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ABSTRACT

THE EFFECT OF COPPER ON THE MICROSTRUCTURE AND AGING
CHARACTERISTICS OF AN 0.8%C BAINITIC STEEL

Yildirim, Cagatay
Master of Science, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Bilgehan Ogel

December 2022, 64 pages

Copper causes hot shortness in steel. However, the 1:2 nickel-to-copper ratio avoids
hot shortness phenomena. Also, it is known that an aging treatment applied to ferritic
steels causes age hardening via the precipitation of Cu in the form of BCC copper-
rich clusters. The latter phenomenon was studied extensively in low and medium-
carbon steels. In this study, the copper precipitation in bainitic high-carbon steel and
its effect on microstructure and properties are investigated. To achieve this, 0.8% C
steel having 2% copper and 1% nickel was cast and isothermally heat treated at
various temperatures to obtain bainite. Then the bainitic steels were aged at various
temperatures and times. Copper could not suppress carbide precipitation and as a
result, retained austenite phase could not be detected in bainitic structures. However,
aging retards further softening of the bainite structure in comparison to martensitic

specimens.

Keywords: Isothermal Heat Treatment, Bainite, Copper, Aging



0z

BAKIRIN %0.8C BEYNITIK CELIGIN iCYAPISI VE YASLANDIRMA
OZELLIKLERINE ETKISi

Yildirim, Cagatay
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Danigsmani: Prof. Dr. Bilgehan Ogel

Aralik 2022, 64 sayfa

Bakair, gelikte sicak gevreklige neden olur. Bununla birlikte, 1:2 nikel-bakir orani
sicak gevreklik fenomenini onler. Ayrica, ferritik ¢eliklere uygulanan yaglandirma
isleminin, bakirin, govde merkezli kiibik yapida bakirca zengin kiimeler halinde
¢okelmesi yoluyla yaslandirma sertlesmesine neden oldugu bilinmektedir. Tkinci
fenomen, diislik ve orta karbonlu ¢eliklerde kapsamli bir sekilde incelenmistir. Bu
tez ¢aligmasinda, mukavemet-siineklik dengesini kaybetmeden mukavemette daha
fazla artig1 arastirmak icin beynitik yiiksek karbonlu ¢elikte bu fenomen
incelenmistir. Bunun igin, %2 bakir ve %1 nikel igeren %0,8 C ¢elik dokiildii ve
beynit elde etmek icin ¢esitli sicakliklarda izotermik 1s1l isleme tabi tutuldu. Daha
sonra beynitik ¢elikler ¢esitli sicaklik ve siirelerde yaslandirilmistir. Bu ¢alisma
sonucunda bakir, karbiir ¢okelmesini bastiramadi ve sonug olarak beynitik
yapilarda bulunan 6stenit fazi tespit edilemedi. Ancak yaslandirmanin martensitik
numunelere kiyasla beynitik yapinin daha fazla yumusamasini geciktirdigi

gorilmiistiir.

Anahtar Kelimeler: Izotermal Isil Islem, Beynit, Bakir, Yaslandirma
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CHAPTER 1

INTRODUCTION

Steel is accepted as one of the basis for today’s civilization. Its easy recyclability,
availability, and moderately good mechanical properties make it indispensable
among other metals. Even though, in the last few decades, nonferrous alloys and
composite materials have gained a large place in the industry, energy efficiency and
environmental issues brought to mind the question of whether steel will regain its
former importance. Moreover, in recent years, the strength-ductility balance has
become an essential parameter in industry, and iron alloys are moderately good in
this parameter [1].

In steels and other metals, as strength increases, toughness decreases by
considering most of the strengthening mechanisms [2]. Only grain refinement can
enhance strength and toughness together [3]. Moreover, brittle phases like carbides
should be suppressed to preserve strength-toughness balance [3,4]. Therefore, if
high-strength material with high toughness is desired, the material must have a
fine-grained and carbide-free microstructure which requires energy-consuming
complex heat treatment procedures and expensive additives as in maraging steels
[5]. However, previous studies about the bainitic steels requiring less complicated
heat treatment procedures and cheaper additives show the strength-toughness level
of carbide-free bainite with the thin film of retained austenite among bainitic

ferrites starts to catch that of maraging steels [4,6].

As known, a certain amount of copper in steel causes ductility and hot-forming
problems [7]. The amount of copper in steel is expected to increase and exceed
tolerable limits due to recycling problems brought about by the fact that copper is
less oxidizable than steel [8]. Despite this bad trend and negative aspects of copper,



there are positive findings too. These are: 1:2 nickel-to-copper ratio in steel prevents
hot shortness phenomena [9], and copper precipitation within ferrite grain

strengthens the material without decreasing toughness[10].

Copper precipitation characteristics, its effects on bainite transformation, and
mechanical properties were studied by various researchers for low and medium-

carbon steels, but these topics were not studied well in high-carbon steels.

In this thesis study, high carbon steel specimens containing a reasonable amount of
copper and nickel were heat treated to investigate further increasing in strength
without losing strength-ductility balance in bainitic steels.



CHAPTER 2

LITERATURE REVIEW

2.1 Martensite

The martensite is the hardest phase in steels which is produced by rapid quenching
just after austenitization. Due to the high cooling rate where diffusion of atoms is
not allowed, chemical compositions of parent and product phases remain almost
the same. Likewise, the parent phase transforms to the product phase with the
cooperative movement of atoms which is called military transformation, unlike
civilian transformations that require disordered motion of atoms, i.e.,
transformations with diffusion. Hence martensitic transformations are accepted as
diffusionless. As its transformation is diffusionless at a specified temperature, the
maximum amount that can be obtained is independent of the time elapsed at that
temperature [11]. Moreover, diffusionless transformation restraints the movement
of Carbon atoms, and thus it leads to the formation of a BCT lattice structure
instead of BCC. Moreover, the axial ratio (c/a) of the BCT lattice is sensitive to the
amount of Carbon because of the lattice distortion created by octahedral interstitial
sites occupied with Carbon atoms [20]. Therefore, the strength of martensite is

much more dependent on the amount of Carbon than other micro constituents [21].

Crystallographic techniques and high-temperature optical microscope experiments
have shown that transformation takes place by deformation of the parent austenite
phase, as shown in Figure 2.1. This deformation is governed by a large
thermodynamic driving force and causes the invariant plane strain consisting of
shear and dilatational strain with an undistorted and unrotated interface called the

invariant plane [12].
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Figure 2.1.a) Schematic formation mechanism of martensite and b) surface tilting

on as-polished specimen because of the martensite formation [13]

Martensite can be observed as two major morphologies depending on the chemical
composition of the alloy and transformation temperature. Although there are
different terms in the literature, these morphologies can be described as lath and

plate martensite.

The lath martensite consists of the parallel neighbor laths that form packets as seen
in Figure 2.2.a. There may be several packets in prior austenite grains, and these

packets may possess different orientations with adjacent packets.

Considering plate martensite, shear resistance should be higher to obtain this
morphology. This means alloying elements such as carbon and lower
transformation temperature are required to observe plate martensite. Plate
martensite does not consist of parallel units, unlike lath martensite, as in Figure
2.2.b. Another feature that distinguishes plate martensite from lath martensite is the

twins inside the plate martensite.

In both morphologies, there is high dislocation density, distorted lattice, fine grain,
and supersaturated solid solution condition compared with other microstructures
that steel may have [22,23].

Although the parameters are not well characterized, these differences are accepted

as the reason of high strength and brittleness of martensite [23].



Figure 2.2. a) Lath martensite in Fe-0.2 C (magnified 205 times) b) Plate
martensite in Fe-13.9 Mn alloy (magnified 1000 times) [23]

Because of its brittleness, martensitic steels are often tempered to gain toughness in
response to decrease in strength. In industry, wide range of strength to toughness

ratio can be obtained by changing tempering parameters in martensitic steels [12].

2.2 Bainite

In iron alloys, both toughness and strength can be optimized by increasing the
amount of the bainite phase. In bainitic steels, with the help of alloying elements
and heat treatments, ultimate tensile strength in the range of 2.0 GPa and toughness
of as high as 30 MPa.m*? can be obtained [14].

Their formation mechanism and microstructure must be examined to understand
their balanced strength and toughness. Currently, there are two controversial
schools about the bainite formation mechanism. These are displacive and
reconstructive transformations. In recent studies, new bainitic steels with
outstanding properties were discovered by using displacive theory [28]. In this
thesis study, the displacive theory was used to design alloy composition and heat
treatment route.
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Figure 2.3. The relationship between a TTT and corresponding Fe-C phase diagram

[3]

TTT diagrams essentially consist of two C curves, as indicated in Figure 2.3. The
upper C curve represents the time required to initiate reconstructive
transformations such as ferrite and pearlite, whereas the lower C curve represents

displacive transformations such as bainite. [3].

As in martensite transformation, bainite forms by shear deformation of the
austenite phase with invariant plane strain; however, unlike martensite, carbon
diffuses to the adjacent austenite phase, and carbides can form in bainite subunits
or between them because of the higher transformation temperature [6,25].

As can be seen in Figure 2.4, bainite is a nonlamellar aggregate of carbides and
plate-shaped ferrite. The ferrite plates are about 10 um long and about 0.2 um thick
making the individual plates invisible under the optical microscope. Depending on
the transformation temperature two kinds of bainite may form. These are upper and
lower bainite. During transformation, these micro-constituents form bigger micro-

constituents called sheaves. This structure was illustrated in Figure 2.4 [3].



Bainite

Figure 2.4. lllustration of bainite sheaves and retained austenite [3]

Upper bainite consists of clusters of platelets of ferrite adjacent to each other and
cementite particles between them but in lower bainite, cementite particles can be
observed within ferrite matrix [11]. The difference between their morphologies can
be seen in Figure 2.5. The temperature boundary between upper and lower bainite

in isothermal heat treatments was given in Figure 2.6.

Figure 2.5. Transmission Electron micrographs of a) Upper and b) Lower Bainite
[15]
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Figure 2.6. The temperature boundary between upper and lower bainite depending

on amount of carbon [26]

2.2.1 Design Concept for New Bainitic Steels

In recent years, increasing the toughness and strength of materials simultaneously
became important because of the pressure created by the concerns about energy
consumption, the automotive and defense industries. As known, strength and
toughness are mutually exclusive material properties if most of the strengthening
mechanisms are considered [2]. Therefore, a more complex alloy and heat
treatment design may be required to increase both properties as indicated in Figure

2.7.
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Figure 2.7. Philosophy employed to develop high fracture-toughness & high
strength materials [2]

In terms of strength-toughness balance TRIP and Maraging steels occupy top
positions [27]. Nevertheless, new bainitic steels designed by using displacive
theory seem to catch that level. In these steels, To is shifted to higher carbon levels
to prevent blocky retained austenite and carbide precipitation is suppressed by
careful alloying and heat treatment design. As a result, in terms of strength-
toughness, top ranked alloys can be caught with relatively new design concept in

bainitic steels [28]. The place of new bainitic steels was illustrated in Figure 2.8.
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Figure 2.8. Comparison of ultimate strength versus fracture toughness of various

steels and bainitic steels (square and circle dots) [29]

2.2.1.1  Thermodynamic Criteria for Bainite Transformation

In transformation, diffusionless growth takes place and austenite carbon
concentration at transformation temperature must be lower than To line to obtain
bainite microstructure. To line is the boundary where austenite and ferrite Gibbs
free energies become equal but as bainitic transformation is displacive ferrites
stored energy must be added and therefore To should be modified to To. If T is
not considered, instead of bainite, strength reducer blocky retained austenite or

Martensite/Austenite regions (M/A) may form [3].

10
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Figure 2.9. To and To curves and their origin [3]

2212 Criteria for Carbide Free Bainite

After formation of bainite, cementite between ferrite platelets form. This cementite
is responsible for initiating fracture in high strength steels and its absence is

expected to increase both toughness and strength [4].

To obtain carbide-free bainite, austenite carbon concentration at transformation

temperature must be lower than the para-equilibrium line [33].

The carbide formation can be suppressed by various elements. Well-known,
studied by various researchers, and proven experimentally example of these
elements is Si. The solubility of Si in cementite is very low therefore it suppresses

cementite precipitation as indicated in Figure 2.10 [16].
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Figure 2.10. Predicted time—temperature—precipitation diagram for para-
equilibrium cementite in system Fe—Si—-Mn—C with base composition Fe-1.2C—
1.5Mn-1.5Si [16]

In addition, effects of carbide free microstructure on mechanical properties can be
directly seen. Up to 2 GPa ultimate tensile strength and approximately 6 Joule
impact toughness can be obtained by adding Si [17].

2.2.1.3  Superposition of All Criteria for Carbide Free Bainite

To summarize, temperature should be below To curve, to suppress carbide formation
carbon concentration should be below para-equilibrium curve and temperature
should be above Martensite-start temperature curve to avoid martensite formation.
In short, shaded area in Figure 2.11 represents range of parameters for carbide free
bainite [33].
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By changing composition of alloying elements, this area can be made bigger. For

example,
1. By adding Al, carbide formation can be suppressed and To curve can be
shifted to higher carbon concentration values at lower temperatures.
2. By decreasing Mn To curve can be shifted to higher carbon concentration
values.
3. By adding Co To curve can be shifted to higher carbon concentration values
[33].
4. By adding Si, para-equilibrium curve can be shifted to higher carbon
concentration values [16].
5. As Cincreases, Ms decreases [12].
2.2.2 Copper in Steels

The recycling of scrap metals via Electric Arc Furnace is one of the routes of steel

making. Although it is used widely, tramp elements such as copper restricts this

production route. If adequate Ni alloying is not provided, Cu may cause hot shortness

during hot working [9]. Due to selective oxidation of iron on the surface, Cu enriched

phase forms between scale and iron as indicated in Figure 2.12. Moreover, this Cu

rich phase has lower melting point than iron. This phase melt during hot working

13



and weakens grain boundaries. Therefore, it may cause surface cracks during hot
working [18]. Furthermore, amount of copper in the steel that produced with EAF is
expected to increase with time and exceed tolerable limits due to recycling problems
brought about by the fact that copper is less oxidizable than steel [8].

Steel Cu-rich zone Oxide

Figure 2.12. Copper-enriched zone between oxide and base metal in the steel held
at 900°C for 24h [7]
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Figure 2.13. Age hardening behavior of Cu containing steels [10]

If copper containing steel age hardened, copper-rich precipitates (10-50 nm in size)
may form in ferrite phase. These precipitates impede dislocation movement and

thus they harden the material or retard softening as shown in Figure 2.13[10,19].

Unlike carbides and oxides that are used to strengthen steels, copper precipitates
are softer than matrix phase. This allows dislocations to cut copper precipitates
easily and further plastic work in the material during deformation instead of the
stress concentration associated with dislocation pile-ups as in the case of carbides
and oxides. Therefore, copper precipitates increase strength without losing

toughness. Even some cases it increases toughness too [3,10,19].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1  Test Specimen

To observe effects of copper on bainitic transformations and aging in 0.8%C steels,
the steel alloy with the composition given in table 3.1 was prepared. In addition,
the Cu: Ni ratio was kept at 2:1 to avoid copper segregation and local melting. The
steel was cast into a metal mold having dimensions 25x12x2.5cm (Figure 3.1).

Figure 3.1. The specimen obtained after casting

“Optical Emission Spectrometer WAS Foundarymaster” in METU foundary lab

was used for analysing the chemical composition of the steel plate.
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Table 3.1 The chemical composition of the plate specimen.

Element | Fe C Si Mn P S Cr Ni Co Cu A% w Sb
Mean

Wi o 951 0.804 | 0.277 | 0.797 | 0.0269 | 0.0377 | 0.0268 | 0.965 | 0.0115 | 1.88 | 0.0087 | 0.111 | 0.0264
t. %

3.2 Heat Treatment Procedure

3.2.1

MSE muffle furnace was used for austenitization and aging. The high-precision

Heat Treatment Equipment

Protherm PC442T thermocouple located very close to the specimens was used for

temperature measurements in austenitization and aging. A salt bath possessing a

8.5 L nitrate-nitrite mixture was used for the isothermal heat treatment of

specimens.

3.2.2

Heat Treatment Parameters

Initially, the cast plate was homogenized at 1150°C for 5 hours.

The obtained results from Optical Emission Spectroscopy were uploaded to

JMatPro software to calculate the TTT and CCT curves. Austenite grain size was

assumed as 9 in ASTM scale. After calculating TTT and CCT curves as shown in

Figure 3.2, the heat treatment temperatures and times were determined.
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Figure 3.2. TTT and CCT curves calculated by using JMatPro software
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After homogenization of the cast specimen, it was cut into 2.5 cm thick square
shaped specimens. All cut samples were subjected to austenitization at 900°C for
30 minutes. The austenitization time was started after samples were reached 900°C.
The temperatures of the specimens were measured by using thermocouple directly
in contact with the samples. After austenitization, one sample directly quenched to
oil at room temperature to obtain martensite. Other samples were subjected to
isothermal heat treatment at either 170, 220, 270, 320 or 370°C to obtain bainite
with various morphologies. After isothermal treatment is finished, the specimens
were quenched to oil at room temperature. Finally, for ageing the samples were put
in muffle furnace and kept at 450°C and 500°C for various durations. Finally, aged

specimens were air cooled. The heat treatment procedure was shown schematically
in Figure 3.3.

Temperature °C Martensite

~™77  Tranformation
Austenization-30 min = = = Bainite
900 |-

Transformation
\

Aging at 500 °C
Bainitic \
Transformation |--—4-----—---mmmmmnes b
Temperature

RT O S = \

Time (min.)

Figure 3.3.Summary of Heat Treatment Route
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3.2.3 Microstructural Characterization

Specimens were prepared for optical microscopy analysis in accordance with
ASTM E3 [30]. To achieve this, specimens were cut using Metkon Metacut 251
Abrasive Cutter. Metkon Ecopress 100 was used to mount the specimen into the
phenolic resin. After mounting the specimens, they were ground with 180,320, 600,
1200, and 2500 grit emery papers respectively, and polished by using Mecapol
P230 Polisher using 6um and 1pum Metkon Diapat-P water-based diamond

solutions.

To examine the microstructure, specimens were etched with 2% Nital solution for

1-6 seconds.

Nikon E200 Eclipse optical microscope and Clemex Vision Lite software were
used for metallographic examination. Moreover, Zeiss Evo 10 SEM was used to
examine the specimens at higher magnifications. Sticky copper strips were used to

avoid charging during SEM examinations.

3.2.4 Hardness Measurements

To characterize bainitic transformations at various temperatures and aging for
various durations Emco Universal Digital Hardness Testing Machine was used and
hardnesses were taken at HV30. The specimens were mounted in phenolic resin
and then ground and polished to obtain more accurate results. As very close
indentations are detrimental for precision of results due to strain hardening at the
vicinity of indentations, the distance minimum 2.5 times of diagonal length of

previous indentation was left between indentations [31].
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3.25 Retained Austenite Measurements with XRD

After bainitic transformations, amount of retained austenite was measured from
electropolished specimens in accordance with ASTM E 975 by using GNR Arex-
D. In this device, Molybdenum X-ray anode was used, and only integrated

intensities of austenite and ferrite peaks were measured.
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CHAPTER 4

RESULTS and DISCUSSION

4.1 Results of IMatPro TTT and CCT Simulations

For designing the bainitic and martensitic transformation heat treatments, the
calculated TTT and CCT diagrams by JMatPro software were used. The calculated
diagrams are given in Figure 4.1 and Figure 4.2. Martensite start temperature (Ms)
was calculated as 169.3°C by using the calculated TTT diagram, isothermal heat
treatment temperatures and durations were determined as indicated in Table 4.1. In
the determination of heat treatment parameters Martensite start temperature (Ms)
temperature, Bainite start temperature (Bs) and the time required to obtain full
bainitic transformation (according to the diagrams) were considered. Moreover,
TTA diagram was also simulated as given in Figure 4.3 to determine
austenitization temperature and its duration. After examination of the TTA
diagram, the austenitization is carried out at 900°C for 30 minutes to ensure full

austenitization.

Following the isothermal heat treatments, specimens were aged at 450°C and
500°C for various durations. The aging temperatures were determined by
considering work of Fourlaris et al. [35] and Uzer [36]. The aging parameters were
given in Table 4.2.
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Figure 4.3. Calculated TTA diagram of the Specimen

Table 4.1 Isothermal heat treatment temperatures and durations depending on the
calculated TTT diagram.

Heat
Austenitization Applied Heat Treatment Duration
Temperature (°C) Treatment Temperature (hr.)
°O)
Quenching - -
170 (Just above 40
Ms)
Bainitic 220 o5
900 _
Transformation
270 3
320 1
370 0.30
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Table 4.2 The parameters of the ageing performed after isothermal heat treatment

Isothermal
) Heat- ) Duration of | Duration of
Applied Heat Duration ) )
Treatment Aging Aging
Treatment - . (hr))
emperature At 450°C At 500°C
O,
¢C) (min.) (min.)
Quenching - - -
170 (Just above 40 -
Ms)
Bainitic 220 o5 - 0,30,60 and
Transformation 120
270 3 0,10,60,90,
320 1 180,270 and
370 0.30 360
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4.2  Optical Microscope Images of Aged and Unaged Specimens

Figure 4.5. Optical Micrograph of the specimen after quenching and aging at 500°C
for 2-hours. Tempered Martensite.
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Figure 4.6. Optical Micrograph of Isothermally Heat-Treated Specimen at 170°C
for 41 hours. The microstructure seems to be mostly bainite. There are small white

areas which are most probably M/A islands.

Figure 4.7. Optical Micrograph of Isothermally Heat-Treated specimen at 170°C
for 41 hours. Then aged at 500 C for 2-hours. The microstructure seems to be
mostly bainite.
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Figure 4.8. Optical Micrograph of Isothermally Heat-Treated Specimen at 220°C
for 25 hours. The microstructure seems to be mostly bainite. A few amounts of

M/A islands are seen.

Figure 4.9. Optical Micrograph of Isothermally Heat-Treated at 220°C for 25 hours
and then aged at 500 C for 2 hours.
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Figure 4.10. Optical Micrograph of Isothermally Heat-Treated Specimen at 270°C

for 3 hours. The microstructure seems to be mostly bainite.

Figure 4.11. Optical Micrograph of Isothermally Heat-Treated at 270°C for 3
hours. Then aged at 500 C for 2-hours.
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Figure 4.12. Optical Micrograph of Isothermally Heat-Treated Specimen at 320°C
for 1 hour. The microstructure seems to be mostly bainite. There are a few light-

colored areas which are most probably belong to M/A islands.

Figure 4.13. Optical Micrograph of Isothermally Heat-Treated at 320°C for 1
hours. Then aged at 500 C for 2-hours.
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Figure 4.14. Optical Micrograph of Isothermally Heat-Treated Specimen at 370°C
for 0.30 hour. The microstructure seems to be mostly bainite. There are light
colored areas which are most probably belong to M/A islands.

Figure 4.15. Optical Micrograph of Isothermally Heat-Treated at 370°C for 0.30
hour. Then aged at 500°C for 2-hours. The microstructure seems to be mostly
bainite.
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Quenched Specimens

As seen in Figure 4.4, the microstructure of as-quenched specimen consists of
martensite. Though cannot be resolved, some amount of retained austenite is
expected. In accordance with the carbon content, martensite needles are in plate

morphology.

When the quenched specimen is aged, martensite plates become rounded (Figure
4.5). As a result of the aging, the microstructure has transformed into tempered

martensite.

Isothermally Heat-Treated Specimen at 170°C

The micrograph of the isothermally treated specimen at 170°C Figure 4.7show that
bainitic transformation is nearly complete (Figure 4.6). Acicular bainite sheaves are
seen. A few white areas are present, which are most probably the M/A regions

(either retained austenite or martensite).

According to optical microscopic examinations, after aging the bainite sheaves
become more visible. This might be due to fine carbide precipitation at the sheave
boundaries. The light-colored needles in Figure 4.7 may belong to M/A regions.
However, their morphology is different from the classical appearance of M/A.
Therefore, needs SEM study.

Isothermally Heat-Treated Specimen at 220°C

Similar to that of previous heat treatment, an isothermal treatment at 220°C, the
microstructure seems to be mostly bainite (Figure 4.8). A noticeable change could

not be seen in comparison to treatment at 170°C (Figure 4.6).

After aging treatment, the bainite sheaves become more visible (Figure 4.9).
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Isothermally Heat-Treated Specimen at 270°C

Similar to previous heat treatment, the specimen treated at 270°C for 3 hours
yielded bainitic microstructure. However, the bainite sheaves are thicker than the

low-temperature treatments (Figure 4.10).

After aging, like in previous specimens, the bainite sheaves become more visible
(Figure 4.11)

Isothermally Heat-Treated Specimen at 320°C

The specimen treated at 320°C for 3 hours yielded bainitic microstructure. Like the

sample treated at 270°C, the bainite sheaves are thick (Figure 4.12).

After aging, similar to previous specimens, the bainite sheaves become more
visible (Figure 4.13).

Isothermally Heat-Treated Specimen at 370°C

Similar to previous heat treatment, the isothermally treated specimen at 370°C
exhibits a coarse bainitic structure (Figure 4.14). The light-appearing and dark-
appearing bainite sheaves are very evident in this specimen. The different
contrasted sheaves may be because the light-appearing regions belong to the bainite

that transformed at the early stages of the isothermal treatment.

Aging at 500°C did not change the microstructure (Figure 4.15).
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4.3  SEM Study of Aged and Unaged Specimens

! £ &5 FE e 3 & /
2pm EHT=15.00kV  Signal A= SE1 IProbe = 20 pA Brightness = 47.5 %
WD =8.04 mm Mag= 9.94KX Cycle Time =40.5 Secs Contrast = 36.9 %

Brightness = 50.8%  [NE.
WD=1004mm  Mag= 1000KX  Cycle Time =405 Secs Contrast= 35.6 %

Figure 4.17. SEM micrograph of the specimen after quenching and 2-hour ageing.
A light-colored fine precipitation is seen at the boundaries which are most probably

cementite (shown as “C”).
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fF—— WD=064mm  Mag= BOUKX  Cycle Time=40.5Secs Contrast= 36.3%

Figure 4.18. SEM image of Isothermally Heat-Treated at 170°C for 41 hours.
Mostly bainitic structure with carbide precipitation. Bainite sub-unit width is

approximately 0.2 um.

~ . > 5 e\ e 4
2pm EHT=20.00kvV  Signal A=SE1 IProbe = 30 pA Brightness = 50.8 % ﬁ

WD =9.85 mm Mag= 10.00KX Cycle Time = 40.5 Secs  Contrast = 32.9 %

Figure 4.19. SEM image of Isothermally Heat-Treated at 170°C for 41 hours and
then aged 2-hours. The carbides appear as rounded, light contrasted particles. The
carbides seem to become rounded after the ageing process.
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—— wp=1042mm Mag= 2000KX  CycleTime =2.7 Ming Contrast= 326 %

(b)
Figure 4.20. (a) SEM image of Isothermally Heat-Treated at 220°C for 25 hours.

Mostly bainitic structure with carbide precipitation. Bainite sub-unit width is

approximately 0.2 um. (b) At higher magnification.
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(b)

Figure 4.21. (a) SEM image of Isothermally Heat-Treated at 220°C for 25 hours
and 2-hour Aged Specimen. The carbides seem to become rounded after the ageing
process. (b) At higher magnification.
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Brightness = 49.4 %
WD=1372mm  Mag= 20.00KX  Cycle Time =405 Secs Contrast= 37.8 %

Figure 4.22. (a)SEM image of Isothermally Heat-Treated at 270°C for 3 hours.
Mostly bainitic structure with carbide precipitation. Also, small
Martensite/Austenite islands(M/A) were seen. (b) At higher magnification. Bainite

sub-unit width is approximately 0.2 um.
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(b)

Figure 4.23. (a) SEM image of Isothermally Heat-Treated at 270°C for 3 hours and
2-hour Aged Specimen. The carbides seem to become rounded after the ageing

process. (b) At higher magnification.
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(b)

Figure 4.24.(a) SEM image of Isothermally Heat-Treated at 320°C for 1 hours.
Mostly bainitic structure with carbide precipitation. Bainite sub-unit width is

approximately 0.4 um. There are darker regions shown with L have a slightly

different color contrast than other regions but same morphology. (b) At higher

magnification.
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Figure 4.25. SEM image of Isothermally Heat-Treated at 320°C for 1 hours and 2-
hour Aged Specimen. The carbides seem to become rounded after the aging
process. There are darker regions shown L’ have a slightly different color contrast
than other regions but same morphology.
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Figure 4.26. SEM image of Isothermally Heat-Treated Specimen at 370°C for 0.30
hour. Mostly bainitic structure with carbide precipitation. Bainite sub-unit width is

approximately 0.4 um.

2pum EHT=20.00KV  Signal A = SE1 IProbe = 20 pA Brightness = 49.8% [
F—— wD=1280mm  Mag= 1200KX  Cycle Time =405Secs Contrast= 374 %

Figure 4.27. SEM image of Isothermally Heat-Treated at 370°C for 0.30 and 2-
hour Aged Specimen. The carbides seem to become rounded after the ageing

process.
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Quenched Specimens

In Figure 4.16, it is seen that the microstructure consists of plate martensite. In
Figure 4.17, it is seen that aging at 500°C (it can be assumed as tempering) caused
carbide precipitation at the plate boundaries. It can be assumed that these carbides

are of cementite type because cementite is stable at that temperature [16, 34].

Moreover, the difference between Figure 4.18 and Figure 4.19 shows that

martensite plates are slightly rounded after aging.

Isothermally Heat-Treated Specimen at 170°C

Figure 4.18 shows the bainitic transformation at 170°C. The bainite sheaves are
very narrow. According to the measurement performed on the test line (yellow bar)
(Figure 4.18), the approximate bainite sub-unite size is 0.2 um. The carbide
precipitation at certain crystallographic directions is evident (Figure 4.18). This
means that the amount of copper itself is insufficient to suppress the carbide

precipitation.

The carbides seem to become rounded after aging, as shown in Figure 4.19. This
can be explained by the thermodynamic driving force toward the reduction in

interfacial energy between the carbide and ferrite phases [12].

Isothermally Heat-Treated Specimen at 220°C

Figure 4.20 shows that the bainitic transformation at 220°C is nearly complete.
SEM images clearly show carbide precipitation within bainite sub-units with
specific crystallographic directions. Bainite sub-unit width is approximately 0.2 um
in this specimen as well. Similar to that of previous heat treatment, carbides are
slightly spheroidized after aging (Figure 4.21).

Isothermally Heat-Treated Specimen at 270°C

SEM images clearly show carbide precipitation within bainite sub-units with

specific crystallographic directions. In addition, small M/A islands were seen
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(Figure 4.22). Similar to that of previous heat treatment, carbides slightly
spheroidized after aging. Bainite sub-unit width is approximately 0.2 um in this

specimen as well.

Isothermally Heat-Treated Specimen at 320°C

SEM images clearly show carbide precipitation within bainite sub-units with
specific crystallographic directions. Bainite sub-units seem wider when Figure 4.24
compared with Figure 4.18, Figure 4.20, and Figure 4.22. Similar to that of
previous heat treatment, carbides slightly spheroidized after aging. The darker
appearing regions in Figure 4.24 and 4.25 shown as L and L’ can belong to the
bainite sheaves that formed at a different time interval than the other regions but
there is no evidence at that stage.

Isothermally Heat-Treated Specimen at 370°C

Figure 4.26 shows the bainitic transformation at 370°C. Under SEM, it is seen that
this temperature yields the thickest bainite sub-unit width (0.4um). Also, carbide
precipitates seem rounded when Figure 4.26 compared with previous SEM images
of isothermally heat-treated specimens. Hence, the effect of aging on carbide
morphology is the lowest for isothermally heat-treated samples at 370°C.
Moreover, the dark contrasted regions in Figure 4.26 are believed to belong to the

bainite, which forms at later stages of transformation.
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Table 4.3 The Approximate Bainite Sub-Unit Widths Depending on Heat

Treatment Temperature

Applied Heat Treatment

Approximate Bainite Sub-Unit

Width (um)
Isothermally Heat Treated at 170°C 0.2
Isothermally Heat Treated at 220°C 0.2
Isothermally Heat Treated at 270°C 0.2
Isothermally Heat Treated at 320°C 0.4
Isothermally Heat Treated at 370°C 0.4

4.4 Retained Austenite Measurements

Table 4.4 Retained Austenite Measurements Before Aging Process

Applied Heat Treatment

Retained Austenite (%0)

Quenched 5.5+ 0.1
Isothermally Heat Treated at 170°C <1
Isothermally Heat Treated at 220°C <1
Isothermally Heat Treated at 270°C <1
Isothermally Heat Treated at 320°C <1
Isothermally Heat Treated at 370°C <1

The amount of retained austenite values obtained from XRD analysis are given in

Table 4.4. Approximately 5.5% retained austenite is present in as-quenched

specimen. Also, a reasonable amount of retained austenite was expected in bainitic

specimens. However, retained austenite could not be detected in isothermally heat-

treated specimens. This can be explained by the study of Caballero et al. [32] and

SEM images. According to this study, if carbide precipitation cannot be
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suppressed, retained austenite will decompose into ferrite and carbide. It seems that

the Cu element alone could not suppress the carbide precipitation.

4.5 Hardness Measurements

Table 4.5 Hardness Values of Martensitic and Bainitic Specimens Before Aging

Specimen HV30

Quenched 652+22
Isothermally Heat Treated at 170°C 661+10
Isothermally Heat Treated at 220°C 630+13
Isothermally Heat Treated at 270°C 532+13
Isothermally Heat Treated at 320°C 475+4
Isothermally Heat Treated at 370°C 405+6

Hardness values of both the bainitic and martensitic specimens are given in Table
4.5. It can be seen that highest hardness values were obtained from as-quenched
and isothermally heat-treated specimens at 170°C. It is expected for the as-
quenched specimen to yield the highest hardness value. However, a similar
hardness value achieved by isothermally heat-treated specimen at 170°C indicates
that a bainitic structure formed at a substantially low temperature (i.e., close to Ms)
can reach to that of as-quenched specimen. The high hardness value in isothermally
heat-treated specimen at 170°C cannot be attributed to incomplete bainitic
transformation and presence of high amount of martensite. If this was the case,
some amount of retained austenite should be observed in 170°C bainitic specimen

as well.
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It is observed that when the isothermal heat treatment temperatures increase,
hardness values decrease. The hardness of specimen isothermally treated at 170°C
yields 661HV. However, the hardness drops gradually as the isothermal
transformation temperature increases from 170°C to 370°C. The specimen treated
at 370°C yields only 405 HV. This can be attributed to the bainitic sub-unit width
which become thicker at high transformation temperatures as shown in Table 4.3
(3,37). Also, the bainitic transformation may not be complete and some amount of
martensite may form in the microstructure in the form of M/A and effect the
hardness value. However, such a high amount of M/A was not observed in the

microstructure.
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451 Effect of Aging Time and Temperatures on Hardness Values of

Martensitic and Bainitic Specimens

Table 4.6 Hardness measurements with HV30 scale after aging at 500°C

Isothermal Hardness (HV30) at Aging
Heat Time(min.)
Treatment
Temperature 0 30 60 120

Quench 651+22 | 476x1 | 424+7 | 403+2
170°C 66110 | 468+1 | 439+3 | 409+2
220°C 63012 | 461£3 | 429+1 | 406+£5
270°C 532+13 | 435+12 | 41244 | 398+2
320°C 47544 | 425+4 | 378+4 | 391+5
370°C 405+6 | 408+1 | 3766 | 384+6

Quenched

700
650
600
550
500
450
400

350
0 20 40 60 80 100 120 140

HV30

Aging Time (min)

Figure 4.28. Ageing Time vs. Hardness Graph of Quenched Specimen (Aged at
500°C)
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Heat Treated at 170°C
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Figure 4.29. Aging Time vs. Hardness Graph of Isothermally Heat-Treated
Specimen at 170°C (Aged at 500°C)
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Figure 4.30. Aging Time vs. Hardness Graph of Isothermally Heat-Treated
Specimen at 220°C (Aged at 500°C)
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Heat Treated at 270°C
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Figure 4.31. Aging Time vs. Hardness Graph of Isothermally Heat-Treated
Specimen at 270°C (Aged at 500°C)
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Figure 4.32. Aging Time vs. Hardness Graph of Isothermally Heat-Treated
Specimen at 320°C (Aged at 500°C)
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Heat Treated at 370°C
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Figure 4.33. Aging Time vs. Hardness Graph of Isothermally Heat-Treated
Specimen at 370°C (Aged at 500°C)
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Table 4.7 Hardness Results Obtained from the Specimens Aged at 450°C

Isothermal Hardness (HV30) at Aging Time(min.)

Heat

Treatment 0 10 60 90 180 270 360

Temperature

270°C 565+2 | 45042 | 4352 | 417+1 | 41743 | 393+4 | 39043
320°C 482+2 | 421+4 | 4134£2 | 409+2 | 3966 | 391+4 | 37243
370°C 385+1 | 379+2 | 382+2 | 380+1 | 404+4 | 369+1 | 3744

Heat Treated at 270°C

650
600
550 |
500

HV30

450 | =
400 = =

350
0 50 100 150 200 250 300 350 400

Aging Time (min)

Figure 4.34. Aging Time vs. Hardness Graph of Isothermally Heat-Treated
Specimen at 270°C (Aged at 450°C)

53



650
600
550
500

HV30

450
400
350

Heat Treated at 320°C

\\‘\’\A\,

0 50 100 150 200 250 300 350 400

Aging Time (min)

Figure 4.35 Aging Time vs. Hardness Graph of Isothermally Heat-Treated

Specimen at 320°C (Aged at 450°C)
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Figure 4.36. Aging Time vs. Hardness Graph of Isothermally Heat-Treated

Specimen at 370°C (Aged at 450°C)
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Heat Treated at 270°C
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Figure 4.37.Superposition of Aging Time vs. Hardness Graphs of Isothermally
Heat-Treated Specimens at 270°C, then aged at 450°C & 500°C
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Figure 4.38. Superposition of Aging Time vs. Hardness Graph of Isothermally
Heat-Treated Specimens at 320°C, then aged at 450°C & 500°C
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Figure 4.39. Superposition of Aging Time vs. Hardness Graph of Isothermally
Heat-Treated Specimens at 370°C, then aged at 450°C & 500°C.

Depending on the work of Uzer [36], two different aging temperatures are selected,
i.e., 450°C and 500°C. The specimens are aged between 10min-300min. Hardness
values are tabulated in Table 4.6. Figures 4.28-4.35 show that all specimens’
hardnesses decrease as aging time increases. This indicates that strength
contribution from copper precipitates could not compensate for the softening effect
of aging since aging also acts as tempering. In an isothermally treated specimen at
370°C, no change in hardness is observed after aging at either 450°C or 500°C.
Hardness drop is more apparent for quenched and isothermally heat-treated
samples at 170°C, 220°C, and 270°C. One explanation for this can be the
difference between isothermal heat treatment and aging temperature: The bainite
transformed at a higher temperature already has a coarse structure (in terms of
bainite sub-unit width). Therefore, an aging treatment at 500°C or 450°C probably
will have a minimal effect on microstructure. On the other hand, the finer
microstructure of bainite which is transformed at a much lower temperature (i.e.,
for the specimens heat treated at 170°C, 220°C, and 270°C), will be affected from
aging at 500°C to the larger extent. Another explanation for the larger hardness
variation in isothermally treated specimens at 170°C, 220°C, and 270°C can be due

to M/A contents. The M/A islands in all specimens are most probably martensitic
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because retained austenite is not detected in any of the bainitic specimens. If the
amount of martensite in specimens treated at 170°C, 220°C, and 270°C are higher,
a drop in hardness in these specimens will be higher upon aging. This will be due
to the tempering effect of aging. It is a well-known fact that the response of bainite
to tempering is slow because the long transformation stages of bainite also act as
auto-tempering [3, 38, 39]. Then a microstructure containing a higher amount of
martensite will cause a larger hardness drop. Unfortunately, in a microstructure that
consists of bainite + martensite, it is very difficult to differentiate bainite from
martensite, especially if the isothermal transformation is carried out at a lower
temperature. For this reason, strong evidence for the martensite/bainite ratios in

specimens could not be found.

When the hardness values of aged specimens are compared, after an aging
treatment at 450°C the hardness of all the specimens (i.e., 270°C, 320°C, 370°C)
yield approximately 20HV higher values than that of the specimen aged at 500°C
as indicated in Figure 4.37-4.39, this can be attributed to the low aging temperature

of 450°C which softening takes at a slower rate.

Despite the decrease in hardness values obtained from the specimens heat treated at
170°C, 220°C, and 270°C, the specimens heat treated at 320°C, and 370°C seem
unaffected from aging more than 1 hour, and even slight increase can be seen in
Figure 4.36. Therefore, it can be deduced that copper precipitates may retard
further softening and slightly increase strength in bainitic steels depending on

bainitic transformation temperature.
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CHAPTER 5

CONCLUSIONS

In this study, the effect of copper precipitation on 0.8%C steel was studied. To
achieve this, the steel containing 0.8%C - 2%Cu-1%Ni was cast and then it is
subjected to various heat treatments. The resulting samples were characterized by
optical microscope, SEM, XRD and hardness measurements. The below conclusions
are drawn from the results obtained in this thesis study.

1. Highest hardness values were obtained from as-quenched martensitic
specimen (652HV) and from the isothermally treated specimen at 170°C
(660HV).

2. When the isothermal transformation temperatures increase, hardness values
of the specimens decrease. The hardness of specimen isothermally treated at
170°C yields 660HV. However, the hardness drops gradually to 405HV as
the isothermal transformation temperature increases from 170°C to 370°C.
This is attributed to the bainite sub-unit width which become thicker at high
transformation temperatures.

3. Copper itself cannot suppress cementite formation in bainitic
transformations. As a result, retained austenite could not be detected in
isothermally treated bainitic specimens. In contrast, the quenched specimen
yields around 5% retained austenite.

4. Bainitic specimens are aged at either 450°C or 500°C. Aging tough retard
the softening of bainitic specimens, a secondary hardening peak could not
be observed. Similarly martensitic specimens did not exhibit a secondary
hardening peak upon ageing.
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