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ABSTRACT

This work describes the effect of boron additions on the mechanical properties of a
high strength low alloy AISIS 4140 steel with boron content 2.1ppm, 11.4ppm, 17.2ppm,
25.6ppm, 31.7ppm and 37.7ppm manufactured by hot rolling as-received, after normalization
and cool in air, water and oil quenched at temperature of 850°c, 860°c, 880°c, 900°c, 960°c
and 1000°c. The manufacturing process of the steel promotes the formation of martensite and
retained austenite in the as-cast state. The steel hardness has the maximum hardness for the
boron content of 2.1ppm and 25.6ppm, and reduces linearly for the others in the as-cast state,
and also for the normalized steel the hardness value increases with decrease in temperature
and an increase in boron content, but not linearly at some boron content. The hardness starts
increasing as the boron content increases up to 17.5ppm, but drops at the highest boron
content with the maximum and minimum hardness at 17.5 and 31.7ppm. The decrease and
increase in the hardness of the steel is due to the phase transformation and precipitation
behavior of boron. Furthermore, the wear resistance increases and then decreases with

increasing boron content.

Keywords: AISI 4140, Steel with Boron, Normalization, Heat treatment, Wear, Bainite,
Martensite
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Temmuz 2014

Tez Yoneticisi: Prof. Dr. M. HalidunKelestemur

OZET

Bu caligma sicak haddeleme islemi ile sekilllendirilmis, normalizasyon sonrasi 850 °C, 860
°C, 880°C, 900°C, 960°C ve 1000°C’de tavlanip hava, su ve yag atmosferinde sogutulan
2.1ppm, 11.4ppm, 17.2ppm, 25,6ppm, 31,7ppm bor ilaveli, diisiik alasimli SAE 4140
celiginin, mekanik o6zelliklerini arastirmak icin gergeklestirilmistir. Celigin imalat prosesi
dokiim yapisinda kalint1 dstenit ve martenzit olusumunu tesvik eder. Lineer olarak azalan
celigin sertlik degerleri 2.1pp ve 25.6pp bor ilavesi i¢in maksimum sertliktedir ve normalizeli
celigin sertlik degerleri azalan sicaklik ve artan bor ilavesi ile artmaktadir ancak bazi boron
iceriklerinde lineer degildir. Su ortaminda sertlestirilmis 1s1l islemli ve sertlestirilmis ¢eligin
sertlik degerleri, yag ortaminda sertlestirilmis ¢elikten daha yiiksektir (55-59 HRC su, 51-54
HRC yag). Bunun diginda asinma direnci bor oraninin artmasi ile baslangicta yiikselir ancak
belli bir bor oranindan sonra diiser. Yapilan mikroskobik calismlarda celigin 1si1l islem

proseslerinde homojen olmayan mikroyap1 yapinin mevcut oldugu gézlenmistir.

Keywords: AISI 4140, Celik ve Bor, Normalizasyon, Isilislem, Asinma, Beynit
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

The request for steels with high toughness, high strength, and outstanding welding
properties for transportation systems and energy conversion has led in recent years to the
development of different classes of HSLA steels. Boron occupies an important place in this
context because it can substitute expensive alloying elements. The influence of boron
alloying on the microstructure of alloys other than steel, such as nickel base alloys has been
described by various authors and it was found that boron containing nickel alloys were less
susceptible to environmental degradation of mechanical properties by grain boundary attack.
It was also observed that the high temperature mechanical properties of a polycrystalline
nickel base super alloy can be advance by small additions of boron and carbon [1- 4]. Boron
has been added to steels to advance their strength since the 1970's. The addition of boron
essentially is to promote bainite and martensite formation by suppressing the austenite
alteration (i.e.to increase the hardenability of the steels) [1- 4]. It is observed that boron has
to remain in solid solution in order for its hardenability to be kept active. Carbide formers
and nitride such as Ti and Nb are added to boron steel so as to bonds nitrogen and carbon in
the steels and hence protecting boron from forming Fe»; (B, C)s or BN. Residual boron in
solution is capable of segregating at the austenite grain boundaries and then occupy ferrite
nucleation sites, henceforth promoting bainite and martensite formation by delaying ferrite

formation [4-7].

Additionally, at the austenite grain surface there is a delay of the heterogeneous
nucleation of ferrite due to boron, which in turn enhances the hardenability of the steel. It is

more likely that the segregation of boron to the grain boundaries is due to the decrease in
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the interfacial energy. This makes the gain boundaries less active as heterogeneous site.
Though boron effect on steel is completely different in plain and alloyed steel, low and high
carbon steel, additionally the effect is also affected with low and high waiting time, with low
and high soaking temperature, and with low and high cooling rate due its precipitate
formation [8]. However, the mechanism by which boron additions enhanced high
temperature mechanical properties is less clear and it is observed that extreme boron
additions enhanced ductility at the expense of creep strength and intergranular fracture, lower
amounts of boron produced creep strength by reducing the rate of void development on those
grain boundaries which were transverse to the applied stress [9]. At the austenite grain
boundaries the dominating presence of boron has been revealed experimentally that only the
dissolved boron exerts a promising effect on the hardenability, and the concentration of boron
in the solid solution should be at least 0.0008% for the hardenability to increase [10]. Also
the hardenability produce by about 0.9%Cr, 3.2% Ni or 0.7% Mo can be achieved by the
increased addition of only 0.0005 to 0.003% boron to 0.2% carbon steel. It is also seen that
in steel, an increase up to the eutectoid composition in carbon content decreases the boron
hardenability factor linearly [11]. It is found that with the addition of 15 to 25 ppm of boron
optimum combination of hardenability and toughness can be achieved [12]. And it was also
shown that by alloying 1.0% Cr and 0.7% Mn with 20 ppm of boron, optimum tensile strength
results can be achieved [13]. Although boron steel was designed mainly for the hard and
wear—resistant element, now they are also designed for wider application. In this research
study, we examine the normalization, oil and water quenching effect on AISI 4140 boron
containing steel produce by a company in Turkey. The steel was supplied by the manufacture
after hot rolling to be heat treated in a suitable manner by the purchaser. Six AISI 4140 steels

with different boron content, within 2.1ppm -37.7ppm, were studied.
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1.2 BORON STEEL
1.2.1 Development of Boron Steel

In 1907, boron was primarily considered as a possible alloying element in steel [1].
Additionally, it was recognized in 1921 that boron up to 2 weight% in some steels makes
the steels extremely brittle and hard, though this amount of boron is now considered to be
extremely high [2,3].Through 1930's and early 1940's a substantial number of research
regarding the influence of alloying elements on the hardenability of steels were performed[4-
6]. Boron was accepted as the strongest hardenability agent among the other alloying
elements. The slow commercialization of boron containing steel is caused by the failure to
control the boron content precisely during the steel making process and the lack of
understanding on the hardness of boron containing steels. The true commercial development
of boron steel began during the Second World War. Classical hardenability alloy elements,
such as nickel and chromium shortage, made an opening for boron to be the alternative as an
alloying elements. Boron seemed to be a very favorable alternative alloying element in steel,
although due to the limitations of steel making techniques during the Second World War
makes the full use of boron steel products very slow, because keeping boron in the solution
was the key problem. During boron steel production, due to greater affinity of boron with
oxygen and nitrogen, proper controlled of these two elements must be ensured before boron
is added during the steel production process. Allowing the combination of boron with oxygen
and nitrogen at an early stage of the steel making process causes decrease in the effectiveness
on steel hardenability. Protecting boron from forming boron-nitride (BN), boron-oxide
(B203), and iron boron-carbide [Fe23(C,B)6] or boron-cementite [Fes (C, B)] in the earlier
years, was a problem faced by melting shops due to the difficulty of keeping boron in a
solution [7]. The adding of deoxidizers, aluminum and silicon, with the development of
steelmaking technology, as well as other stronger nitride formers such as zirconium and
titanium were used to clean up the steel for boron addition.

Kapadia and coworkers in 1968 introduced an empirical formula, given in equation 1.1 [14].

B = {B-[(N-0.002)-Ti/5-Zr/15]} 1.1
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3 represents the actual boron content which is accountable for the hardenability of steels. It

can be understood that this equation qualitatively reflects the preceding remarks.

Addition of boron into low carbon Microalloyed steels has been in existence since
1970's. With the improvement of the advanced analytical equipment’s today, they have been
far better understanding of the effects of boron. Steel making techniques today have made it
possible to carefully control the effective boron content in steel. Therefore, the main

properties of boron containing steels can be achieved frequently.
1.2.2 Effect of Composition in Boron Containing Steel
1.2.2.1 Alloying Elements

The strength of a steel is increased by boron addition which in turn promotes bainite and
martensite transformation. It was also found that the addition of certain alloying elements
improves the effect of boron on strengthening. For example, the existence of molybdenum
strongly improves the effect of boron [15]. Though vanadium has a well-known influence to
precipitation hardening, it has very little influence on the steel with boron. Additionally,
niobium advances the boron effect extraordinarily when it is in solution [16]. It was also seen
that there is a significant drop in the transformation temperature of austenite to ferrite when
copper and boron are combined. Alternatively, the austenite crystallization kinetics can be
affected by the addition of boron in steel. By means of a multiple- hot torsion simulation, Bai
studied widely the effects of alloying composition and process parameters on the non-
crystallization temperature [17]. It was also seen in his work that compared to a plain carbon
steel, the non-crystallization temperature (Tyr) increases with boron additions. Conversely, it
was seen in a Nb-B steel that they have a more significant increase in the non-crystallization
temperature. The effect of different alloy combinations on the recrystallization finish

temperature was also investigated by Tamehiro [18].
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Figure 1.1 Schematic diagram showing processing windows for steels with boron

additions and microalloying [18].

The strongest alloying element which slows down austenite recrystallization among
the studied microalloying elements is Nb as can be seen in figure 1.1 and leads to a
substantial growth in the recrystallization finish temperature compared to the base steel
(plain carbon). More increase in the recrystallization finish temperature and a wide
processing window for control rolling or pancake rolling can be achieved by a combined
addition of Nb-B in steel. The possibility that boron atoms accelerate the diffusivity of
these alloying elements in austenite may be the mechanism responsible for increasing the
non-recrystallization temperature. Henceforth, it leads to more rapid precipitation
kinetics, and supports Nb(C,) precipitation at higher temperatures. Otherwise, the boron
atoms might slow down grain boundary motion, letting precipitates to form more easily

on grain boundaries. The movement of the austenite grain boundaries can be pinned by
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these high temperature precipitates, and therefore led to a higher non-crystallization
temperature (Tnr) and stop austenite recrystallization.
1.2.2.2 Carbon level

The steel with high alloying elements, particularly high carbon level, decreases the
effectiveness of boron [7]. In the late 1940's, the boron effect of different types of
commercially produced low alloy and plain carbon steels was studied by Rahrer and
Armstrong [7]. The amount of carbon in the examined steels varied from 0.1wt% to
1.0wt%. They concluded in this earlier study that the boron effect on the hardenability of
steel reduced with increasing carbon level in the steel. The equation 1.2 can be used to

determine the effect of boron:

Fs=1+ 1.5 (0.9- %C) 1.2

Fp is the hardenability factor of boron. From equation 1.2, it can be seen that boron is
ineffective for steels with carbon level higher than 0.9 weight percent. Hayes had similar
results based on the hardenability evaluations of heat treated low carbon alloy steels, but
with a slightly steeper linear relationship [19]. Currently low-alloy and high-carbon steels
used for sheet and strip are replaced by available low-cost low carbon, boron-containing
steels. Due to the better cold-forming characteristics of low carbon boron-containing
steels makes it able to be heat treated to comparable hardness and greater toughness for
a wide variety of applications, such as machine components, tools, and fasteners. Boron
effect on the steel hardenability varies particularly with the carbon content of the steel
which makes boron to be usually added to low or medium carbon steels. Because, the
effect of boron is much less in high carbon steels, also the complete effect of boron on
steel hardenability can be attained only in fully deoxidized or aluminum-killed steels. For
an optimum hardenability effect, only 0.001% boron is required when an appropriate

protection of boron is afforded by additions of zirconium or titanium [19].

1.2.3 Effect of Boron on Mechanical Properties
1.2.3.1 Hardenability of boron steel
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As well known before that the addition of boron can remarkably increase
hardenability of a steel [14-15, 20-20]. The hardenability of the steel can be enhanced
with an addition of only 0.0010 - 003% soluble boron to a suitably protected base steel,
up to a level equivalent to that obtained by adding about 0.5% manganese, molybdenum
or chromium. Concerning the effect of boron, a lot of researches have been done on the
austenite to ferrite transformation. Boron can retard the nucleation rate of ferrite since
ferrite usually nucleates on the austenite grain boundaries by segregating to the austenite
grain boundaries [26]. Two reasons basically are responsible for such a robust
suppression of ferrite formation with such a minute boron content. Firstly, because of
the low atomic weight of boron compared to that of iron and secondly 10 ppm boron by
weight of solute boron is truly equals to 52 ppm atoms. Assuming that this boron goes
to grain boundaries, it has been estimated that 4 billion boron atoms are present for every

ferrite nucleus for an austenite grain size of 30um [27].

1.2.3.2 Other Mechanical Properties of Boron Steel
» Hot Workability and Creep Rupture Life

It has been investigated that suitable amounts of boron (0.002 - 0.005 %wt)
enhances the creep rupture life of austenitic stainless steels [18, 28]. Boron was proved
to have a beneficial effect on the creep properties of ferritic steels in combination with
Mo, Ti or Nb in the mid-70s [30]. Recently, there was also a confirmation in the
enhancement of the creep rupture life of 9Cr-3W-3Co-NbV steels by the addition of
boron [29]. The hot workability of steels is enhanced also by addition of boron when it
substitute other alloying elements such as V, Cr,Nb, and Mo at high hot working

temperature as the precipitation strengthening effect on austenite is minimized [6,31].
1.2.4 Grain Boundary Segregation of Boron

The inherent inhomogeneity of interfaces determines primarily the mechanism of
segregation to that interfaces. A narrow zone of segregation is formed due to the

accumulation of impurity atoms at grain boundaries and surfaces. An isotropic bulk solid
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may change locally into a highly anisotropic medium as a result of the sharp
concentration gradients. At the grain boundary small bulk concentrations of impurity
atoms can lead to substantial amounts of those atoms, which can significantly change
the mechanical properties of the steel. The segregation of solute atoms at austenite grain
boundaries can be classified into equilibrium and non-equilibrium segregation. The
thermodynamics and isothermal kinetics theories of equilibrium segregation have been
studied in detail elsewhere [32-34]. Equilibrium segregation is a thermodynamic process
and happens mainly during the isothermal holding of the material at a certain
temperature. Non-equilibrium segregation is a kinetically dependent process and occurs
during the cooling of material from a higher temperature. It increases with increasing
cooling start temperature for the same cooling rate and decreases with increasing cooling
rate at the same cooling starting temperature [36, 37]. Westbrook clarified the non-
equilibrium segregation of boron to grain boundaries as he detected a hardness increment
at grain boundaries in a few quenched and dilute non-ferrous alloys [35]. The study of
the influence of hot rolling and heat treatment on boron segregation in steel was carried
out by some researchers in the early 1980's [38]. It was suggested that the bulk diffusion
of boron atoms,the sweeping velocity of recrystallizing austenite grain boundaries and
the grain boundary diffusion of boron atoms determine the segregation behavior of boron
atoms during hot rolling. More recently, further investigations of non-equilibrium boron
segregation behaviors were performed [39]. The higher the cooling start temperature,
the higher the segregation for a given cooling rate. Also the lower the cooling rate, the

larger the segregation level for the same cooling starting temperature.
1.2.5 Boron in Low Carbon Micro Alloy Steels

As previously mentioned, it is well known that boron significantly improves the
hardenability of steel by suppressing the austenite to ferrite transformation. Therefore,
higher strength can be obtained by the formation of bainite or martensite in such way.
Often, a notable reduction in toughness is connected with the formation of these hard
microstructures. The effective grain size for cleavage fracture of bainitic steels was

founded by Pickering that it depends strongly on the austenite grain size prior to
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transformation [40]. So,it is necessary to minimize the size of austenite grains prior to
the bainite transformation in order to enhance the toughness of the steel. Modern bainitic
steels for structural applications generally have very low carbon contents less than
0.05%wt and are Microalloyed, as such the lower carbon level in this steel makes it to
have good weldability. The combination of micro alloying elements, such as Nb, V, and
Ti with boron makes a wide processing window for pancake rolling to be obtain. So, a
substantial total reduction below the Tnr, but in the single phase austenite region, is
possible, which through the microstructure refinement generally improves the steel

toughness.

1.2.6 Time Temperature Transformation (TTT) Diagram
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Figure 1.2. TTT diagram showing cooling part A-D for a plane carbon steels.

Figure 1.2 shows five cooling paths A through D. Each line indicates a different

cooling rate and therefore different resultant steel structure. Steels with less than 0.3 %
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carbon cannot be hardened effectively, while the maximum effect is obtained at about

0.76 % due to a decreased tendency to retain Austenite in high carbon steels [41].
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Figure. 1.3: Time Temperature Transformation (schematic) diagram for plain carbon

eutectoid steel.

Figure. 1.3 shows the temperature transformation for plain carbon eutectic steel and

the region for formation of different type of ferrite and bainite.
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Figure 1.4 TTT diagram for 4140 steel [43].

Table 1.1 hardness value for 4140 steel [43].

100000

shunerl

Time held at 800C | Rockwell Hardness Test (C)

Normalize in air 8 | 34.5 34 34.5 34
hour

1 hour 30.5 31.5 30.5 32
Quenched 8 hours | 49 52 52 51

1 hour 38 38 41 40.5

Figure 1.4 shows the time temperature transformation diagram for AISI 4140 steel

without boron addition which shows more chances of ferrite formation within the austenite

region. And Table 1.1 shows the hardness value for 4140 steel without boron addition

which shows lower hardness values compare to that with boron, as can be seen in table 3.1,

3.2 and 3.3 due to difference in transformation phases of the TTT diagram.
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Figure. 1.5: Effect of boron on TTT diagram of low carbon Mo steel.

In figure. 1.5 It can be seen that the addition of alloying elements leads to a greater

separation of the reactions and result in separate C-curves for pearlitic and bainitic regions.

Mo encourage bainitic reaction but addition of boron retard the ferrite reaction. By addition

of B in low carbon Mo steel the bainitic region which is almost unaffected by addition of B

can be separated from the ferritic region [42].

1.2.7 Calculation of TTT Diagram of 4140Steel

Substantial work has been embarked on to develop material models that can calculate

CCT diagrams and TTT for steels, and now for a wide range of steels such calculation can

be performed, such as tool steels, medium to high alloy types, and stainless steels [44].
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Figure 1.6. Calculated TTT diagram of steel 4140 [45].

The current model is based on a former model proposed by Kirkaldy etal for the
transformation from austenite to ferrite, pearlite and bainite [45]. It takes on the equation 1.3

form, which calculates the time (7) to transform x fraction of austenite at a temperature 7.

X
1 I odx

wx )=

o 1.3

where 0=p2(©V2, G is the ASTM grain size, P is an empirical coefficient, D is an effective
diffusion coefficient, ¢ is an exponent dependent on the diffusion mechanism , and 47 is the
undercooling. Figure 1.6 shows the CCT diagram which is obtained after the TTT diagram
has been calculated, using well-established additivity rules [45].
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Because of the huge volume change associated with this transformation a correct
description of the martensitic transformation is of great significant. The amount of
martensite, fu, as a function of the undercooling A7 below martensite start temperature Ms is

calculated using the equation 1.4 [46].

Fir =1—expl—c-[Ms - AT) 1.4

created with
Y nitro™* professional

download the free trial online at nitropdf.com/professional



CHAPTER 2

MATERIALS AND EXPERIMENTAL PROCEDURE

2.1 MATERIALS

In this study, effect of boron addition on microstructure and some of mechanical
behavior was investigated in the AISI 4140 steel which is studied in Nevsehir University,
Turkey. The investigation was carried out so as to determine the mechanical properties after
different heat treatment. The Chemical composition of the investigated steel is summarized
in the table 2. This composition is selected not only because of the need to obtain relatively
high mechanical properties, but also must be to ensured its weldability for the apply

universitility.

After the melting process of the AISI 4140 steel in a 35 kg melting capacity non-
vacuum induction furnace at 1635°C, the pearlite powder was applied to the liquid material
and a thin layer of slags was formed on the surface. The layer created by the pearlite powder
was taken out with a cold metal rod from over the melt while adding aluminum, titanium and
boron and during the casting process. Thanks to this process, the mixture of oxygen and
nitrogen to the melt in the non-vacuum induction furnace from the air was kept at the
minimum level. The melt was cast in square-shaped ceramic molds in 30x30 mm thickness
heated until 450°C and it was cool in the air. The obtained square-shaped materials at 30x30
mm in size were kept at 1200 °C for 60 minutes in the furnace in the laboratories, and they
were exposed to deformation at 80% by rolling them at two passes in a hot rolling device
with brand of HILLE. The hot deformation’s second rolling out pass temperature was given
close attention to be in the austenite (950 °C) region. The additional detail of this procedure

is given elsewhere [50].
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Table 2.1. Comparison of chemical analyses of AISI 4140 steel containing boron in
different ratios by weight %

21ppm(11) | 11.4ppm(12) 17.2ppm(13) 25.6ppm(14) 31.7ppm(15) 37.7ppm(16)
Si | 0.18295% | 0.18629% 0.17994% 0.17317% 0.16967% 0.15639%
Mn | 0.83752% | 0.84588% 0.82236% 0.79682% 0.79015% 0.76518%
P 10.01339% |0.01516% 0.01432% 0.01145% 0.01375% 0.01338%
Cr | 0.87773% | 0.88739% 0.87559% 0.86454% 0.86932% 0.87540%
Ni | 0.04856% | 0.04850% 0.04822% 0.04773% 0.04827% 0.04845%
Cu | 0.06337% | 0.06517% 0.06306% 0.06342% 0.06314% 0.06448%
Ti |0.02786% | 0.02520% 0.02100% 0.01956% 0.01730% 0.01400%
N 10.01260% | 0.01369% 0.01230% 0.01285% 0.01120% 0.01200%
C 10.44102% | 0.43944% 0.43898% 0.44141% 0.44686% 0.44292%
V' 10.00630% | 0.00658% 0.00621% 0.00599% 0.00596% 0.00599%
Nb | 0.00296% | 0.00326% 0.00298% 0.00307% 0.00305% 0.00317%
2.2 EXPERIMENTAL EQUIPMENTS

Model: PLF 120/10, was used for the different kinds of heat treatment work.

The heat treatment furnace with a temperature up to 1200°C, Protherm Furnace

The hardness measurements were made using a test machine UHT-900D motorized

Brinell, Rockwell and Vickers hardness tester, under a load of 150kg and a diamond indenter.

Three hardness readings were recorded and the average reading using Rockwell (HRC) is

reported here.

Optical microscopy was performed on a Nikon optical microscope (EPIPHOT 200)

in order to reveal the details of the microstructure, the samples were mounted, grind and

polished in the standard manner for the basic metallography’s characterization. The polished

samples were etching with 5% nital to reveal the microstructure and the etching time was

about 10 to 15 seconds. All samples were examined at magnifications of 200X and 400X.

(n’
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Under these magnifications, not much details of the microstructures reveals. However, there
is still much valuable information on the morphology of the microstructures, grain

boundaries, and second phases, etc. that can be obtained from these optical observations.

The wear test was performed using a nanovea tribometer, figure 2.2 (a), which uses
a rotative and linear modes on a single system and offers specific and repeatable wear and
friction testing. At the core the nanovea tribometer is designed with a high quality motor and
a 20bit position encoder. The speeds of the tribometer ranges from 0.01 to 2000rpm. A series
of step speeds can be run continuously during the tests because the tribometer has a full and
precise control of its motor.To achieve a controlled environment the tribometer has an acrylic
enclosure and attached valves which brings inert and other gases. Humidity levels can be
control by an optional humidifier and dehumidifier module. There is also an oven available
for rotative test up to 900°C and also heating plate is used for the linear test up to 300°C.
Tests can either be performed under full absorption in a cup or using the lubrication system
with drop by drop or control spray. A liquid heating module is also usable to provide
controlled liquid heating up to 150°C. To quantify wear loss in a fast and convenient method
without sample removal a full 3D non-contact optical profiler integrated on tribometer
platform is available for that so as to precisely measure wear track volume. A tribometer
software figure 2.2 (b), uses this information and the test parameters to compute a precise
wear rate for the specific examination. Surface topography measurement including roughness
can be measured with the help of the profiler. Rotative Mode (ASTM G99): A test sampleis
loaded with a flat, pin or ball to create a circular wear track as the bottom rotates with a
precisely known weight and at a specific position from the center. The deflection of the direct
load cell during the test determined the friction coefficient. The volume of material lost
during the test are used to calculated the wear rates for the pin and the disk. The software
allows change of friction at any specific point along one lap to be plotted versus time. The
mass of the steel sample is measured before and after the wear test so as to know the mass

loss of the samples [51].
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Figure 2.1 (b) an example wear from the Nanovea tribometer software.

2.3 EXPERIMENTAL PROCEDURE
2.3.1 Heat Treatment
2.3.2.1 Normalization

The specimen was first cut by a cutting machine as received in to small pieces and
then put into a furnace for austenization at austenizing temperatures of 850°C,860°C,
880°C,900°C,960°C and 1000°C and held each at 40 minutes to dissolve the precipitates. And
then the specimen was slowly cooled in atmosphere to room temperature so as to enable the
formation of pearlite and ferrite. After that the specimen was mounted and then grinded and
polished on a grinding machine to enable examination of the morphology and other

mechanical properties.
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2.3.2.2 Oil Quenching

The specimen was first cut by a cutting machine as received into small pieces and
then put into a furnace for austenization at austenizing temperatures of 850°C,860°C,
880°C,900°C,960°C and 1000°C and then held each at 40 minutes to dissolve the precipitates.
After then the specimen was fastly cooled in an oil to room temperature so as to enable the
formation of martensite.Then, the specimen was placed in a mounting machine and then
ground and polished on a grinding machine to enable examination of the morphology and

other mechanical properties.
2.3.1.3 Water Quenching

The specimen was first cut by a cutting machine as received into small pieces and
then put into a furnace for austenization at austenizing temperatures of 850°C,860°C,
880°C,900°C,960°C and 1000°C and held each at 40 minutes to dissolve the precipitates. And
then the specimen was fastly cooled in water to room temperature so as to enable the
formation of martensite. After that the specimen was mounted in a mounting machine and
then grinded and polished on a grinding machine to enable examination of the morphology

and other mechanical properties.
2.3.2 Wear Testing

After the specimen was ground, polished and etched to see the microstructure the
specimen was the re-polished for wear testing so as to enable an accurate result. The mass of
each specimen was then measured before and after the wear test so as to know the amount of
mass loss during the wear testing process as a result of abrasive wear of the surface of the
samples. The wear testing was carried at a sliding distance of 500m at 150rpm with a normal

force of 10N in a rotative mode with a ball.
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CHAPTER 3
EXPERIMENTAL RESULTS AND DISCUSSION

3.1 MICROSTRUCTURES OF INVESTIGATED STEEL
3.1.1 Optical Microscopy

The samples were grinded and polished in the standard manner for the basic
metallographic characterization. The polished samples were etched with 5% nital to reveal

the microstructures and they was taken by using the optical microscope.

A series of representative microstructure were taken on the grinded surface of each
specimen at 200X magnification. Figure3.1 shows the microstructure for austenitizing
temperature of 1000°C in holding time of 40 minutes for the normalize specimen cooled in
air. Under the present etching condition, ferrite or pearlite appears as brown, bainite appears
as black, martensite appears as dark brown and carbide appears as a very bright island. Figure
3.1(a) is the microstructure of specimen 11(2.1ppm) obtained at 1000°C for holding time of
40 minutes, and exhibited mainly a ferrite pearlite structure with little amount of bainite and
martensite structures and some carbides. The prior austenite grain boundaries are covered by
the carbides and upper bainite, and are hardly seen. The microstructure presented in figure
3.1 (b) has the same structure as figure 3.1 (a) except for the grain growth. The microstructure
presented in figure 3.1 (c¢) shows a plane morphology and the microstructure in figure 3.1(d)
shows much amount of ferrite in light color and pearlite in dark brown color with little
amount of bainite in black color and also it shows little formation of carbide and clear
austenite grain boundaries. Figure 3.1 (e) shows a high amount of ferrite and pearlite with
less formation of carbide and negligible amount of bainite and martensite but with no grain
boundaries and small grain size. Figure 3.1(f) shows ferrite and pearlite with much dark

etched surface with needle like macrostructure.
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In some areas, the darker phase starts to form in certain directions, which made this
microstructure to have a more plate-like morphology. It is hard to tell based on the optical in
microstructures what these darker-etched phases are. Microscopy with a higher resolution

has to be used for characterizing the detailed features of these microstructures like SEM.

(a) N4140 11 1000°C 40 minutes (b)N4140 12 1000°C 40 minutes

5 il g e

(c) N4140 13 1000°C 40 minute (d) N4140 14 1000°C40 minute
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(e) N4140 15 1000°C 40 minute (f) N4140 16 1000°C 40 minute

Figure 3.1 (a)-(f) the microstructures for 1000°C austenitizing temperature for holding

time of 40 minutes for the normalized air cooled specimen.

The formation of bainite and martensite in figure 3.1 is due to the addition of boron
to the steel which does not affect the bainitic and martensite region, but affect the ferritic
region as can be seen in figure 1.5. The ferrite region is shifted to the right while the bainite
region to the left, which makes the cooling path to touches the bainite and martensite phase
except in the case of annealing. The formation of carbide in the macrostructures is due to the

precipitate behavior of boron in the solution.

Figure.3.2 shows the micrographs for austenitizing temperature of 1000°C in holding
time of 40 minutes for the water quenched specimen. Under the present etching condition,
martensite or bainite appears as dark brown and black, and carbide appears very bright.
Figure3.2 (a) is the microstructure of specimen 11(2.1ppm) obtained at 1000°C for holding
time of 40 minutes, and exhibites mainly a martensite structure with little amount of bainite
and some carbides with plate like microstructure. The microstructure presented in figure 3.2
(b) has same structure as figure 3.2 (a) but with little retained austenite. The microstructure
presented in figure 3.2(c) shows almost a plane morphology of martensite, and the

microstructure in figure 3.2 (d) shows martensite and presence of some carbide. Figure 3.2
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(e) shows a bright morphology of martensite. Figure 3.2 (f) shows bigger grain size of
martensite, some carbide and little retained austenite. In some areas, the darker phase starts
to form in certain directions, which made this microstructure to have a more plate-like
morphology. It is hard to tell based on the optical micrographs what these darker-etched
phases are, microscopy with a higher resolution has to be used for characterizing the detailed

features of these microstructures like SEM.

(2)W4140 11 1000°C 40 (b)W4140 12 1000°C 40

(c)W4140 13 1000°C 40 (d)W4140 14 1000°C 40
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(e) W4140 15 1000°C 40 (HW4140 16 1000°C 40

Figure 3.2 (a) -(f) The optical micrographs for 1000°C austenitizing temperature for

holding time of 40 minutes for the water quenched specimen.

The formation of bainite and martensite without ferrite in figure 3.2 is due to the
addition of boron to the steel which does not affect the bainitic and martensite region but
affect the ferritic region as can be seen in figure 1.5. The ferrite region is shifted to the right
while the bainite region to the left which makes the cooling path to touches only the bainite
and martensite phase. The formation of carbide in the macrostructures is due to the precipitate

behavior of boron in the solution.

Figure 3.3 shows the microstructures for austenitizing temperature of 1000°C in
holding time of 40 minutes for the oil quenched specimen. Under the present etching
condition, martensite and bainite appears as dark brown and black, and carbide appears very
bright with retained austenite appearing as white. Figure 3.3 (a) is the microstructure of
specimen 11(2.1ppm) obtained at 1000°C for holding time of 40 minutes, and exhibited
mainly a martensite structure with little amount of bainite and some carbides with plate like
microstructure. The microstructure presented in figure 3.3 (b) has the same structure as figure

3.3 (a) but with almost a plane morphology. The microstructure presented in figure3.3(c)
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shows martensite, and the microstructure in figure 3.3 (d) shows martensite and bainite with
retained austenite. Figure 3.3 (e) shows a much black etched structure of bainite and
martensite with no retained austenite. Figure 3.3(f) shows martensite and some carbide. In
some areas, the darker phase starts to form in certain directions, which made this
microstructure to have a more plate-like morphology. It is hard to tell based on the optical
micrographs what these darker-etched phases are. Microscopy with a higher resolution has

to be used for characterizing the detailed features of these microstructures like SEM.

F

(c)Q4140 13 1000°C 40 (d)Q4140 14 1000°C 40
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(f) Q4140 16 1000°C 40

(e) Q4140 15 1000°C 40

Figure 3.3 (a)-(f) the optical micrographs for 1000°C austenitizing temperature for holding

time of 40 minutes for the oil quenched specimen.

The formation of bainite and martensite without ferrite in figure 3.3 is due to the
addition of boron to the steel which does not affect the bainitic and martensite region but
affect the ferritic region as can be seen in figure 1.5. The ferrite region is shifted to the right
while the bainite region to the left which makes the cooling path to touches only the bainite
and martensite phase. The formation of carbide in the macrostructures is due to the precipitate

behavior of boron in the solution.

3.2 MECHANICAL PROPERTIES
3.2.1 Results for Hardness Testing

Table 3.1, 3.2 and 3.3, figures 3.4, 3.5 and 3.6 show the results of hardness test values
and each with its graphs obtained at various temperature for different cooling methods. The

results show that, higher hardness is obtained in the water quenching compare to oil
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quenching because of the rapid cooling in water compared to oil and much less hardness in
air cooling because of the low cooling rate which enhances the formation of ferrite and

pearlite.
3.2.1.1 Normalization

It can be seen from figure 3.4 (a) that the hardness starts increasing as the boron
content increases up to 17.5ppm, except for T860 and T900 but drops at the highest boron
content with the maximum and minimum hardness at 17.5 and 31.7ppm. In figure 3.4 (b), it
is seen that hardness of steels,s1 and s3 decrease as the temperature increase up to 900°C and
later increase at 960°C but decrease at 1000°C. The minimum hardness is observed in steel
s5 and s6 at 960°C which later increase at 1000°C. The decrease and increase in the hardness

of the steel is due to the phase transformation and precipitation behavior of boron [49].

This decrease and increase of hardness in this steel is as a result of the precipitate
behavior of boron, which is caused as a result of increase in the amount of ineffective boron

in the steel and also as a result of increasing austenitizing behavior and cooling conditions.

Table 3.1 HRC Normalize and as received (AR) hardness values

HRC Normalize and as received(AR) hardness values
Boron

2.1ppm | 11.4ppm | 17.2ppm | 25.6ppm | 31.7ppm | 37.7ppm
content
AR 28.83 | 27.55 26.95 28.18 24.18 23.93
850°C | 40.3 42.5 43.9 44.6 44.4 34.4
860°C | 32.3 44.6 40.7 43.2 42.2 41.0
880°C | 34.7 42.6 43.0 41.5 42.1 40.1
900°C | 30.6 44.9 42.5 42.5 37.0 40.8
960°C | 41.3 41.6 45.8 41.6 23.60 30.0
1000°C | 29.2 39.8 42.08 41.5 39.1 35.9
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3.2.1.2 Oil Quenching

In this cooling method it can be seen in figure 3.5 (a) that the hardness value increases
with increase in boron content except for T850 and T860 which is fluctuating. In figure 3.5
(b) it can be seen that for 2.1 and 11.4 ppm boron content steel the hardness values decreases

as the temperature increases while 17.2 and 37.7 ppm increases at first up till 880°C and then
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decreases as the temperature increases. Also 25.6 and 31.7 ppm decreases as the temperature

increase to 860°C and then increase at 880°C which later decrease up to 1000°C.The decrease

and increase in the hardness of the steel is due to the phase transformation and precipitation

behavior of boron.

This fluctuation of hardness in this steel is as a result of the precipitate behavior of

boron, which is caused as a result of increase in the amount of ineffective boron in the steel

and also as a result of increasing austenitizing behavior and cooling condition.

Table 3.2HRC Oil quenching hardness value

HRC Oil quenching hardness value
Boron
2.1ppm | 11.4ppm | 17.2ppm | 25.6ppm | 31.7ppm | 37.7ppm
content
1000°C | 50.4 51.43 51.5 50.57 53.0 53.83
960°C | 55.4 54.2 55.53 54.9 54.1 54.6
900°C | 56.1 55.9 56.23 56.4 56.33 55.6
880°C |56.83 |57.1 57.0 56.53 56.67 56.77
860°C | 56.9 57.43 51.03 511 47.37 53.67
850°C | 56.43 47.73 50.2 56.97 56.17 50.4
— " — — A
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Figure 3.5 (a) the graph of oil quenching hardness against boron content.
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Figure 3.5 (b) the graph of oil quenching hardness against temperature.

3.2.1.3 Water Quenching

In this quenching method it can be seen in figure 3.6 (a) that in T850 and T960 they
is an increment in the hardness value as the boron content increases while T880 decreases as
the boron content increases. In T860 and T900 they is a fluctuation of decrement and
increment as the boron content increases. In T1000 it decreases as the boron content increases

except at the boron content of 25.6 and 31.7ppm.

In figure 3.6 (b) it can be seen that the hardness value decrease in 37.7ppm (s6) steel
as the temperature increases except at 960°C. In 2.1ppm (s1) steel the hardness value increase
up to 880°C and then decreases as the temperature continue to increase. In 11.4ppm (s2) steel
the hardness value decreases first and then increase at 880°C which in turn continue to
decease as the temperature increase. In 17.2ppm (s3) steel the hardness value decreases at
first and then increase at 900°C which later decrease again as the temperature increases. In
25.6ppm (s4) steel the hardness value decreases and then start increasing at 900°C. In
31.7ppm (s5) steel they is a fluctuation of decrement and increment in the hardness value as
the temperature increases. The fluctuation in the hardness of the steel is due to the phase

transformation and precipitation
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This fluctuation of hardness in this steel is as a result of the precipitate behavior of
boron, which is cause as a result of increase in the amount of ineffective boron in the steel

and also as a result of increasing austenitizing behavior and cooling condition.

Table 3.3HRC Water quenches hardness value

HRC Water quenches hardness value
Boron

2.1ppm | 11.4ppm | 17.2ppm | 25.6ppm | 31.7ppm | 37.7ppm
content
850°C | 58.1 58.5 58.8 58.83 57.87 59.1
860°C | 59.2 58.33 58.73 58.23 58.67 58.6
880°C | 59.33 58.83 58.7 58.23 58.2 58.5
900°C | 58.73 58.57 58.87 58.6 58.77 58.27
960°C | 55.4 55.67 56.17 58.77 57.47 58.53
1000°C | 56.73 55.9 54.3 55.3 56.47 54.8
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Figure. 3.6(a) The graph of water quenching hardness against boron content.

created with

oy PDF .
nitro™" professional
download the free trial online at nitropdf.com/professional



33

60

—#=s1
=32
59 s3H
s4
=8=s5
o) 58 ——s6 |
(9}
Z
a 57— -
e
<
I 56 — 4
55+ -
5. I I I | I I | I
§40 860 880 900 920 940 960 980 1000 1020

TEMPERATURE

Figure 3.6 (b) the graph of water quenching hardness against the temperatures.

Figure 3.7 (a) Shows the comparison of the different heat treated steel and the steel
as received at 1000°C austenizing temperature. It can be seen that the as-received steel has
the minimum hardness and the water quench has the maximum hardness which is about twice
the amount of hardness as received, because of the high amount of martensite formation due
to the boron effect. Also, it can be seen that the hardness changes with increase in boron

content, but not uniform due to the phase transformation and precipitate formation.
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Figure 3.7 (a) the comparison graph for as received and the heat treated steel hardness

values against boron content at 1000°C.
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Figure 3.7 (b) shows the comparison of the different heat treated method for different
austenizing temperature for the steel with 17.6ppm boron content. It can be seen that the steel
in the normalized cooling method (Ns3) has the minimum hardness whereas the water quench
has the maximum hardness because of the high formation of martensite due to the boron
effect. Additionally, it can be seen that the hardness changes with increase in boron content,

but not uniform due to the phase transformation and precipitate formation.
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Figure 3.7 (b) the comparison graph for as-received and the heat treated steel hardness

value against temperature for steel s3 (17.6 ppm boron content).

3.2.2 Results of Wear Testing
3.2.2.1 Mass Loss for Each Test

Table 3.4 shows the mass loss of the wear test for steel with six different boron

content after 500m sliding distance at the rate of 150rpm with the normal load of 10N.

In figure 3.8, it can be seen that the mass loss in the steel as-received (AR) is
comparatively higher than the heat treated steels because of the low hardness value of the
steel as received to the heat treated steels. The mass loss of the normalized steels is higher
than the mass loss of the quenched steel but lower than the mass loss of the steel as-received.

The mass loss of the oil quenched steel is higher than the water quenched but lower than the
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air cooled and the as-received steel. Additionally, the mass loss of the oil and water quenched

steel at1000°C is higher than the oil and water mass loss at 960°C because temperature plays

a very important role in the hardenability of a steel. This reason makes the mass loss to be

different for same steel with same boron content in same cooling method but with different

austenitizing temperature.

Table 3.4 Mass loss in gram (g)

Mass loss in gram(g)

2.1ppm 11.4ppm | 17.2ppm | 25.6ppm | 31.7ppm | 37.7ppm
N1000 0.0049 0.0039 0.0035 0.0038 0.0039 0.0034
N960 0.0032 0.0038 0.0036 0.0039 0.0053 0.0043
Q1000 0.0037 0.0032 0.0025 0.0031 0.0030 0.0024
Q960 0.0023 0.0024 0.0021 0.0019 0.0031 0.0026
W1000 0.0019 0.0028 0.0029 0.0026 0.0017 0.0033
W60 0.0023 0.0021 0.0024 0.0019 0.0022 0.0017
AR 0.006 0.0056 0.0062 0.0078 0.0084 0.0096
10210°
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Figure 3.8 The amount of mass loss against boron content
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3.2.2.2 Comparison between Coefficient Of Friction for As-Received State and Heat

Treated Method at 960°C and 1000°C.

The mass loss decreases with increasing boron content in the steel as-received, but
scatter in the heat treated steels due to boron precipitation behavior which depends on

austenitizing temperature and cooling conditions.

Comparison between coefficient of friction against sliding distance for as-received
state, oil quenched Q4140 and water quenched W4140 cooling method in steel 12(11.4
ppm boron content) at 960°C and 1000°C with 40 minutes holding time are shown in figure
3.9. For the wear testing, a normal force (Fn) of 10N is used. The coefficient of friction varies
because of the differences in the hardness of the steel, with the as-received state having
maximum coefficient of friction of 0.779. For the normalized steel sample the maximum
coefficient of friction is 0.629 at 960°C and 0.558 at 1000°C. For the oil quenched steel
sample the maximum coefficient of friction is 0.641 at 960°C and 0.741 at 1000°C. For the
water quenched steel sample the maximum coefficient of friction is 0.541 at 960°C and 0.730

at 1000°C.

9,00E-01
8,00E-01
7,00E-01
c ——AR4140_12_10N
S 6,00E-01
o ——4140 12 960 10N
E 5,00E-01
= 4140_12_1000_10N
2 4,00E01
g Q4140_12_960_10N
‘G 3,00E-01
& ——Q4140_12 1000 10N
i)
2,00E-01
3 ——WA4140 12 960 10N
AR ——\W4140 12 1000_10N
0,00E+00
0 100 200 300 400 500 600
-1,00E-01
Distance(m)

Figure 3.9 The graph of coefficient of friction against sliding distance for as-received state,
oil quenched (Q4140) and water quenched (W4140) method in steel 12 (11.4 ppm
boron content) at 960°C and 1000°C.
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Comparison between coefficient of friction against sliding distance for as-received
state, oil quenched Q4140 and water quenched W4140 cooling method in steel 11(2.1
ppm boron content) at 960°C and 1000°C, with 40 minutes holding time are shown in figure
3.10. For the wear testing a normal force (Fn) of 10N is used. The coefficient of friction
varies because of the differences in the hardness of the steel, with the as-received state having
maximum coefficient of friction of 0.701. For the normalized steel sample the maximum
coefficient of friction is 0.582 at 960°C and 0.631 at 1000°C.For the oil quenched steel
sample the maximum coefficient of friction is 0.715 at 960°C and0.803 at 1000°C.For the
water quenched steel sample the maximum coefficient of friction is 0.604 at 960°C and0.721

at 1000°C.
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F,L00E-01
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4,00E-01

Q4140_11_960_10MN

Coefficient of friction

3,00E-01
Q4140_11 1000_10M
2,00€-01 W4140_11_960_10MN
LogEaT W4140_11_1000_ 10N
0,00E+00
o 200 400 600
-1,00E-01

Distance{m)

Figure 3.10 The graph of coefficient of friction against sliding distance for as-received
state, oil quenched (Q4140) and water quenched (W4140) method in steel 11 (2.1 ppm
boron content) at 960°C and 1000°C

From figure 3.11 it can be seen that steel 15 (31.7ppm) has the highest coefficient of
friction and steel 12 (11.4) has the lowest coefficient of friction. The coefficient of friction
increases as the boron content increase up to 31.7ppm (15) except for the steel with boron
content 2.1ppm (11) and 37.7ppm (16). The decreasing and increasing of the coefficient of

friction with increasing boron content is due to boron precipitation behavior

created with

oy PDF .
nitro™" professional
download the free trial online at nitropdf.com/professional



38

9,00E-01
8,00E-01
7,00E-01
6,00E-01 —e—04140_11 960 10N
5,00E-01 —e—(Q4140_12_960_10N
4,00E-01 »—(4140_13_960_10n
3,00E-01 —e—04140_15 960_10N

2,00E-01 Q4140 14 960_10N

Coefficient of Friction

1,00E-01 —e—(0Q4140_16_560_10N

0,00E+00

-1,00E-01

Distance {m)

Figure 3.11 The graph of Coefficient of friction against sliding distance with different
boron content for oil quenched (Q4140) method at 960°C.

Table 8: Wear Test Results

Designation Max. Max. Time Distance Normal
Frictional Coeff. (Min.) (m) Force (N)
Force (N) Friction
AR 11 10N 7.015 0.785 212.314 500 10
N4140_11_1000°C 6.308 0.631 212.314 500 10
N4140_11_960°C 5.816 0.582 212.314 500 10
Q4140 _11_1000°C 8.033 0.803 212.314 500 10
Q4140 _11_960°C 7.149 0.715 212.314 500 10
W4140_11_1000°C 7.212 0.721 212.314 500 10
W4140_11_960°C 6.043 0.604 212.314 500 10
AR 12 10N 7.787 0.612 212.314 500 10
N4140_12 1000°C 4.281 0.558 212.314 500 10
N4140_12 960°C 6.268 0.627 212.314 500 10
Q4140 _12_1000°C | 7.4114 0.741 212.314 500 10
Q4140 _12 960°C | 6.415 0.641 212.314 500 10
W4140_12_1000°C 7.296 0.730 212.314 500 10
W4140 12 960°C | 5.412 0.541 212.314 500 10
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Table 8 shows the wear test result, which shows how the frictional force and
coefficient of friction are affected with different heat treatment and different quenching

medium with different austenitizing temperature.
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CHAPTER 4

CONCLUSIONS

Boron doped AISI 4140 steel was investigated in this research work to obtain the
microstructural and mechanical effect of boron addition, after some of heat treatment
processes, normalization and quenching in different medium such as oil and water,
comparison has been done with those of as received steels. The main results of the study can

be summarized as follows;

1. The microstructure of all the steel after normalization shows no grain boundaries
because of too much carbide precipitate and upper bainite formation except for the steel with
25.6 ppm boron content. The microstructure for the oil quenched steel shows martensite with
little amount of retained austenite and the microstructure for the water quenched steel shows

very little or no retained austenite.

2. It is observed that boron content less than 0.0008%, as low as 2.1ppm increases the
hardness of AISI 4140 steel significantly. And the hardness values in this steel doesn’t make
much difference as the boron content increases. Additionally, it was also observed that there
is little difference in the hardness values as the temperature increase from 850°C to 960°C
but rather fluctuate. This fluctuation of hardness in this steel is as a result of the precipitate
behavior of boron, which is cause as a result of increase in the amount of ineffective boron

in the steel and also as a result of increasing austenitizing behavior and cooling condition.

3 The mass loss decreases with cooling condition and temperature, with the highest
amount of mass loss observed in the steel as-received and the least in the water and oil
quenched steel at 960°C because of the effect of temperature and cooling condition on

hardness value.
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4. The mass loss decreases with increasing boron content in the steel as-received, but scatter
in the heat treated steels due to boron precipitation behavior which depends on austenitizing

temperature and cooling condition.

5. The coefficient of friction decreases with cooling conditions and increase temperature, but

fluctuate with increasing boron content due to boron precipitation behavior.
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