% N

4%

(49 113)Wt% N

(2.31 - 4.46) wt% N

Table 3. 1: Comparison of wt%N ranges before and after SisN4 suspension for (0-4) wt% Al content.

For the final step of the thermodynamic calculations, it was necessary to create the graphs showing the
composition of each of the alloying components (C, Si, N, Nb and Al) in the a-ferritic phase [BCC], the
base in which the other phases are dispersed during nitriding. The calculations were also made at nitriding
temperature (510-C), in relation to nitrogen composition along the x-axis (0-13wt%). Figure 3.2. 9, Figure
3.2. 10, Figure 3.2. 11, Figure 3.2. 12 and Figure 3.2. 13 depict those calculations for different Al
compositions (0-4wt%).
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CHAPTER 4: Nitriding- Kinetic Simulations

4.1 DICTRA- Simulation Tool

The acronym DICTRA stands for Diffusion Controlled TR Ansformations in multi-component materials
and is a computational tool, part of the Thermo-calc software described above. It is widely applied in
metallurgy processes such as heat treatments, welding and alloy design. DICTRA is used for the simulation
of phase transformations caused by diffusion (solidification, precipitation, dissolution) in systems
consisting of multiple alloying components. It works by combining the diffusion calculations with the
thermodynamic data using Thermo-calc databases in equilibrium to model the evolution of each phase
during transformations. DICTRA is crucial for industries aiming to enhance material performance by
accurately controlling microstructures throughout manufacturing processes.

4.2 Analytic Solution

Nitriding, as a heat-treating process, is characterized by the most important kinetic mechanism, the diffusion
of nitrogen atoms inside the ferritic lattice, by jumping from one interstitial position to the next. Fick’s 2™
Law of Diffusion is capable of estimating the variation in nitrogen concentration at a specific surface depth
in relation to time [4]. In the corresponding equation {4.a} below, c¢(x,t) represents nitrogen concentration
and D(c) is the diffusion coefficient. The diffusion coefficient in reality is dependent to the concentration
profile c¢(x,t), however for this solution it is assumed to be independent. Other condition assumptions
concern the vertical to the surface direction of the diffusion, as well as the temperature being a constant
variable throughout the process.

In order to solve the nitriding problem, it should be treated as a moving boundary diffusion problem, same
as carburization, studying the movement of the interfaces between the dominant ferritic phase and phases
v’and ¢ that form inside the compound layer during the diffusion. Figure 4.2. 1 presents the phase diagram
in correspondence to the depth of the surface.

[39]
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The x-axis showing the concentration of nitrogen in relation to temperature is turned sideways and is
transformed into the y-axis on the right graph, exhibiting the nitrogen concentration in relation to surface
depth. The interface between a and y’ phase is visible at distance Ao from the surface, while the addition of
nitrogen starts the diffusion by abruptly increasing the concentration of nitrogen from the boundary point
A (cy = 0) to point B. Solving Fick’s law would lead to the general form of the equation representing the
diffusion of each phase (a, v’, €) {4.b}.

C(xH)=A+Berf (X)) {4b}

< y'/a interface

Figure 4.2. I: Correspondence of phase diagram to nitriding surface
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4.3 DICTRA Calculations for Cast Iron Nitriding

In the attempt to simulate the nitriding process in cast iron using DICTRA software, a small region of the
surface needs to be set for the simulation to take place. This region should consist of a-ferritic phase and
the rest of the phases found from thermodynamic calculations are to be dispersed into the ferrite. The results
of the DICTRA simulation are predicted to present the nitrogen percentage that is diffused into this region
through the nitriding process in relation to the region’s width, as well as the amount of nitrides that are
formed in the process and how much thickness will be achieved because of this nitride layer at the beginning
of the region.

Firstly, using DICTRA’s console mode, the nitriding simulation was run for the thesis’ ductile cast iron
with composition Fe-3.4wt%C- 4%Si- 1%Nb. Previously, the thermodynamic calculations took place for
different contents of aluminum ranging from 0-4wt%. In order to easily push the nitriding process, the
maximum Al content was used for the kinetic simulation (4wt%Al). The phase SisN4 was once again
suspended since it was not visible in the experimental data. As shown in Figure 3.2. 13: Composition of
alloying elements in BCC (a) phase- 4%Al- 510°CFigure 3.2. 13 the percentage of Nb inside the ferritic
phase is almost non-existent, so the Nb alloy was ignored during the computational process. The simulation
ran under the following conditions:

Specific nitriding temperature was set at T=783K (510°C).

For the nitrogen, gaseous phase was set as the reference state.

Nitrogen activity ACT(N)=100 was set as the lower boundary condition.

Alloying elements’ contents in the ferritic phase were selected as such:

3.4wt% and 4wt% are the alloy’s contents in C and Al respectively and were selected to favor the
cast iron’s nitriding. The contents 5.16wt%Si and 0.028wt%N were selected because of
thermodynamic data based on Figure 3.2. 12 showing the composition of Si and N in BCC phase
for a specific N percentage.

el A e

The phases retained for this calculation were the a-ferritic phase (BCC), y’-nitride (FesN), Graphite, Gas,
AIN and e-nitride phase (HCP). A ferritic region of 3e-3 width was set for the simulation and the phases y’,
graphite, AIN and € were entered into the region as dispersed phases. The simulation time was set to 50000
seconds (13 hrs. 53mins 20s) and 4 different times are presented in order to study the progress during
nitriding: 100s, 1000s, 10000s and 20000s. In the figures below, the results of the simulation are shown.
Figure 4.3. 1 presents the weight percentage of nitrogen (x-axis) that is being diffused, and at which
distance (m) from the material’s outer surface (y-axis), in the times mentioned above. It is evident that as
the time goes by the N percentage jumps to higher values, which is expected due to the constant N atom
supply of the diffusion. However, this graph showcases that the nitrogen percentage calculated for each
time stays constant (flat line) throughout the material. Additionally, in Figure 4.3. 2 the amount of y* phase
(x-axis) in relation to the distance (y-axis) is presented. The y’ phase is all concentrated at the very beginning
of the region and almost abruptly is minimized to zero for the entirety of the region (vertical lines) for each
time calculated. The y’-nitride percentage is increased for each time locally, once again due to the diffusion,
without entering in deeper distance. Finally, in Figure 4.3. 3, a flat line is visible concerning the amount of
e-nitride phase, which shows that this phase has not formed at all during the simulation time. All the above
observations lead to the conclusion that these calculations result in incorrect kinetic data that do not
logically correspond to the concept of the nitriding process.

[41]
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Figure 4.3. 1: Mass percentage of N (x-axis) / Distance into the surface (y-axis) [ACT(N)=100] [510-C]
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Figure 4.3. 3: Amount of & (x-axis) / Distance into the surface [ACT(N)=100] [510-C]

After these calculations that led to error, it was decided to repeat the simulation suspending phases AIN and
e-nitride. Therefore, a region of a-ferritic phase was entered and phases y’ and graphite were dispersed into
the region. This region represents a part of the beginning of the diffusion zone on the cast iron’s surface.
For the nitriding simulations, the same conditions as before were used: T=783K (510°C), gas was set as the
reference state for N, simulation time set at 50000 seconds, ACT(N)=100. The compositions of the alloying
elements into the a-phase were once again: 3.4wt%C, 4wt%Al, 5.16wt%Si, 0.028wt%N. The results of this
simulation concerning the weight percentage of nitrogen are shown in Figure 4.3. 4, for times 100s, 1000s,
10000s and 20000s. For each time, the N percentage follows a path while entering deeper into the region.

= 100 seconds: At this point the percentage of nitrogen right on the outside of the surface is 5.84wt%
and very early into the region reaches 7.38wt% at distance 9.8e-6. This N value, which is the
maximum, stays constant until distance 1.7e-4 and finally a very slight decrease is evident from
distance 1.7e-4 to 1.8e-4, where the N percentage is 7.36wt% and remains so for the rest of the
region.

= 1000 seconds: As the N diffusion continues, the initial N percentage at that time has increased to
6.16wt% and reaches maximum value of 7.67wt% at the same distance of 9.8e-6 into the region,
remaining constant until distance 8.4e-5. After this point, a downhill decrease of the percentage
begins that finally settles at 7.5wt% at distance 2.1e-4 for the rest of the region.

[43]

Institutional Repository - Library & Information Centre - University of Thessaly
03/09/2026 23:21:04 EEST - 216.73.216.250



10000 seconds: At this point, the initial increase of N begins from 10.3wt% and reaches 10.54wt%
at distance 9.8e-6. The percentage is constant until the nitrogen reaches the distance 7.3e-5 in the
region. Then a more abrupt decrease of the percentage occurs until distance 1.8e-4 at 9.4wt%. After
a small increase at 9.6wt% at distance 2.2¢-4, a gradual decrease begins again that continues until
the end of the region where the N percentage is settled at 8. 7wt%.

20000 seconds: At the final time, the initial increase of N begins from 12.8wt% and reaches
13.73wt% at the same region distance of 9.8e-6. The nitrogen once again remains constant until
distance 7.3e-5. A similar path is followed as the time of 10000s with the abrupt decrease ending
at 11.4wt%, at the same distance 1.8e-4. It increases slightly and reaches 11.9wt% at the same
distance 2.2¢-4. Finally, the N gradually decreases, and its value is noted as 10.2wt% at the end of
the region.

In the two final calculations for 10000s and 20000s, a very similar path is observed. In both cases, at
distance ranging from 7.3e-5 to 1.8e-4, the abrupt decrease of N percentage is not gradual, but the

percentage fluctuates , decreasing, increasing a little bit and then decreasing again to the minimum value
until the distance 1.8e-4, where the vy’ phase stops being formed (shown in Figure 4.3. 6). Due to this, the

simulation appears unstable, since the desired results would include gradual, smooth decrease of N along

the inside of the region.
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Figure 4.3. 4:Mass Percentage of N (x-axis) / Distance into the surface (y-axis) [ACT(N)=100] [510-C]
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The amount of each phase at the different times is presented in Figure 4.3. 5. At the top of the graph the a-
ferritic phase is visibly increasing with the diffusion from 62 wt% to 68wt% at the beginning of the region
and stabilizing at distance 1.8e-4 into the region, reaching the highest value for 20000 seconds at 75 wt%.
In the middle of the graph, the graphite phase is mostly constant throughout the region, increasing along
with the diffusion from 24wt% at 100s to 36wt% at 20000s. Finally, Figure 4.3. 6 concentrates on the y’
phase, zooming at the bottom part of the previous figure in order to clearly demonstrate the y’ path at the
different points of the simulation. For each time, it is noted that the maximum distance y’ achieves inside
the region is 1.8e-4. However, in the distance range of 1.4e-4 to 1.5¢-4 a flat line is noted, where y’-phase
does not form. Right after this gap abrupt triangles of phase y’ are formed until distance 1.8e-4. This
behavior exhibits instabilities in the calculations, confirming what was mentioned above.
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Figure 4.3. 5: Amount of all phases (x-axis) / Distance into the surface [ACT(N)=100] [510-C]
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Figure 4.3. 6: Amount of y’ (x-axis) / Distance into the surface (y-axis) [ACT(N)=100] [510°C]

4.4 Nitriding Simulations (DICTRA) for N Activity: 1000 & 3000

The next step in this thesis, was to study the effect of higher nitrogen activity as the problem’s lower
boundary. The same simulations were run, setting ACT(N)=1000 and ACT(N)=3000, with the goal of
achieving smoother and more gradual entrance of Nitrogen and y’-nitride phase into the studied ferritic
region.

Therefore, the calculations were performed for alloy contents: 3.4wt%C, 4wt%Al, 0.0028wt%N,
5.16wt%N. The nitriding temperature remained at T=783K (510°C) and the simulation ran for 50000
seconds. The gaseous phase was set as the reference state for the nitrogen.

The activity of nitrogen was set as the lower boundary condition at:

A) ACT(N) = 1000

B) ACTN(N)= 3000

[46]
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A) The results of the first nitriding simulation can be shown in the following figures. Figure 4.4.
1 presents the N percentage that is diffused into the region during the process for times: 100s,
1000s, 10000s and 20000s. For the first two time points, the N percentage seems to remain
mostly constant through the whole region at 7.36wt% and 7.5wt% respectively. For the other
two calculations, the nitrogen percentage firstly increases until the maximum value and after
some distance inside the region, gradually decreases until the settled value at the end of the
region. Those values are presented in Table 4.4. 1 below:

Table 4.4. 1: 10000s & 20000s

Initial % Max %, Distance Final %
10000s 10.2wt% 10.8wt%, 1.3e-4 8.8wt%
20000s 13.1wt% 13.5wt%, 1.3e-4 10.2wt%
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Figure 4.4. 1: Mass Percentage of N (x-axis) / Distance into the surface (y-axis) [ACT(N)=1000] [510-C]
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Comparing this result with the results of Figure 4.3. 4 it can be noted that the final nitrogen percentages at
the end of the region are the same for both cases. However, the lines in the second figure don’t exhibit any
instabilities and the percentage gradually decreases as the N is diffused into the region. Two more
differences between the ACT(N)=100 and ACT(N)=1000 can be observed by comparing Figure 4.4. 2 to
Figure 4.3. 6, both showcasing the formation of y” inside the region. In this case it can once again be noted
that no simulation instabilities are evident, since for each time calculation the amount of y* decreases from
its initial value at the beginning of the region without exhibiting any anomaly and stops forming at distance
1.9¢-4. Therefore, the higher activity 1000 makes the y’ form until slightly further into the region. Finally,
it can be observed that for nitrogen activity 1000, the region is richer in y’-nitrides since the maximum
value of each time exceeds the ones from the previous calculation.

Max vy’ percentage for:

= 100s: 0.035% for activity 100 — 0.06% for activity 1000
= 1000s: 0.34% for activity 100 — 0.61% for activity 1000
= 10000s: 3.4% for activity 100 — 6.1% for activity 1000

= 20000s: 6.8% for activity 100 — 12.2% for activity 1000

2024.10.01.15.21.24 4.10.02.13.55.30

Time = 100, 1000, 10000.20000 « = 100,100, 10000,2 o
CE:Lll 1000.1 Lu:uu 1000,10000,20000 783K- ACT(N)=1000

0.140

0.035
__$=20000s
0.1201 0.030
1 = 200005
01004\~ 0.025 t = 10000s
£ 0.080 £ 0020
L ww
= L
E 0.060 t = 10000s E 0.0151
z z
't = 1000s
0.040 0.0101 j
0.0054Y.
0.0201 t = 1000s ¢
\ t=100s
. 0.000 4
0.000 — T T T T T : . . . . .

T T T

0.0000 00005 00010 00015 00020 00025 00030 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008

@ Distance D Distance

Figure 4.4. 2: Amount of y’ (x-axis) / Distance into the surface (y-axis) [ACT(N)=1000] [510-C]
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B) Similarly, the results for ACT(N)=3000 can be studied in Figure 4.4. 3 and Figure 4.4. 4. For
the first graph the difference that is observed comparing to the activity 1000, is that for times
10000s and 20000s, two similar “summits” seem to form for the nitrogen percentage before its
gradual decrease. The final values of N at the end of the region appear to be slightly higher in
comparison to Figure 4.4. 1 at 8.9wt% and 10.3wt% respectively. Even though when
comparing the amount of y’-nitrides for N activity 3000 to the previous calculation there is a
decrease in the percentage formed, it observed that the distance in which the nitrides reach
inside the region is higher, reaching 3e-4 from 1.9e-4 on the previous case.

Max vy’ percentage for:

100s: 0.035% for activity 100 — 0.06% for activity 1000— 0.06% for activity 3000
1000s: 0.34% for activity 100 — 0.61% for activity 1000— 0.53% for activity 3000
10000s: 3.4% for activity 100 — 6.1% for activity 1000— 5.4% for activity 3000

20000s: 6.8% for activity 100 — 12.2% for activity 1000— 10.8% for activity 3000
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Figure 4.4. 3: Mass Percentage of N (x-axis) / Distance into the surface (y-axis) [ACT(N)=3000] [510-C]
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Figure 4.4. 4: Amount of v’ (x-axis) / Distance into the surface (y-axis) [ACT(N)=3000] [510-C]

The results from these 3 calculations and the comparison between is presented in Figure 4.4. 5 and Figure
4.4. 6 below, for 10000s and 20000s. This leads to the following conclusions about the increase of Nitrogen
activity at nitriding simulations in this theses’ cast iron:

e For higher N activity the formation of y’ nitrides are enhanced and are formed in a more stable
manner and at higher percentage into the material’s surface.

e Higher N activity causes nitrogen to penetrate deeper into the material over a given period, resulting
in a thicker y’-nitride layer.

e Nitrogen activity is a controllable factor which can be set at a specific value in order to favor the
formation of the appropriate nitrides in order to achieve the desired material properties. Higher
nitrogen activity levels favor the formation of y’-nitrides (FesN) which contribute to increased
surface hardness of the cast iron.
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Figure 4.4. 6: Activity Comparison (y’) for 10000s & 20000s
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4.5 Nitriding Simulations at 793K (520-C)

As the next step for this thesis, it was decided to repeat the same simulations for a 10°C higher nitriding
temperature, at 793K (520°C). The goal is to study the effect this temperature might have on the simulation
results, the nitrogen diffusion and the nitride layer formation inside the studied designated region.

A. First, the simulation ran for ACT(N)=1000 lower boundary condition, for 50000 seconds. Figure
4.5. 1 is compared to Figure 4.4. 1 in order to examine the difference in N percentage during the
simulation. It is evident that generally the paths that the nitrogen percentage follows throughout the
region are somewhat similar. However, at the higher temperature simulation, the range that was
previously unstable at 783K is now presented as a more gradual decrease of N. The instabilities of
this distance now seem to have smoothed out. In addition, for each time (100s, 1000s, 10000s,
20000s) of the 520°C simulation, the amount of nitrogen reaches deeper into the distance before
beginning to decrease in comparison to the previous calculation. At temperature 793K the decrease
starts at distance 1.2e-4, when at temperature 783K the decrease starts at distance 7.3e-5. In both
cases the N percentage settles gradually at the end of the region at the same values. This comparison
is shown in Figure 4.5. 2.
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Figure 4.5. 1: Mass Percentage of N (x-axis) / Distance into the surface (y-axis) [ACT(N)=100] [520°C]
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The comparison of Figure 4.4. 2 to Figure 4.5. 3 concerning the formation of y’-nitrides is
presented in Figure 4.5. 4 for 10000s and 20000s. It is noticeable that for the higher temperature
simulation, the nitride layer penetrates deeper into the region at distance 2.1e-4 as opposed to
distance 1.8e-4 at the lower nitriding temperature. On the other hand, even though at 783K a bigger
v’ percentage is initially formed, instabilities are visible while entering the surface, which are not
exhibited at 793K.
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Figure 4.5. 4: Comparison of y’ / Distance between temperatures 510°C and 520-C [ac=100]

B. The N activity is now increased at 1000, and the nitriding simulation is performed once again.
Figure 4.5. 3 presents the percentage of nitrogen in relation to the distance inside the region and is
compared to Figure 4.4. 1. It seems that the maximum N percentage before the decrease is now
higher at temperature 793K than 783K for times 10000s and 20000s, 10.6wt% and 13.8wt%
respectively. A slight increase is also visible for the value that the N percentage settles at the end of
the region, at 8.9wt% and 10.4wt%. This comparison is presented in Figure 4.5. 6 for 10000s and
20000s.

In addition, the comparison between Figure 4.5. 4 at 793K and Figure 4.4. 2 at 783K presented in
shows that the y’ nitride layer stops at the same distance (1.8e-4) for both nitriding temperatures,
however the amount of y’ formed at the start of the region seems to be decrease at higher
temperature, from 12.1% to 10.7%.
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C. For the next simulation the nitrogen activity is set even higher at ACT(N)=3000 in order to compare
with Figure 4.4. 3 and Figure 4.4. 4. This comparison is visible in Figure 4.5. 10. It is once again
evident that the paths created by the nitrogen inside the region are increased in percentage, this time
for all times calculated. The maximum nitrogen percentage from 13.8wt% increases with the
temperature at 14. Iwt% and the final N amount at the end of the region also increases from 10.3wt%
to 10.5wt% at 20000 seconds.

When it comes to y’-nitride percentage the comparison of the two simulations is presented in
Figure 4.5. 6. For both temperatures it seems that right at the beginning of the region, the initial
value of y’ instantly decreases. At temperature 793K the nitride amount is lower than at the cast
iron’s nitriding temperature (783K). After that point the y’ percentage decreases gradually and
reaches deeper into the region at the higher temperature, at 3.3e-4, as opposed to 3e-4 at 783K.
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Figure 4.5. 9: Mass Percentage of N (x-axis) / Distance into the surface (y-axis) [ACT(N)=3000] [520-C]

[57]

Institutional Repository - Library & Information Centre - University of Thessaly
03/09/2026 23:21:04 EEST - 216.73.216.250



18.0 - ' d ! E T : T T T T T T T
1763 activity 3000
16.5 4 Si 5 wt%

20000 sec

N PR PO P N O P P I P P PO O PO (NP P S P A |

T ~ T R T 2 T 2 T = T . T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030

Distance (m)
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Figure 4.5. 12: Comparison of v’ / Distance between temperatures 510°C and 520°C [ac=3000]

The simulations that were performed at higher nitriding temperature 793K for different nitrogen activities
lead to the following conclusion for this thesis’ cast iron:

e For lower nitrogen activity 100, the 10-degree temperature increase helps the nitriding process not
exhibit any instabilities as the diffusion of N atoms reaches deeper into the iron’s surface. At the
same time, the y’-nitrides are able to gradually penetrate deeper into the surface region, creating a
thicker nitride layer, providing more hardness to the surface [Figure 4.5. 2& Figure 4.5. 4].

e For nitrogen activity 1000 at 793K, the nitrogen that is diffused into the surface increases, which is
expected due to the higher nitrogen activity. However, in this case, the temperature increase does
not allow the y’-phase to reach any deeper into the region, which means that for the same nitride
layer thickness as the lower temperature, this region’s layer is not as rich in y’ as at 783K [Figure
4.5. 6 & Figure 4.5. 8].

e For the highest nitrogen activity 3000, the 10-degree increase in temperature causes the N to be
diffused in even higher percentages into the region, similar to the 1000 activity simulation. The y’-
nitride amount slightly decreases at 793K, but this time the nitrides are allowed to form a bit deeper
into the region, adding thickness to the layer [Figure 4.5. 10 & Figure 4.5. 12].
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4.6 DICTRA Calculations for 4wt%Si & ACT(N)=1000- [510-C]

After the simulations that were performed, the interest of examining the effect of alloying element Si
content was sparked. Therefore, it was decided to repeat this calculation for lower Si content, this time
setting the ferritic region’s composition as such: 3.4wt%C, 4wt% Al, 4wt%Si and 0.0001wt%N, which is
the alloying composition of the studied cast iron. The nitriding temperature remains at 783K (510-C),
gaseous phase was set as the reference state for nitrogen and as mentioned, the N activity was set as the
lower boundary condition at value of 1000, as the previous calculation’s medium. However, the run time
for this simulation was decided to be set higher, at 500000sec in order to study the nitriding simulation for
a longer period of time. The percentage of nitrogen entering the ferritic region in relation to the depth it

reaches for times: 50000s, 100000s, 150000s, 250000s and 500000s is visible in Figure 4.6. 1.
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Figure 4.6. 1: Mass Percentage of N (x-axis) / Distance into the surface (y-axis) [ACT(N)=1000] [510-C]
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Like before, starting at the beginning of the region, the nitrogen percentage increases until the maximum
value and then gradually decreases little by little until the end of the region, creating a summit-like shape
with the highest nitrogen value as the top. At the end of the simulation, at 500000 seconds, the maximum
N value is 23.2wt% at distance 3.5e-4 inside the region. The amount of N gradually settles at 719.3wt% at
the end of the region. It is noted that for 50000 seconds, the maximum percentage reaches 12.08wt% at
distance 1.8e-4. Figure 4.4. 1 shows that at the same distance at time 20000s < 50000s, the maximum N
percentage reaches higher at 12.2wt%. The basic difference in conditions between the two calculations is
the content in Si alloying element. For the first calculation the content is 5.16wt%Si while for the second
it is lower, at 4wt%Si. From this observation we can deduct the conclusion that the increase of Si content
in cast irons during nitriding can cause the diffusion of N atoms into the material’s surface to take place
faster and higher nitrogen percentages are reached sooner. The comparison between the two simulations is
evident in Figure 4.6. 2.
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Figure 4.6. 2: Comparison of Nwt%/ distance graph for 4wt% Si and 5.16wt%Si [20000s &50000s]

Therefore, the formation of y’ occurs faster as well, creating the desired hardened surface, thick in y’nitrides.
This is also confirmed by looking at Figure 4.6. 1 and comparing to Figure 4.4. 4. For higher Si content
(5.16wt%), at 20000s the amount of y’ nitrides at the beginning of the region reaches 12.1wt%, while on
the on the other hand, for the simulation with the lower Si content (4wt%), at a higher point in time, 50000s,
the y’-nitride amount is lower, at 7.9wt%. Finally, based on Figure 4.6. 3, at the end of the simulation
(500000s), the percentage of y’-nitrides formed at the start of the region is 30% and the phase reaches
deeper into the region, at distance 4.7e-4, before it stops forming, creating a thick nitride layer. A
comparison between the amount of y’-nitrides formed for the two Si contents is exhibited in Figure 4.6. 4.
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CHAPTER 6: CONCLUSIONS

1.

4,

5.

The thermodynamic calculations lead to the following conclusions:
The suspension of SisNs causes much higher percentages of € formation, however a lot less y’.
Additionally, the y’-nitrides are restricted to lower nitrogen percentages and to a smaller region.
The addition of Al causes the introduction of k-phase for low nitrogen percentages. The increase of
Al content causes slight decrease in y’-nitrides, however, leads to formation at higher N
percentages.

In the attempt to perform the nitriding kinetic simulation for a region inside the compound layer
(including e-nitrides), the results of the calculations did not exhibit logical meaning and, therefore,
were incorrect. That is why part of the diffusion zone was then selected for the simulations for this
thesis.

Conclusions concerning the effect of nitrogen activity on cast iron nitriding simulation:
For higher N activity the formation of y’ nitrides are enhanced and are formed in a more stable
manner and at higher percentage into the material’s surface.
Higher N activity causes nitrogen to penetrate deeper into the material over a given period, resulting
in a thicker y’-nitride layer.
Nitrogen activity is a controllable factor which can be set at a specific value in order to favor the
formation of the appropriate nitrides in order to achieve the desired material properties. Higher
nitrogen activity levels favor the formation of y’-nitrides (FesN) which contribute to increased
surface hardness of the cast iron.

Conclusions concerning the effect of temperature increase [510°C to 520°C] on cast iron nitriding
simulation:
The 10-degree temperature increase results in the diffusion of higher nitrogen percentages, at
greater distance into the region.
Simulations for 10-degree higher temperature also exhibit the formation of y’-nitrides taking place
even deeper into the diffusion zone, creating a thicker nitride layer.
Finally, with the temperature increase, the final y’-nitride layer into the region is noted to be less
rich in nitrides.

Conclusions concerning the effect of Si alloying content on cast iron nitriding simulation:
Higher content of Si alloying element causes faster Nitrogen diffusion into the region of the
diffusion zone, therefore higher nitrogen percentages are reached sooner at deeper distances.
Higher content of Si alloying element leads to larger amounts of y’-nitrides to be formed faster,
however creating a less thick nitride layer into the diffusion zone, but richer in y’-nitride quantities.
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