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Mechanical properties of iron alloys, such as strength, hardness, and toughness, can be mod-
ified with a controlled process of heating and cooling, known as heat treatment. This thesis
proposes the effect of different heat-treatment parameters on the mechanical and metallurgi-
cal characteristics of headed rebars during the hot forging process.

According to the literature review, heating and cooling parameters for different-sized rebars
are determined with the help of simulation software. By making experimental tests such
as tensile tests, hardness measurements, and metallography for the rebars, the theory-based
simulation results can be verified and adjusted.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A

Ry

ReH

Rm

Rp0;2

surface area of the workpiece
lower critical temperature
upper critical temperature
total elongation

specific heat

rebar diameter

thermal conductivity

heating lenght

martensite finish temperature
martensite start temperature
50% martensite composition temperature
mass of heated workpiece
heating power

heat flux

workpiece radius

bar radius

upper yield strength

coil inner radius

tensile strenght

0,2% offset yield strenght

[mm?]
[°C]
[°C]

[%]
[J/kg °C]
[mm]
[W/m k]
[mm]
[°C]
[°C]
[°C]
[ke]

[W]
[W/m?]
[mm]
[mm]
[MPa]
[mm]
[MPa]

[MPa]



T temperature K]

Ta ambient temperature K]

T cooling rate K]

Ts final temperature K]
Tin start temperature K]

Ts surface temperature [K]

t heating time [s]

\Y workpiece volume [mm?3]
X direction of heat flow

Greek characters

convection heat-transfer coefficient [W/m? K]
rib inclination [°C]
penetration depth [m]

emissivity coefficient

r magnetic permeability
density [kg/m®]
e electrical resistivity [ m]
electrical conductivity [S/m]
c coil overhang [mm]
Constants
S Stefan-boltzman constant 5.67 10 8 W/m?K*

vi



Abbreviations

-Fe Ferrite

-Fe Austenite
AC Alternating current
As Arsenic
Bcece body-centered cubic
C Carbon
CCT-diagram Continuous Cooling Transformation diagram
CE Carbon equivalent
Cr Chromium
Cu Copper
EAD European Assestment Document
EOTA European Organisation of Technical Assestment
Fce face-centered cubic
Fe Iron
FesC Cementite
IH Induction Heating
Mn Manganese
Mo Molybdenum
N Nitrogen
Ni Nickel
P Phosphorus
Q&T Quenching and tempering
QST Quenching and self-tempering

S Sulfur

vil



Si Silicon

STT Self-tempering temperature

TT Tempering temperature

TTT-diagram Time Temperature Transformation diagram
V Vanadium

wt%C Carbon content by weight
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1 INTRODUCTION

Concrete withstands compression well but has poor tensile strength. By reinforcing the con-
crete with steel, the necessary tensile strength can be achieved. A reinforced steel bar, shorted
as rebar, is a common reinforcement material used. Adequate steel anchoring into concrete
is needed to ensure proper reinforcing, which can be achieved by having a mechanical defor-
mation at the end of the rebar. Plenty of anchoring methods have been used and developed
over time, but the use of headed anchoring over hooks and bends has gained popularity due

to easy installation and less congestion while reinforcing.

The head can be attached to one or both ends of the rebar using threading, welding, or forging.
This thesis focuses on headed rebar manufacturing with a hot upset forging process. The goal
is to analyze how different parameters during the heating and heat treatment processes affect
the metallurgical and mechanical properties of the headed rebar and how the best mechanical
properties can be achieved by adjusting these parameters. In Figure 1, a hot upset forged rebar
after the forging process can be seen. The headed rebar in the picture is only illustrative and

unrelated to the company commissioning this work.

Figure 1: Hot upset forged headed rebar (LinkStudPSR 2023).

1.1 Background and motivation

So far, the company commissioning this work has found good strength and metallurgical
properties for the headed rebars by testing out different process parameters over time. The

company has upset forging lines in many countries, and the heating- and cooling parameters



during the manufacturing vary between the factories. By commissioning this work, the com-
pany aims to gain a deeper understanding of how the heat treatment affects the properties of
the rebar, and what are the best parameters in practice to use in every production unit, based

on theory.

1.2 Objectives and conceptual framework

This research aims to find out how different heating- and heat treatment parameters during
the forging process affect the mechanical and metallurgical properties of the forged rebar.

The objectives and research questions can be divided into two sections:

1. Heating: How should the rebar be heated before the upset forging? What factors affect
the heating process? E.g., finding proper heating length and time. Induction heating

machinery is used for heating.

2. Heat treatment: How should the rebar be heat treated after forging to gain good me-
chanical properties? Analysis of using Quenching and self-tempering (QST) as a heat

treatment method.

Simulations for both heating and heat treatment will be provided based on the literature re-
view. The best possible parameters for heating and cooling are proposed with a combination
of previous knowledge inside the company, literature review, simulations, tensile test, met-
allography, and hardness measurements. In Figure 2, the conceptual framework of the thesis

is provided.

Literature review FEM-Simulation | |Experimental tests

Analyzing the results obtained

Conclusion

Figure 2: Conceptual framework of the study.

1.3 Scope

One of the important aspects of the upset forging process is the input parameters for the forg-
ing process. The company has already defined these parameters, so the focus is on defining

the heating and heat treatment parameters for the process. The material analyzed in this study
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is a reinforced steel bar, a commonly forged material in the company. Other materials are also
forged, but to limit the scope of this work, only reinforced steel is analyzed. The knowledge

and expertise gathered in this work can be used in further studies for other materials.

In this study, three different rebar diameters, 10mm, 20mm, and 32mm, are analyzed. Many
more rebar sizes are forged in production, but analyzing each of them in this work would make
it long and hard to follow. The sizes chosen for this work are taken evenly from the sizes
produced, so the results can possibly be used to define heating and heat treatment parameters
to other rebar diameters. The experimental tests are done for 10mm and 20mm rebars. 32mm
is left out as forging it with the machinery used to make the test samples is not possible.
Even though 32mm is not used in experimental tests, making the induction heating and heat
treatment simulations for it helps to understand the effect of the workpiece size on the hot

working process.

1.4 Research methods

A literature review is done by utilizing academic publications, industrial handbooks, and
manuals. Online databases and university libraries are used as the primary source of litera-
ture. More information about the topic is gained by having interviews and discussions with
people with knowledge related to the work, for example, with the target company’s staft and

university.

Both heating and heat treatment are simulated. For heating, the simulation is done with
Cenos induction heating software, as the heating is done with induction heating. For cooling,
Comsol multiphysics is used. The experimental tests made for 10 and 20-mm rebars consist
of a tensile test, hardness measurements, and metallography. The tensile test is done on the

company’s premises, and metallography for chosen bars is done on the university’s premises.



2 REINFORCED STEEL BAR

A reinforced steel bar, often referred to as rebar, is used to reinforce concrete. Because the
tensile strength of concrete is usually around 10% of the compression strength, it often re-
quires reinforcement with steel to achieve the necessary tension strength. This combination
of materials creates reinforced concrete, which can withstand various forces over large spans,

including wind, earthquakes, and vibration. (Bustillo Revuelta 2021, p. 221.)

This chapter introduces properties that are needed for rebar steel according to standards. The
properties and design of rebar are specified by standards that might differ depending on the
area or country. Standards are used to ensure that the material possesses the necessary me-
chanical properties and characteristics for the intended application. In this work, European
EN, Finnish SFS, German DIN, and British BS standards are used to specify the properties

and design of the rebar.

The properties specified in the standards are compared to the inspection certificates from steel
mills for the three batches used for testing later in this study. Batch 1 is for 10 mm, Batch
2 is for 20mm, and Batch 3 is for 32mm diameter rebar steel. The purpose of an inspection
certificate is to verify that the material inspected conforms with the material properties agreed

upon between the steel mill and the buyer.

2.1 Grading and naming

Rebar grades are set by standards, and the naming structure can differ regarding standard-
ization organization. In Europe, a common grading system follows the structure shown in

Figure 3 below.

BSOO]TS

Toughness class (A/B/C)

Yield strength Re [MPa]

Application (B for rebar)

Figure 3: Typical naming structure of rebars in Europe.

The first single letter in the naming refers to the application, which is always the letter B

for rebars. The numbering in the center represents the minimum yield strength of the rebar,



and the last single letter is the toughness class. (Heaton Manufacturing 2020) In this work,

reinforced bars tested and analyzed are all class BS00B rebar steels.

2.2 Mechanical properties

Typically, minimum mechanical properties of rebars are specified with the following param-
eters (EN-10080 2005):

» Upper Yield strength Rey (MPa)
+ Ratio of tensile- and yield strength R,/ Ren
* Total elongation Aq (%)

Yield strength is the magnitude of the tensile stress when a permanent deformation occurs
in a material. Plastic deformations will occur when stress higher than the yield strength is
applied. Tensile strength describes the maximum stress that the material can tolerate before
breaking. Total elongation is the elongation of the material until it breaks. It is determined

as a percentage of the original length of the metal.

The values presented above can be determined by making a tensile test. During the test,
an increasing load is applied to the test piece while the strain is being measured. As a re-
sult, a stress-strain curve is achieved, where the values for the material properties mentioned
above can be measured. Typically, an engineering stress-strain curve is used in which the
changes in the cross-sectional area of the material during the deformation are not taken into
account, which makes the curve differ from the real stress-strain curve in which the changes
are considered. An engineering stress-strain curve is often used instead of a true stress-strain
curve as it is easier to obtain the data than through true stress-strain curves, and it is adequate

enough for engineering calculations. (Capar 2023)

A typical engineering stress-strain curve is shown in Figure 4 below. For some materials,
often also in tensile tests for reinforced bar, the yield point is not easily detectable, so instead
of using Rey offset yield strength Rpg.» is determined. Rpo» approximates the material

elastic limit and is the stress value corresponding to the 0.2% plastic strain.
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Figure 4: Engineering stress-strain curve (Campbell 2008, p. 203).

Table 1: Minimum tensile properties for rebar grades (SFS-1300).

Reinforced steel bars are graded in three classes, A, B, and C, according to their tensile
properties and flexibility. Class A has the lowest tensile- and ductility properties, and class
C has the highest. For rebars, class B is the most commonly used. Table 1 below lists the

minimum requirements for each class according to the SFS-1300 standard.

Class | Rey (MPa) Rm/ Ren Agt (%)
A 400-700 1.05 2.5
B 400-700 1.08 5
C 400-700 | min 1.15 max 1.35 7.5

Table 2 shows the tensile properties of the batches used in tests later on. The main goal of

the hot working process is to maintain these values.

Table 2: Test batch tensile properties.

Batch Rert (MPa) | R/ Rent | At (%)
1 (d= 10mm) 536 1.15 75
2 (d=20mm) 545 1.22 10.1
3 (d=32mm) 552 1.2 10.4




2.3 Chemical composition

The main alloying elements of steel are Iron (Fe) and Carbon (C). The carbon composition in
steels is under 2.1 %, and iron-carbon alloys with higher carbon amounts are called cast irons.
Rebar steel is alloy steel because it contains other alloying elements beyond carbon. The raw
material used to manufacture carbon steel rebars is typically recycled steel, refined to remove
some of the impurities it may contain (Hongteng 2023). Table 3 below lists common alloying
elements and impurities seen in rebar steels and their effect on rebar’s properties. (American
Welding Society (AWS) 2015, p. 37-43), (Djavanroodi and Salman 2017, p.3), (Leong, n.d.)

Table 3: Influence of alloying elements and impurities commonly contained in rebar steels.

Element Property
Main alloying element.% by mass affects hardness, strength,

Carbon (C) weldability, and brittleness; excess carbon is considered as
impurity

Sulfur () Impurity, In steels, sulfur forms iron sulfate FeS which
causes hot shortness

Phosphorus (P) Impurity, increases brittleness and decreases toughness

Nitrogen (N) Impurity, increases prlttleness over time in low alloy steels
known as strain ageing.

Copper (Cu) Alloy, used to increase resistance to corrosion, too high Cu-

pp % affects weldability

Alloy, Increases tensile strength and responsiveness to heat

Manganese (Mn) treatment, counters the brittleness from sulfur

Chromium (Cr) Impurlty, Increases corrosion resistance, affects the carbon
equivalent

Nickel (Ni) Alloy Increases strength, ductility, and hardness.
Alloy, Enhances hardenability, Increases toughness, and im-

Molybdenum .

(Mo) proves strength at higher temperatures. reduces temper em-
brittlement

Silicon (Si) Impurity, improves hardness and strength properties. de-
creases toughness

Arsenic (As) Impurity, causes embrittlement during heat treatment

Vanadium (V) Alloy, used to achieve finer grain size




The maximum amount of some individual elements and the maximum carbon equivalent are
set by standards. Maximum values for individual elements for cast analysis according to EN-
10080 are shown in Table 5 together with the chemical composition of the batches used later
in an experimental test. The chemical composition can be measured with cast- or product
analysis; typically, both values are specified in standards. The production batches tested in

this study have used cast analysis as a measurement method.

Carbon equivalent (CE) is a factor used mainly to predict the weldability of the material
but also to predict the heat treating and casting properties of the material. In & ( the alloying
elements of the metal are converted to the equivalent carbon percentage. This is done because
the phase transformations happening in iron-carbon are better understood than in iron alloys,
making it easier to estimate the phase transformations happening and, therefore, to predict the
material’s properties. A large CE number reflects poor weldability and a higher probability of
having brittle failures while heat-treating the material.(Molderings 2020) The equation below

is commonly used for carbon and low alloy steels to achieve the value of carbon equivalent:

Mn Cr+Mo+V Ni+Cu
+ +

CE=C+
6 5 15

(2.1)
Where the symbols of the chemical elements indicate their content in % by mass. (EN-10080
2005, p. 14.) Different formulas to calculate CE have been developed for different analyses,
and the values achieved from them can differ. The formula above is used in most standards
for rebar steels, such as in European EN-, German DIN-, and Finnish SFS standards. When
utilizing the Equation 2.1 to calculate the CE value, the weldability of the material is defined
according to the Table 4 below. According to the table, rebar steel is often referred to as a
material with good to fair weldability and, therefore, suitable for hot working and heat treat-
ment. (Herring 2015)

Table 4: Weldability of material based on the CE value (Herring 2015).

Carbon equivalent Weldability
Over 0.5 Poor
Between 0.46 to 0.5 Decent
Between 0.41 to 0.45 Good
Between 0.36 to 0.40 Very good
Under 0.35 Excellent

10



The inspection certificates and information provided on them differ between steel mills.
Some manufacturers only provide necessary information about the metal, i.e., only the values
specified in the standards or needed to calculate CE. At the same time, some inspection cer-
tificates include a more precise chemical composition list. As the Table 5 shows, variations

in chemical composition in rebar production are seen.

Table 5: Max. values of individual elements (% by mass) and test batch values.

C S P N CU CE

EN-10080 0.22 0.05 0.05 0.012 0.8 0.5
Batch 1 0.18 0.022 0.019 0.011 0.21 0.43
Batch 2 0.21 0.023 0.023 0.008 0.41 0.37
Batch 3 0.20 0.020 0.021 0.009 0.32 0.43

11



3 PHYSICAL METALLURGY OF STEELS

Physical metallurgy deals with the relationship between the material’s physical properties and
microstructure. In the case of steel, physical metallurgy plays a crucial role in determining
the properties and behavior of the material. The physical properties of steels, such as strength,

toughness, and ductility, are strongly influenced by their microstructure.

The final product’s physical properties can be modified in the desired direction by adjust-
ing the heating and cooling processes. To succeed in this, studying different equilibrium
and metastable phases of steel and their formation methods is important. Ferrite, austen-
ite, graphite, and, to some extent, Cementite (a very stable iron carbide) are the equilibrium
phases of steel, whereas pearlite, martensite, and bainite are known as the metastable phases

of steel. In this chapter, these phases are analyzed more precisely.

3.1 Allotropes of iron

Most metals, including steel, have a crystalline structure when they are in solid state. During
the solidification process (molten material solidifies), the atoms will arrange repeatedly in a
certain three-dimensional pattern where the energy bound of the atoms is at its lowest. The
smallest particle of the crystal lattice, called a unit cell, determines the whole symmetry and
structure of the crystal. (Kauppi 2020)

More than 95% of the composition of steel is iron, which makes it essential to study the
different crystalline structures possible for iron. When steels are solid, they rely on two

allotropes: ferrite and austenite.

Ferrite ( -Fe) is the unit cell of iron under the temperature of 912°C. In ferrite, there are
overall 2 iron atoms inside the cubic: 1/8 in each corner and one in the center. This crystal
structure is also known as body-centered cubic (Bcc) structure. (Verhoeven 2007, p. 200.)

In Figure 5 the structure of a-Fe is shown.

12



(a) (b)

Figure 5: Bcc crystal structure: (a) unit cell, (b) unit cell with closely packed atoms, (c)
repeated bee-structure pattern (Chemistry LibreTexts 2013).

When iron is heated over 912 °C, the crystal structure changes from ferrite to Austenite ( -
Fe). In austenite, there are 4 atoms inside the cube: 1/8 in each corner and 'z on each side of
the cube. This crystal structure is also known as face-centered cubic (Fcc) structure (Verho-

even 2007). Fcc-structure is illustrated in Figure 6 below.

(a) (b) (©)

Figure 6: Fcc crystal structure: (a) unit cell, (b) unit cell with closely packed atoms, (¢)
repeated fcc-structure pattern (Chemistry LibreTexts 2013).

Carbon is the other main element of steel, and differences in the solubility of carbon between
ferrite and austenite, together with allotropy, are the basis for the wide range of steel proper-
ties. Therefore, in steel, Carbon content by weight (wt%C) is essential to consider in physical

metallurgy.

The size of the carbon atom is 1/30 of the size of the iron atom, meaning that carbon is small
enough to fit between the gaps of the iron atoms. An interstitial solid solution is one in which
tiny atoms occupy the interstices between larger solvent atoms. The interstitial sites are larger
in austenite than in ferrite, meaning carbon is more soluble in austenite than in ferrite. For

pure austenite, 2,11% by weight at 1150°C is the maximum carbon content (2,11 wt%C),

13



and for ferrite, the maximum is 0.02 wt%C in temperature of 727°C (Dossett 2020, p. 29).

Ferrite is a relatively pure form of iron because of its low carbon content.

When the solubility of carbon is exceeded in either austenite or ferrite, the excess carbon
atoms that cannot anymore be placed between the iron atoms will combine iron-carbide com-
pound known as Cementite (Fe3C). In Cementite, there are three iron atoms for each iron
atom, giving ita 6.7 wt%C. Cementite is harder but more brittle than ferrite or austenite, and
the amount, shape, and distribution of cementite in the microstructure change the physical
properties of steel. (p. 30-31.) Cementite is a metastable phase relative to the equilibrium
between iron and graphite, but achieving the equilibrium in low-carbon steels is hard with-
out long-time annealing. Cementite is considered sufficiently stable to be used as a near-
equilibrium phase, so its use when analyzing most steels’ behavior should be considered

instead of graphite. (Bhadeshia and Honeycombe 2017, p. 59.)

3.2 Iron-carbon phase diagram

A phase transformation happens when any material changes its atomic arrangement from
one to another when it is heated or cooled. Phase diagrams identify the conditions at which

a substance transitions to different phases.

The iron-carbon phase diagram represents the phases and phase transformations at different
temperatures and carbon concentrations for iron-carbon alloys. Fe-C-diagram can only be
used to predict equilibrium transformations, which means that the phase change is very slow
(near equilibrium) heating or cooling, where the temperature stays constant, and enough en-
ergy (heat) is added or released to complete the phase transformation. Often, steels contain
other additive elements or impurities that change the boundaries of the phases in the Fe-C
diagram. For example, nickel and manganese extend the temperature area where austenite is
stable, and chromium and molybdenum, on the other hand, restrict the austenite stability. As
a result, using the Fe-C diagram directly for commercial materials and in practice is difficult.
However, it is still important to understand the relationship between heat treatment and the
microstructure of steel. (Dossett 2020, p. 33-38.) In Figure 7 below a iron-carbon phase

diagram is shown. The area of interest regarding this study is marked with a red color.
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Figure 7: Iron-carbon phase diagram with area of interest marked with red (Rudnev 2017,
p. 146).

3.2.1 Ciritical transformation temperatures

As shown in the FE-C diagram above, low carbon steel with 0.2 wt%C is liquid above tem-
peratures over 1470 °C. The melting temperature depends on the wt%C of the steel: for
reinforced steel, it is typically around 1450 °C to 1500 °C. Iron will start to transform into

austenite when the temperature drops below this.

Pure iron starts to transfer from austenite to ferrite when the temperature drops below 912°C.
This transition temperature is called upper critical temperature and is marked as Az. When
carbon is added to iron, the temperature in which this transformation occurs gets lower until
0.77 wt%C, which then increases again. For example, for steel with a carbon content of
0.2 wt%C, the transformation temperature from -Fe to -Fe is around 830°C. Maximum
lowering in the transformation temperature can be seen in the carbon content of 0.77 wt%C.
This is also known as the eutectoid point, often rounded up to be 0,8 wt%C. Suppose steels
contain less carbon than 0.8 wt%C (hypoeutectoid steels) or more carbon (hypereutectoid
steels). In that case, the transition from austenite to ferrite goes through a heterogeneous two-
phase field before the lower critical temperature of 727 °C is reached (A;-temperature). At

the A;-temperature, all the austenite has changed into ferrite and cementite without depending
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on the wt%C of the alloy. (Dossett 2020, p. 43.) In temperatures below the lower critical
temperature (A1), the micro-structure of the steel depends on the wt%C that the alloy has.

For ferritic iron, the maximum carbon percent that dissolves in the interstices is around
0.02%. The excess carbon that the iron has inside its interstices while being in the austenite
phase will transform into cementite when the iron moves into the ferritic phase area. This
will result in the formation of a mixture of cementite and ferrite grains. As the standards
regarding rebar steel properties marked out, the carbon content of rebar steels is restricted
to be under 0.24 wt%C. This means a ferritic-pearlitic microstructure is formed when rebar

steels are cooled down in equilibrium conditions.

3.2.2 Formation of pearlite

If the wt%C of the steel is 0.77 (eutectoid point) in slow cooling and near-equilibrium con-
ditions, a two-phased, lamellar structure of cementite and ferrite layers known as pearlite
forms. For hypoeutectoid steels like rebar, some of the iron will form ferrite called proeutec-
toid ferrite before the eutectoid temperature causing a mixed ferrite-pearlite microstructure.
How much pearlite is formed depends on the carbon content and the respective microstructure
fractions of ferrite and pearlite in the eutectoid temperature of 727°C for hypoeutectoid steels,
which can be calculated using the lever rule. This rule states that the volume percentage of
pearlite increases as the carbon content increases until it is 100% eutectoid composition.

Lever rule can be seen below: (Bhadeshia and Honeycombe 2017, p. 41, 62.)

, C% 0:222
Ferrite % = 076 0.222 3.1
Eutectoid steel (Pearlite) has a good combination of strength and ductility, and it is used in
applications where both of these properties are important. Pearlite also has good wear- and
fatigue resistance and reasonable fracture toughness. An example of a product that is made
out of pearlite is high-strength wires. (Colpaert 2018, p. 117.) In Figure 8, a microstructure
of both pearlite (left side) and hypoeutectoid steel (right side) are shown.
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Figure 8: (a) Fully pearlitic 0.76 wt%C steel and (b) 0.2 wt%C hypoeutectoid steel
(Bhadeshia and Honeycombe 2017, p. 62).

3.3 Metastable phases of steel

As marked out in previous section 3.2, the Fe-C phase diagram only shows the end products
when the cooling rate of the material is relatively slow and near equilibrium. When the cool-
ing rate is higher than that, the excess carbon atoms do not have enough time to diffuse and
form pearlite. This causes carbon atoms to become trapped inside the ferrite lattice, caus-
ing the carbon composition to rise well above the maximum possible 0.02 wt%C in ferrite,
forming new possible metastable phase structures depending on the cooling rate. (Dossett
2020, p. 32.) Therefore, the formed phases, their compositions, and amounts cannot be es-
timated using the phase diagram. The increased cooling rate makes it possible to form two

new structures, bainite or martensite. (Verhoeven 2007, p. 26.)

3.3.1 Formation of martensite

When steel in the austenite region is quickly cooled to low temperatures, such as room tem-
perature, it can lead to martensite formation. When martensite is formed, the cooling rate is
sufficient for the austenite lattice to deform without any atom diffusion. Therefore, to obtain
martensite, the steel must be cooled from austenite quickly enough to avoid transformation

to any other solid state like pearlite. (Bhadeshia and Honeycombe 2017, p. 137.)

Martensite is a very brittle material, and its mechanical properties, such as strength and hard-
ness, increase together with the growing carbon content. The material’s brittleness can be
removed while losing some hardness by heating the material a bit, known as tempering, re-
sulting in a tempered martensite. (Verhoeven 2007, p. 27-28.)

Two types of martensite can be formed depending on the carbon content. Between 0 to 0.6

wt%C, lath martensite is formed, and with carbon content above 1 wt%C, plate martensite
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is formed. Between 0.6 and 1 wt%C, the structure is a mixture of these two. Temperature
also affects the formation of lath and plate martensite. Lattice martensite forms at higher
temperatures than plate martensite. Lath martensite is always formed for rebars due to its
low carbon content. Lath martensite consists of lath-shaped structures parallel to each other,
and the appearance can sometimes be fuzzy looking. Figure 10 (left-side) shows an optical
micrograph of a lath-shaped martensite. (Verhoeven 2007, p. 27-28.)

Martensite formation in carbon steels occurs in a temperature range where the upper limit
is marked as martensite-start temperature (M) and the lower limit with martensite finish
temperature (M¢). Between Mg and M¢ temperatures, some of the austenite will transform
to martensite, and the rest of the structure stays in a form called retained austenite, which is
retained after going under M -temperature. Couple elements as an exception (Co and Al),
alloying substances make martensite formation more difficult, resulting in a decrease in M
and M¢ values. For low alloy steels, M s-value can be calculated according to the chemical

composition of the steel with the following equation: (Heidari Ghaleh 2011, p. 5.)

Ms=561 (474 %C) (33 %Mn) (17 %Ni) (17 %Cr) (21 %Mo)
(3.2)

Ms-temperatures for the batches used in the experimental test are listed in Table 6 below:

Table 6: Test batch chemical compositions and M s-temperatures based on Equation 3.2.

Batch %C %Mn %Ni %Cr %Mo Ms (°C)
1 (d&=10mm) 0,18 1,2 0,09 - - 434.55
2 (d=20mm) 0,21 0,57 - - - 452.13
3 (d=32mm) 0,2 0,58 - - - 447.06

The inspection certificates do not give the composition of all the elements used in the formula.
The value of M s-temperature is strongly connected to the carbon composition of steel. Both
temperature values see a rapid fall when the carbon composition of the austenite increases.
(Verhoeven 2007, p. 30-31). The graph shown in Figure 9 below illustrates the phenom-
ena. According to the graph, the M¢ -temperature for rebar steel with 0,2%C is somewhere
between 110°C to 230°C.
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Figure 9: Martensite transformation temperatures compared to the amount of carbon
(Verhoeven 2007, p. 31).

When the cooling rate is not fast enough, pearlite will form in the old austenite grain bound-
aries. When the temperature drops below the M¢-temperature, the excess austenite trans-
forms martensite + retained martensite. For lath martensite, the amount of retained austenite
is relatively small. The structure where both pearlite and martensite can be seen is shown in

Figure 10 (right side). In the picture, the dark areas present the pearlite nodules on the grain

boundaries surrounded by martensite + retained austenite.

10 um

Figure 10: Fully lath-martensite structure (left) and martensite structure with pearlite

nodules due to little too slow cooling (right) (Verhoeven 2007, p. 29, 32).
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3.3.2 Formation of bainite

Bainite is formed when the cooling rate is too slow to form martensite and fast enough to
form pearlite. Like pearlite, bainite is a mixture of ferrite and Cementite, but the difference
compared to pearlite is that Cementite is in the form of filaments or small particles inside the
ferrite matrix instead of being in organized layers. (Campbell 2012, p. 165.)

In steels, two forms of bainite can be seen, known as upper- and lower-bainite. Microstruc-
tures of these forms are shown in Figure 11 below. Upper bainite is formed just below the
temperatures in which pearlite is formed, being around 550—400°C, whereas lower bainite
is formed at temperatures around 400 to 250 °C. The main difference between upper- and
lower-bainite is that the Cementite is much more closely packed and finer in lower-bainite
than in upper-bainite. Bainite starts forming the same way as pearlite from the grain bound-
aries of the austenite, which sometimes results in a mixed structure of bainite and pearlite
as some of the grain boundaries form pearlite and some bainite. Lower bainite has higher
strength- and hardness properties than upper bainite. (Verhoeven 2007, p. 34-35.)

(a) 20 um (b)
Figure 11: Light micrograph of lower bainite (a) and upper bainite (b) (Krauss 2015, p.
104, 106).

3.3.3 TTT and CCT-diagrams

Transformation diagrams are plots used to illustrate the phase transformations of specific
materials as a function of time and temperature. Transformation diagrams can be used to
optimize the heat-treating process so that the desired microstructure and mechanical proper-
ties are achieved during the heating- or cooling process. The two most used transformation
diagrams are Continuous Cooling Transformation diagram (CCT-diagram) and Time Tem-
perature Transformation diagram (TTT-diagram). (Dossett 2020, p. 55.)
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TTT-diagrams are used to define phase transformations as a function of time at constant tem-
peratures. From the TTT-diagram, it is possible to read the time required for a phase trans-
formation to occur at a given temperature and the resulting microstructure when step-wise
cooling is used. The curves on the diagram represent the conditions where a specific transfor-
mation occurs. In Figure 12, a schematic TTT-diagram for hypoeutectoid steel is introduced.
(Dossett 2020, p. 55.) As can be seen, the TTT-diagram for hypoeutectoid steel has an extra
curve showing the area for proeutectoid ferrite formation.
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Figure 12: Schematic TTT-diagram for hypoeutectoid steel (Maraveas 2014, p. 3).

CCT-diagrams represent the transformation from austenite on cooling with different cooling
rates when the temperature is continuously decreasing. In commercial practices, most heat
treatments are done with continuous cooling, making CCT-diagrams more practical than TTT-
diagrams. From CCT-curves, it is possible to see the temperatures in which a phase transfor-
mation occurs, the amount of different crystal structures obtained at different cooling rates

and times, and the cooling rates needed to obtain wanted microstructure. (Totten, Shah, and
Forester 2019, p. 979.)

Diagram shown in Figure 13 is a CCT-diagram made for BS00B-grade rebar steel. The chem-
ical composition of the rebar is close to the same as the rebars tested in this thesis, which
makes it a valuable source of information. The diagram is modified with colors to make it

easier to understand in what areas different phases occur. (Hameed S et al. 2021)
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Figure 13: CCT-Diagram for B500B class rebar steel, modified (SteelData 2022).

3.3.4 Hardenability and hardness of steels

Hardenability is a material property used to measure how deep the material hardens during
quenching, e.g., formats martensite. Steels with high hardenability form a deep martensite
layer, while low-hardenability steel forms only a shallow layer. The material’s chemical
composition and grain size are the two most important factors affecting the material’s hard-
enability. (Dossett 2020, p. 79.)

Hardness is a material property describing the material’s ability to resist deformations and
scratching. The harder the material is, the better the resistance against localized deformations.
Hardness is highly dependent on the carbon content of the steel and the cooling rate of the
heat treatment process. The material’s ability to form martensite while quenching depends
on the material’s hardenability. The hardenability can be increased or decreased with other
alloying elements. Manganese, chromium, copper, molybdenum, and boron are common

alloying elements used to enhance the hardenability of the material. (p. 80, 88.)

Many different testing methods have been developed to measure materials’ hardness. This
study uses a common indentation hardness testing method known as the Vickers hardness
test to check the hardness of differently heat-treated and forged rebars. A diamond-shaped
indenter is pressed into the material’s surface with a specific load in the test. The indenter will
make an indentation to the surface, and by measuring its diagonal lengths, a Vickers hardness

number (HV) is achieved. The load value used to make the indentation can vary, but gener-
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XQGHUVWRRGRUFRQVLGHUHGLQ SURGXFWLRQ 7KHVHGL
VXEVHFWLRQV SXGQHY

(OHFWURPDJQHWLF SURSHUWLHV RIPDWHULDOV

(OHFWURPDJQHWLF SURSHUWLHV RI PDWHULDOV DUH D EL
SURSHUWLHV 7KLV VWXG\ZLOORQO\FRQFHQWUDWHRQ W
LQGXFWLRQ KHDWLQJ SURFHVYV

(OHFWULFDQ UHNV LD/VQ\A WHOWMFWULFD® PRQGEBXFWILEHWWKH P
SURSHUW\ WR FRQGXFW HOHFWULF FXUUHQW OHWDOOLF
GXFWRUV EXWWKHHOHFWULFDO UHVLVWLYLW\GLIIHUVE
LW\DUH IRUH[DPSOH WHPSHUDWXUH FKHPLFDO FRPSRVL
HUHG D PHWDO WKDW KDV KLIJIKHOHFWULFDO UHVLVWLYLW
UHVLVWLYLW\ VXEVWDQWLDO KHDW LV SURGXFHG ZKHQ D
'XULQJ KHDWLQJ WKHHOHFWULFDO UHVLVWLYLW\WHQGYV
DQ®DUH WHPSHUDWXUH GHSHQGHQW YDULDEOHYV +DLPED

ODIQHWLF SHUPHD ¥ DOLMW\XVHG WRLQGLFDWHWKHPDWHUL
IOX[ DQG LV DQ LPSRUWDQW SDUDPHWHU IRU WKH PDJQHYV
KHDWLQJ ODWHUY UMW\ RIOWBKPRUIWIHKWR WKHFKDQJLQJPDJQH!
KHDWLQJ UHVXOWLQJLQ EHWWHU KHDW JHQHUDWLRQ :K
YDOXHWDUWYV WR GHFUHDVH ZKHQ WKH WHPSHUDWXUH Ul
FXULHWHPSHUDWXUH ZKLFKZDVDURXQG f& WKHZRUN:¢
LOQDVLIQLILFDQWGYRS LQ WKHYDOXH RI

6NLQ HITHFW

6NLQ HITHFW GHVFULEHV WKH XQHYHQ FXUUHQW GLVWULE
PD[LPXP FXUUHQWGHQVLW\YDOXHLVDOZD\VRQ WKH VXUI
GHFUHDVH ZKHQ PRYLQJ FORVHU WR WKH FHQWHU 7KLV St
SULPDU\ KHDW SURGXFWLRQ VRXUFH GXULQJLQGXFWLRQ
WKH ZRUNSLHFH KHDWLQJ WKH VXUIDFH I® VWHUXNKD Q W I
LOOXVWUDWHYV WKHFXUUHQW GHQVLW\ GLVWULEXWLRQ ZI



JLIXUH &XUUHQW GHQVLW\GLVWULEXWLRQSGXULQJLQ

SHQHWUDWER@EMXWKG WR DQDO\]H WKH PDIJQLWXGH RI W
FXPVWDQFHY S WGHVFULEHV WKHGHSWK WR ZKLFK RI W
IURP WKH VXUIDFHRIWKHZRUNSLHFHWRZDUGYV WKHFHQW
FDOFXODWH

=503 €

r F
‘KHWHLY WKH IUHTXHQFWKH HOHFWULFDO UHVLVWLYLW\ R
WKHUHODWLYHPDJQHWLF SHUPHDBIHQMHNWUBWGRE B HSWK

KLIKHUIUHTXHQF\DQG LQFUHDVHYV ZKHQ WK B MUHPCBVHHM L
WHPSHUDWXUH DQGEWYXIORROXH RI

7TDNLQJ VNLQ HITHFW LQWR DFFRXQW LV HVVHQWLDO WR J
VXUIDFHRIWKHZRUNSLHFHUHDFKHYVY WKHWDUJHW WHPSH
QRWEH QHDU WKH WDUJHW WHPSHUDWXUH %HFDXVHRI W
WKHVXUIDFHWR WKHFRUH ,IWRRKLIJKLQSXWSRZHULYV X
WKHFRUH LWZLOO RIWHQ UHVXOWLQ PH®WLQJ WKH VXUII

(OHFWULFDOHQGDQGHGJHHIIHFW

,QDGGLWLRQ WR WKHVNLQHITHFW QRQXQLIRUP KHDWLQJ
WURPDJIJQHWLF ILHOG LQ WKH LQGXFWLRQ FRLOYV HQG UH
NQRZQ DV WKHHOHFWURPDIJQHWLFHQG DQG HGJH HIIHFW

TKHHQG HITHFW LV FDXVHG ZKHQ WKH PDJQHWLF ILHOG FKI
LOWR FRQVLGHUDWLRQ LWFDQ FDXVH XQGHU RU RYHUKH
KRWHQG UHIHUV WR WKH HQG RI WKH EDU WKDW LV LQWHC
QHHGWREHFRQVLGHUHG WR GHILQH WKH KBIITHFW RI WKH H



I5DWLR RIFRLOLQQHU UDGLXWDQG ZRUNSLHFH UDGLXV
F&RLO RYHUK®DQJ

f3RZHU GHQVLW\

FJUHTXHQF\

¥ (OHFWURPDJQHWLF SURSHUWLHYV RI WKH ZRUNSLHFH

7\SLFDOO\ ,QFUHDVHG IUHTXHQF\DQG HIWHQGHG FRLO R
WUDWHG DW WKHHQG RI WKHKHDWHG EDU OHDGLQJWR QF
ObUJHUUDGLDOJDSVEHWZHHQ WKHFRLODQG WKH EDU UL
KHDG WR EH XQGHU KHDWHG ,QGXWULDO +HDWLQJ

&RLORYHUKDQJUHIHUVWRWKHOHQJWKRIWKHLQGXFWLR
RIFRLORYHUKDQJRQ WKH SRZHU GHQVLW\ DW)WKHUHQ G RI
EHORZ $VLOOXVWUDWHG ZdWKVOOH SIRERUGSRYQNUWD ORIFX
HQG LV PXFK ODUJHU FRPSDUHG WR RWKHU SDUWYV RI WKH
HQG RIWKHEDU :LWK QHJDWLYH FRLO RYHUKDQJ PHDQLQ
VLGH WKH FRLO RQO\ 2]l WKH SRZHU GHQVLW\ LQ WKH PL
RYHUKDQJWR JDLQ XQLIRUP KHDWLQJLV FDVH VSHFLILF D
5XGQHY S

JLIXUH (IN'HFW RI GLITHUHQW FRLO RYHUKDQJ OHQJWKYV
F\OLQGULFDO ZRUNSL$SHFH 5XGQHY



7KHHOHFWURPDJIJQHWLF ILHOG GLVWRUWLRQ LQ FRUQHU I
WKHFRUQHUV WKHPDIJQHWLFILHOG FUHDWHY KLJKHU FXU
'LWKSRRULQGXFWLRQKHDWLQJGHVLIQDQG KHDWLQJUHE
HITHFW FDQ HDVLO\ FDXVH WRR LQWHQVH KHDWLQJLQ WKH

+HDWLQJWLPHDQGILQLVKLQJ WHPSHUDWXUH

,Q KRW IRUJLQJ WKHQIGHIDR @YD Q IWHLPPRHA WIEW YXHGR XJK WR KHDV
IRUJLQJVWRFNRYHUWKHDXVWHQLWHUHJLRQRIWKHDOO
RIWKH ZRUNSLHFHWHQGVY WR KHDW IDVWHU WKDQ WKH FRI
H[DPSOH WKHVNLQ HIITHFW ,WLVLPSRUWDQW WKDW HQR>
HYHQ WHPSHUDWXUH GLVWULEXWLRQLQ WKHZKROHKHDW
WKHEDULV WKHORQJHU WLPHLVY QHHGHG WR KHDW XS WK

,QVLGH WKH DXVWHQLWH UHJLRQ WKH IRUJHDELOLW)\ RI W
LQFUHDVHV DV WKH WHPSHUDWXUH ULVHV UHVXOWLQJLQ
ZHDU ,QFUHDVLQJWKHIRUJLQJWHPSHUDWXUH WRR PXFK
RYHUKHDWHG LW ZLOO GHFUHDVH WKH GXFWLOLW\DQG W
SHUDWXUH JHWV FORVH WR WKH VROLGXV WHPSHUDWXUH
PLJKW RFFXU ,Q EXUQLQJ LUUHYHUVLEOHDQG SHUPDQH
WLRQ DQG ORFDO PHOWLQJLQ JUDLQ ERXQGDULHV GXH WR
SHQHWUDWLQJ ZHDNHQLQJWKH JUDLQ ERXQGDULHV DQG
UXV DQG VXOIXUVLIQLILFDQWO\DIIHFW VWHHO RYHUKHD
VWHHOV +HDW WUHDWPHQW FDQQRW EH XVHG WR UHVWR L

'XULQJ IRUJLQJ PRUH KHDW LV JHQHUDWHG DV GHIRUPDW.L
KHDWHG FORVH WR WKHUHJLRQ ZKHUH RYHUKHDWLQJ PLJI
LQIJWKHIRUJLQIJ SURFHVV LQVWHDG RIGXULQJWKHKHDW.L
KHDWLQJRFFXUVGHSHQG RQ WKHVWHHO FRPSRVLWLRQ D
ORZ DOOR\ VWHHO RYHUKHDWLQJRFFXUV LQ WHPSHUDW
WXUHV RYHU f& ,IRYHUKHDWLQJRUEXUQLQJKDSSHQV
ZRUNSLHFH ZLOO RIWHQ EUHDN DIWHU FRRO3LQJRU KHDW W

7TKHWHPSHUDWXUHDW ZKLFK WKH IRUJLQJ SURFHVV LV GR

WLRQ WHPSHUDWXUH WR JDLQ EHWWHU IRUJHDELOLW\ DQ¢

WKH FRQWUDU\ WRR KLIK WHPSHUDWXUHY QHHG WR EH SL

DQRG RYHUKHDWLQJ )RUUHEDU VWHHOV D WHPSHUDWXU'

FHVV )RUD FDUERQ VWHHO ZLWK D FDUERQ FRQWHQW RI
f& 'DYLV S



+HDWLQJ OHQJWK

,Q XSVHW IRUJLQJ WKH GLDPHWHU RI WKHZRUNSLHFHLQF
VKRUWHQV 'XULQJ XSVHWWLQJ D VSHFLILF EDU OHQJWK
FLHQWO\ 7KH GLH ILOOV FRPSOHWHO\ ZKHQ WKH EDU LV |
YROXPHRIWKHFRPSUHVVHG EDULV WKHVDPHDV WKH YROC

'KHQ KRW XSVHWWLQJ WKHZKROHOHQJWKRIWKHGHIRUPF
IRUJLQJ WHPSHUDWXUH DV XQLIRUPO\DV SRVVLEOH 7KLV
GLPHQVLRQDOLQDFFXUDF\ XQZDQWHG PLFURVWUXFWXUL
2QWKHRWKHU KDQG EVKHDWLQJRQO\WKHQHHGHG DPRXC
E\KHDWLQJ XQQHFHVVDU\ PDWHULDO ,W LV HDV\ WR VHW
LQGXFWLRQ KHDWLQJ 7R GHILQ# MPHIQ MWHKGIH 8 &6 R LI | ¢
XWLOL]HG

Y/
L= “R+2o

ZKHYHY WKH YROXPH RI WKR IRUWKE KBGBGG XM ®RE WKH UHLC
PPLVDGGHGDVDVDIHIDFWRU WRHQVXUH HQRXJK PDWHU
EDVLFIJHRPHWU\FDOFXODWLRQVDVVXPLQJWKDW WKH YR(
IRUJHG KHDG PXVW EH WKH VDPH +HDG YROXPHV DUH FRO
YDOXHV

+HDWLQJ SRZHU

SHTXLUHG KHDPWLQ WRRKHDW WKH PDWHULDO WR WKH UHT
URXJKO\HVWLPDWHG ZLWK WKHIROORZLQJIRUPXOD

Te T
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"KHUH LV WKH PDVV Rl WKH KHDWHKS PDWB UND O IVW\WKHAL I L
ILQLVKLR LVWDWKH VWDUWLQJ WHPSH DW X U H\RH @W ¥ /K BINSS
QHHGV WR EH LQGXFHG IURP WKH FRLO WR WKH ZRUNSLHFI
JLYHQ WLPH 7KLV GRHV QRW WDNHLQWR DFFRXQW WKH SF
GXULQJWKH SURFHVV HQHUJ\LVORVWLQ WKHUPDO ORVYV
LQ WKH VXUURXQGLQJDUHD HQHUJ\FRQYHUVLRQ DQG E\
5XGQHY S



,QWKLVVWXG\ DFRQVWDQW VA\VWHP HIILFLHQF\RI LV XV
IRUVROLG VWDWH SRZHU VXSSO\LQGXFWLRQ KHBWH @G W\
FLVH FDVH VSHFLILF VIVWHP HIILFLHQF\ FRXOG EH FDOFX
SRZHU LV RQO\XVHG DV EDOOSDUNHVWLPDWLRQ DW WKH V
DGMXVWHG )RUH[DPSOH VXSSRVH N:RISRZHULV QHHG
WHPSHUDWXUHLQDJLYHQWLPHVFDOH ,QWKDWFDVH

WR FRQVLGHUDOO WKHHQHUJ\ORVVHVY GXULQJWKH SURFI

AXHQFKLQJDQG WHPSHULQJ

,QTXHQFKLQJ VWHHOV ZLWK D WHPSHUDWXUH DERYH WKFE
WR KDUGHQ WKH ZRUNSLHFH 7\SLFDOO\ TXHQFKLQJDLPV
VLWHDV SRVVLEOH EXW RWKHU SKDVHV RI VWHHO EDLQL
IRUPHG GHSHQGLQJ RQ WKH TXHQFKLQJ WLPHDQG FRROLC
SHUHG PDUWHQVLWHREWDLQHG GXULQIJWKHTXHQFKLQJL
FDOOHG WHPSHULQJLVQHHGHG WRDFKLHYHWHPSHUHG P
LVUHKHDWHG WR D VSHFLILF WHPSHUDWXUHIRUD VSHFLIL
WKH WRXJKQHVV RI WKHVWHHO ZKLOH ORVLQJ VRAH RI WK
XUHEHORZ WKHJHQHULF VWUXFWXUH RI WKH TXHQFKLQJ |
WLPH WHPSHUDWXUH GLDJUDP

J)LIXUH 6FKHPDWLF WHPSHUDWXUH FXUYH RI TXHQFK
777 GLDJUDP WR UHIOHFW WKH VWUXFWXUH FKDQJHYV C



AXHQFKLQJDQG WHESHURRRPRQ FRPELQHG KHDW WUHDW
EH XWLOL]JHG IRUIRUJHG UHEDUV WR WDLORU WKH PHFKD ¢
6WDWLVWLFDOO\ DSSUR[LPDWHO\ RISUREOHPVUHODW
SURFHVVHV ZKLOH RFFXUGXULQJKHDWLQJ ZKLFK LV Z
WHPSHULQJSURFHVVLVHVVHQWLDO &DQDOH $& ) OHVT

4XHQFKLQJDQG VHOIl WHPSHULQJ

,Q TXHQFKLQJDQG VHOI WHPSHULQJ 467 LQVWHDG RI FR
ZDUG KHDWLQJWKH ZRUNSLHFHWRDVSHFLILEFWHPSHUDW
,Q WKH SURFHVV WKH ZRUNSLHFH LQ WKH DXVWHQLWH UH
RXWHU OD\HUV RIWKH ZRUNSLHFH WR FRRO UDSLGO\ IRUP
$VWKHTXHQFKLQJLVVWRSSHG EHIRUHWKHFRUH JHWV FR
WKHRXWHU KDUGHQHG OD\HU

AXHQFKLQJDQGVHOI WHPSHULQJLV ZLGHO\XVHGLQ VWHF
WDJHV FRPSDUHG WR WKH WUDGLWLRQDO 4 7 SURFHVV 6F
XVHG IRUWHPSHULQJ LV REWDLQHG IURP WKH FRUH $O0OVTF
QHHGHG IRUDGGLWLRQDO WHPSHULQJ IXUQDFHV WKXV V
GXFLQJWKHIORRU VSDFHQHHGHG $OVR IHZHU PLFUR DC
QHHGHG PHFKDQLFDO SURSHUWLHY .DQDHY %RJRPRORY

THPSFRUH DWUDGHPDUNRIWKH &50JURXS ZDVGHYHORS
VWUHQIJWK ZHOGDEOHUHEDUV ZLWKJRRG GXFWLOLW\IURI
DIWHUUROOLQJ WKH KRW VWHHO ELOOHW WR WKH GHVLUI
ZDWHU VSUD\LQJ LVDSSOLHG WR WKHELOOHW WR DFKLH
WHPSHUDWXUH VWD\V KLJK :KHQ WKH TXHQFKLQJLV VWR
HUV RFFXUV DV WKH WHPSHUDWXUH JUDGLHQW EHWZHHQ
WHPSHUDWXUH $IWHU VORZO\FRROLQJRQDLU WKHHQG
WHPSHUHG PDUWHQVLWH VXUIDFH OD\HU ZLWK D FRUH WK
7TKHVFKHPDWLF VWUXFWXUH)RUIWKHHBQUREHEYDW VHKRIZD L Q

8WLOL]LQJ 467DV D KHDW WUHDWPHQW PHWKRG IRU KHDGH
SRUWDQW DVSHFWV WKDW QHHG WR EH WDNHQ LQWR DFFR
WKHIROORZLQJ SXGQHY

6 XLWDELOLW\ RI WKHKHDGHG UHEDU JHRPHWU\ IRU VH
WR KDQGOH ZKHQ GHDOLQJ ZLWK VLPSOH JHRPHWULHYV

SRVVLELOLW\WR XVHVHOI WHPSHULQJIRUVPDOO VL]F
LGHQWLDO KHDW LQ ZRUNSLHFHV ZLWK ORZ PDVV PLJK\



J)LJXUH 6FKHPDWLFWLPH WHPSHUDWXUHFKDUW RIWHP
/JHH DQG ORRQ

"XULQJTXHQFKLQJ ERWKLQDGHTXDWHDQGH[FHVVLYHFR
KHDW H[WUDFWLQJ SRWHQWLDOLYV WKHIDVWHU WKH UHEI
LVDFKLHYHG +RZHYHU XVLQJ TXHQFKDQWYV ZLWK WRR Kl
VXFKDVLQFUHDVHG GLVWRUWLRQDQG FUDFNLQJ 7KH JRI
YLGHVY FRROLQJKLIKHQRXJKWRDFKLHYHWKHUHTXLUHG
DVSRVVLEOH WR SUHYHQW XQZDQWHG GLVWRUWLRQV 'R

A4XHQFKLQJLQ ZDWHU EA\LPPHUVLRQ

TKHTXHQFKLQJ PHGLXP FDQ EHOLTXLG VROLG RUJDV LI
ZDQWHG UDWH ,Q WKLV FDVH ZDWHU ZLWKRXW DQ\DGGL\
PHGLD LV XVHG WKH SURFHVV RITXHQFKLQJFDQ EH VSOL\
JLIXUHWKH YDSRU EODQNHW VWDJH D WKHERLOLQJ VWI
ODFNHQJLHDQG /DPEHUW



J)LIXUH &RROLQJVWDIHV GXULQJTXHQFKLQJ ODFNI

7KHYDSRUEODQNHW VWDJH RFFXUV ZKHQ WKH KRW ZRUNS
TXHQFKDQW ,Q WKLV VWDJH WKH KHDW WUDQVIHU EHWZ}F
DWKLQ YDSRU SRFNHW SURGXFHG E\ WKH YDSRUL]DWLRQ |
FDXVLQJ ZHDN FRQYHFWLRQ EHWZHHQ WKH PDWHULDOV 7
WZHHQ TXHQFKDQWV

7KH ERLOLQJ VWDJH RFFXUV ZKHQ WKH LQVXODWLQJ YDSR
LQFRQWDFW ZLWK WKH KRW ZRUNSLHFH IRUPLQJ ERLOLQ
LVDWLWYV KLIKHVW DV WKH KRW OLTXLG DW WKH VXUIDFH
OLTXLG 7KLVVWDJHVWRSVZKHQ WKHZRUNSLHFH VXUIDF
WKHERLOLQJSRLQWRIWKHOLTXLG $IWHU WKLV WKH FRF
FDXVLQJWKHKHDWWUDQVIHUUDWH WR GURS

(INTHFWRIZDWHU WHPSHUDWXUH

"KHQ WKH WHPSHUDWXUH RI ZDWHU XVHG DV D TXHQFKDQ\
YDSRUL]DWLRQORZHUV 7KLVGHFUHDVHV KHDW IOX[DQGF
VWDUW WKLFNHWQYE\SWPAWEBRRWHE DQRU ILOP SUHYHQWYV GLU
WKHZRUNSLHFHDQGTXHQFKDQW UHVXOWLQJLQDORZHU
WKHFRROLQJUDWHDOVRGHSHQGVRQWKHWHPSHUDWXUF
WKH ZRUNSSIDHAHHHORZ SUHVHQWY WKH HIITHFW RI ZDWHU WH
IRUD PP ,QFRQHO SUREH ZLWK D PPGLDPHWH 7RW



J)LIXUH $II1HFWRI ZDWHU WHPSHUDWXUH WR WKH FRROL

7KLV VWXG\ XVHV D FRQVWDQW ZDWHU WHPSHUDWXUH RI
WHQGV WR ZzDUP ZKLFK LV ZK\' D FRROLQJ V\VWHP WR NHH
HVVHQWLDO WR DFKLHYH XQLIRUP TXDOLW\

+HDW WUDQVIHU UDWH

'XULQJ TXHQFKLQJ PRVW KHDW WUDQVIHU KDSSHQV WKUR
TXHQFKLQJPHGLXPDQG WKHZRUNSLHFH TXHQFKHG 6RPH
DWLRQ KHDW WUDQVIHU +HDWLVDOVRWUDQVIHUUHG EHW
7KH KHDW IOX[ IRUWKH FRQYHFWLRQ KHDW WUDQVIHU FDC
HIILFLHQW DQG WKH WHPSHUDWXUH GLIIHUHQFH EHWZHHC
NQRZQ

7HPSHUDWXUH GHSHQGH Q W KMHD BHW DDE X IHMWE R G 71 L W IKH/QR/
WLRQ +DVDQSIWDO

Ve T

K= —————
A (Ts Tp)

KHUH.V WKH PDWHULDBOVGIHQW KW \Z RIU NS L H F HD QRE0& RAHK HP
VSHFLILF KHDW FDSDFLW\ - NJf& 7LVWKHFRROLGJUDWH
LVWKHZRUNSLHFHVXUIDEWWHH SKHQ WMXDOJIHWMNIWNHPBEHUDW X!



WKHFRROLQJUDWH7FDQEHIRXQGLQWKHOLWHUDWXUH |
WREHPHDVXUHG H[SHULPHQWDOO\

7KH WHPSHUDWXUH GHSHQGHQW YDOXH IRU WKH FRROLQ.
WHVWYV 7KHJHQHUDO VWUXBPHWXUHRIUWWRKH WHYWHY VKR DG
DURXQG f& $IWHU WKLV WKHEDUZDV LPPHUVHG LQWR
EHWZHHQ f& DQGWKHVXUIDFHWHPSHUDWXUH ZDV PHL
SOHDWWDFKHGWRWKHVXUIDFHRIWKHEDU 7KUHHPHDYV X
DOQOGWKHDYHUDJHFRROLQJUDWHDWGLITHUHQW WHPSHUL
SURFHVVHG LQ ([FHOWRREWDLQ WKHGDWD XVHGLQ VLPX

J)LIXUH &RROLQJUDWHPHDVXUHPHQW PHWKRG XWLOL]
WKHUHEDU ELOOHW IURP WKHQHHGHG OHQJWK WR f&
PHDVXULQJWKHFRROLQJUDWHGXULQJ WKH

,QLIJXUHWKH FRROLQJUDWH DFKLHYHG WKURXJK WKH WH V!
VLGH DQG WKHFRQGXFWLRQ KHDW WU D Q V XK-DUVAARH) MR HH Q
ULJKW VLGH 7R FDOFXODWH WKH +7& WKH YROXPH 9DQG"
'"PRGHO RIWKHKHDGHG UHEDUV



JLIXUH &RROLQJUDWHDQG +HDW WUDQVIHU FRHIIL

AXHQFKLQJ WLPH

TKHHQG WHPSHUDWXUHDIWHU TXHQFKLQJLY GLUHFWO\ S
WKH ZRUNSLHFH DQG TXHQFKDQW DQG WKH WLPH WKDW Wi
WKH WHPSHULQJ LV GRQH ZLWK WKH UHVLGXDO KHDW IURF
DGMXVWHG VR WKDW WKHUH LV VWLOO HQRXJK KHDW LQ V
WHPSHUDWXUHYV

$SFFRUGYREHEWHRFWLRMHDPRXQWRIPDUWHQVLWHDFKLHYHG ¢
RQ WKHPRWB MEDWNPSHUDWXUHY 7RDFKLHYHPDUWHQVL
JR EHORWHPSHUDWXUH DQG WKHPDUWHQVLWH YROXPH I
M¢i WHPSHUDWXUHWKHPDWHULD X EYHKWMWRE MG BFHBD W X(
IRUUHEDU VWHHO LWDb ERMXNYGHHQf & DQGF &

TKHUHIRUH WKH QHHGHG TXHQFKLQJ WLPH LV DIITHFWHG E
GXULQJ WKH TXHQFKLQJ ZRUNSLHFH VL]IH DQG JHRPHWU\
UHEDUVDUHDFKLHYHG WKURXJKVLPXODWLRQ ODWHU LQ \

THPSHULQJWHPSHUDWXUH

7\SLFDOO\ WHPSHULQJLVGRQHLQWHPSHUBWIHUHNQUW R/MF
SHUDWXUHVXDWV LQ EHWWHU GXFWLOLW\DQG WRXJKQHYV
'"HILQLQJ SUHFLVH 77 GHSHQGV RQ WKH PHFKDQLFDO SURS
LVDIIHFWHG E\WKHPDWHULDO JHRPHWU\ DQG VL]H

7KH VHOl WHPSHULQJ SURFHVV GLIITHUV IURP WKH WUDGLW
KDYLQJD FRQVWDQW WHPSHULQJ WHPSHUDWXUH ZKHUH \
WHPSHULQJ WHPSHUDWXUH FKDQJHV FRQWLQXRXVO\ 6HC
FRQWURO WKDQ WUDGLWLRQDO WHPSHULQJDQG GRHV QR



7KLV VWXG\ GH | L&HOM DWAXALSHVJEQH WHFSEQ U D WPAHIODWILRQV C
LPHQWDO WHVWYV )LUVW VLPXODWLRQ GHWHUPLQHV TXH
WRDFKLHYHG677 RIDURXQG f& f&LVWKHDYHUDJH Wt
WHPSHULQJ WHPSHUDWXUHY WKDW DUH W\SLFDOO\ XVHG
WLPH WKHG677 FKDQJHVLQ WKHRSSRVLWHGLUHFWLRQ DC
WHQVLOH SURSHUWLHV FDQ EHGHILQHG ZLWK WHQVLOH W
WLPH REWDLQHG WKURXJK VLPXODWLRQDQG ZLWK WLPH I
FRUUHFW WHPSHULQJ WHPSHUDWXUHFDQEHGHILQHG IRU

THPSHU HPEULWWOHPHQW

'XFWLOLW\ GHVFULEHV WKH PDWHULDOYV DELOLW\ WR KDY
ZLWKJRRG GXFWLOLW\DUHFDOOHG GXFWLOHPDWHULDOV
KDQG DUHEULWWOHPDWHULDOV ,QWHQVLOH WHVWYV W|
YDOXHRIWRWDO HORQJDAYLRQ DW PD[LPXP VWUHVYV

SUHYLRXV WHQVLOH WHVW UHSRUWY PDGH E\ WKH FRPSDQ
EDUV ZLWK VKRUW TXHQFKLQJ WLPH RU ZLWKRXW TXHQFK
WRWDO HORQJDWLRQLQ WHQVLOH WHVWV ZLWKRXW PXFK
VDPSOHVZLWKORQJHUTXHQFKLQIJWLPH 7KHKHDGHGEDL
WHQG WR KDYHWKH VDPH\LHOG VWUHQJWK EXW VLJQLILFL

%DG WRWDO HORQJDWLRQ LQ WHQVLOH WHVWYV PLJKW UHV
HQW SKHQRPHQRQ RFFXUULQJ SULPDULO\LQ DOOR\HG VW
VSHFLILF KHDW DUHDV 7ZR GLIIHUHQW YHUVLRQV RIHPEU
WHPSHUDWXUHHPEULWWOHPHQW LQ WHPSHUDWXUH DUHTC
SHUDWXUHHPEULWWOHPHQW IURP f&WR f& 8SSHU W
E\KHDWLQJWKHPDWHULDODERYH f&DQGWKHQFRROLQ
HPEULWWOHPHQW RQ WKHRWKHUKDQG LVLUUHYHUVLEQ

7HPSHU HPEULWWOHPHQW LV JUHDWO\ GHSHQGHQW RQ W
7HPSHUHPEULWWOHPHQW LV FDXVHG E\WKH VHJUHJDWLR
WLHV DW JUDLQ ERXQGDULHYV GXULQJWKH VORZFRROLQJ
SURQH WR HPEULWWOHPHQW LI LW FRQWDLQV ODQJDQHVH
ZKLFK DUH RIWHQ XVHG DV DOOR\LQJ HOHPHQWYV LQ VWHH
BE SKRVSKRUXV 3 WLQ 6Q RUDUVHQLF $V FDQ OHDG
ULW\HOHPHQWY RQ WKH JUDLQ ERXQGDU\ $ ORZ SHUFHQV
WR SUHYHQW HPEULWWGHPHQW 'RVVHWW

THPSHUHPEULWWOHPHQW KDV QRWEHHQ SURYHQ WR KDSS
LFDO FRPSRVLWLRQ RIUHLQIRUFHG VWHHO FRQWDLQV PD



WKDW FDXVH WHPSHU HPEULWWOHPHQW 7KLV LV ZK\FRQV
LQ VKRUW TXHQFKLQJ WLPH LV HVVHQWLDO :KHQ WKH TXI
HQWLUHO\FRROHGLQDLU WKHPDWHULDO VORZX\UFRR OV
EHORZ WKH &KHPLFDO FRPSRVLWLRQ IRU % % UHLQIRUF
EDWFK LV VKRZQ $OOR\WDQG LPSXULWLHV FDXVLQJHPEU
WKHPDWHULDO SUHYHQWLQJ LW ZLWK JUHHQ

J)LIXUH &KHPLFDO FRPSRVLWLRQRI % % UHEDU VWHI
GRFXPHQWIRUUHEDU XVHG LQ SURGXFWLR
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,Q WKLV FKDSWHU SDUDPHWHUV IRULQGXFWLRQ KHDWLQ.
ILQHG :LWKDFRPELQDWLRQRIVLPXODWLRQVDQG SUDFW
DUH GHILQHG WKDW DUH XVHG WR PDNH WHVW VDPSOHV 7
E\PDNLQJ WHQVLOH WHVWV PHWDOORJUDSKLF DQDO\VLV
FRPELQLQJ WKH DFKLHYHG LQIRUPDWLRQ KHDWLQJ DQG
SURGXFWLRQ DUH GHILQHG LI SRVVLEOH 7KH JRDO LV WF
SURFHVVHV VR WKDW WKH UHVXOWY FDQ EH VXSSRUWHG [
H[SHULPHQWYV

JLQGLQJ WKH FRUUHFW SURGXFWLRQ SDUDPHWHUV IRU HL
RI VLPXODWLRQV DQG UHDO OLIH WHVWYVY 7KH UHDVRQLQ
PHWKRGV LWKVLPXODWLRQ LWLV SRVVLEOH WR REWDL
HISHULPHQWV IDVWDQG ZLWK D ORZFRVW EXWPDNLQJUH
ZKLFKFDQEHXVHGWRYHULI\WKHYDOLGLW\RIWKHVLPXO
WKURXJKVLPXODWLRQV SURGXFHUHDOLVWLFGDWD LW L
GLITHUHQW DUHDV RI WKH KHDWHG ELOOHW XVLQJVLPXOD!'
WHPSHUDWXUH FKDQJH LQ UHDO OLIHH[SHULPHQWYVY ZRXO
DQGDORWRIWLPHWRREWDLQ GDWD IRUDOOEDU VL]HV ¢
LVWKHHDV\ZD\WR YLVXDOL]HKRZWKHKHDW GLVWULEXW
DEHWWHU XQGHUVWDQGLQJRIWKH SURFHVYV

7R DFKLHYH DFFXUDWH VLPXODWLRQ UHVXOWY VRPH SDU
UHDO OLIH WHVWYV $JRRG H[DPSOH LV WKKHDADR BM Bl LKQHDG/
VXEVHFWLRKBQDOO WKHQHFHVVDU\ SDUDPHWHUYV KDYH EI
DQG WKURXJKWHVWLQJ GLUHFWLRQDO SURGXFWLRQ SDU
J)LQDOO\ WKH YDOLGLW\RIWKH SDUDPHWHUY REWDLQHG L
SDUDPHWHUV DUH ILQH WXQHG LI QHHGHG DV GLITHUHQFF
KHQ LW VHHPV WKDW ERWK VLPXODWLRQ DQG UHDO OLIH
FDQEH XVHG WRJHWKHU WRILQG RSWLPDO SURFHVYVY SDUD

7ZR GLITIHUHQW VLPXODWLRQ VRIWZDUH DUH XVHG LQ WKL
" VLPXODWLRQ VRIWZDUH LV XVHG :LWK &(126 LQGXFWLR
GHVLIQ KHDWLQJUHFLSHVLQOHVVWLPHE\UHSODFLQJ SK
JDLQLQJDFFXUDWHWHPSHUDWXUHGLVWULEXWLRQ GDWD
LQJDQG VHOI WHPSHULQJ SURFHVYV &RPVRO PXOWLSK\VLI



DQRDO\WVLV RIGLITHUHQW KHDW WUDQVIHU PRGHV JLYLQJZELC
SHUDWXUH GDWD $OVR ZLWK &RPVRO WKH SRVVLELOLW
PRUH SUHFLVHO\DOO RYHU WKH ZRUNSLHFH LV DQ LPSRUYV
SURSHUWLHYV

,QGXFWLRQ KHDWLQJVLPXODWLRQ

JRULQGXFWLRQKHDWLQJ WKHSURSHUKHDWLQJSDUDPHW
GXFWLRQDUHREWDLQHG WKURXJK UHDO OLIHH[SHULPHQ
HISHULPHQWDO WHVWLQJ WKHKHDWLQJSURFHVVHVIRUW
LQ &(126 LQGXFWLRQ KHDWLQJVRIWZDUH ,QVLPXODWLRQ
SDUDPHWHUV DQG DFFXUDWHO\ PHDVXUH WKH WHPSHUDW
$FKLHYHG '"PRGHOVDQG WLPH WHPSHUDWXUH FKDUWYV JL
KHDWLQJ SURFHVV DQG KRZWKHEHVW SRVVLEOH UHVXOW

'LWK &(126 WKHPRGHOLQJRIWKHKHDWLQJ SURFHVVDQG
HDFK EDUGLDPHWHU LV VWUDLJKWIRUZDUG 7KH SURFHVYV
HWU\ IRU WKH ZRUNSLHFH DQG LQGXFWRU ,Q WKLV ZRUN
LQ WKH VRIWZDUH DV UHDG\ PDGH '"JHRPHWULHY ZHUH Q
LQJIJHRPHWU\ PDNLQJ WRRO LQVWHDG RI XVLQJ WKH JHRP
EDU VXUIDFH KDV ULEV RQ WKH VXUIDFH LQ WKHVH VLPXO
SURSHUWLHV RIUHLQIRUFHG VWHHO LV XVHG

$IWHUWKHJIJHRPHWU\LVYGRQH IROORZLQJPDWHULDO SUR
ODWLRQ 7KHUPRO FRQGXPWLFRSDNILMA 'HQVIW\(OHF
WULFFRQGXFRVLERDWQHWLF SHHLPMMBDELDOWFXULH WHPSHUD
WRUV RSHUDWL Q& ]UHKHOWAFRDIQGLRWHHG SRZHU N:

ODWHULDO VSHEKLILF SYRSHWRAAXHWH WHPSHUDWXUH DUH W
SDUW RI WKLV ZRUN 7KHIUHTXHQF\ XVHG LQ VLPXODWLR(
SUDFWLFH 7KHIUHTXHQF\UDQJH RI WKH KHDWHU LV UHSR
ZKLOH FRQGXFWLQJ H[SHULPHQWDO WHVWLQJ LW ZDV IR
EHWZHHQ N+] GXULQJ WKH SURFHVV ZLWKRXW GHSHQUC
GLDPHWHU VR FRQVWDQW N+]IUHTXHQF\ZDV XVHGLQ W
DGMXVWHG ZLWKWZR SDUDPHWHUV KHDWLQJWLPHDQG X

$VIRXQG RXW LQ SUHYLRXV FKDSWHUV WKH JRDO GXULQ.
EHWZHHQ f&LQ DV VKRUWWLPHDV SRVVLEOH EXW"
DFURVV WKH ZKROH QHHGHG KHDWLQJ OHQJWK :LWK WKH
DGMXVWLQJWKHLQGXFWLRQ SRZHUDQG KHDWLQJ WLPH



+HDWLQJSRZHU DQG WLPH

JLIXUEHORZ VKRZV VLPXODWLRQ UHVXOWY REWDLQHG IR
ZDV DOVR REWDLQHG IRU DQG PP EDUV )URP WKH 'Sl
SHUDWXUH GLVWULEXWLRQDFURVV WKHFURVV VHFWLRQI
FKDQJHRIWKHEDUGXULQJ KHDWLQJLV PHDVXUHG ZLWK I}
DUHWRROV XVHGLQVLPXODWLRQVWRJDWKHU GDWD GXU|
KHDWLQJVLPXODWLRQV SUREHV DUH XVHG WR FKHFN WKH
SHUVHFRQG %DVHGRQ WKHWKHRU\ WKHVHSUREHV DUH ¢
ZRUNSLHFHWKDW WHQG WR KDYHWKHKLJKHVWDQG ORZH)
LQJ 7KHSODFHPHQW RI WKHVH WHPSHUDWXUH SUREHYV FD
GDWDLVY SORWWHGLQDWLPH WHPSHUDWXUHGLDJUDP ZK
SUREHVFDQEHPRUHDFFXUDWHO\H[DPLQHG JKHXUSKRWF
LVXVHGWRDQDO\|]HKRZWKH WHPSHUDWXUH GLVWULEXWI

J)LIXUH , QGXFWLRQ KHDWLQJ VLPXODWLRQ UHVXO

7TKHRYHUDOO VWUXFWXUH RIWKHKHDWLQJUHFLSHPDGH .

$W WKH VWDUW KLJK SRZHU LV XVHG WR KHDW WKH PD
f& 7KHXVHG SRZHUDQG WLPHGHSHQG RQ WKH EDU
ELOOHW WKHPRUHSRZHUFDQ EH XVHGIRUD ORQJHU V



"KHQ WKH VXUIDFHWHPSHUDWXUH JHWV WR WKH GHVLL
QRW\HWUHDFKHG WKHVDPHWHPSHUDWXUHDV WKH VX
WRJIJDLQDQHYHQ WHPSHUDWXUH GLVWULEXWLRQ ,I W
VXUIDFHWHPSHUDWXUH ULVHVY WRR KLIJIKDQG VWDUWYV
WR EHDGMXVWHG VR WKDW WKH VXUIDFH WHPSHUDW X!
ZKLOH WKHFRUH WHPSHUDWXUH ULVHYV

8VLQIJ WKLV NLQG RIUHFLSHLVLPSRUWDQW IRUELJJHUED
GLDPHWHUV FRQVWDQW KHDWLQJSRZHUFDQEHXWLOL]H(
LVDFKLHYHG IDVWHQRXJKIRUKHDWLQJQRW WREHWKH S

$IITHFW RI FRLO WR ZRUNSLHFHJDS

7TKHVPDOOHU WKHJDS EHWZHHQ WKH KHDWHG ZRUNSLHFH
KHDWLQJ PDNLQJWKHSURFHVVPRUHHQHUJ\HIILFLHQW ,
SRZHUDQGWLPHQHHGWREHLQFUHDVHG VR WKDW WKHHQ
RI WKLV WKH KHDWLQJ UHFLSHLY FRLO GHSHQGHQW DQG
JHRPHWU\ FKDQJHV

$IITHFW RI FRLO RYHUKDQJ

&RLO RYHUKDQJUHIHUV WR WKH OHQJWK RI WKH LQGXFWL
SODLQYKEVYABFWLRAHFWULFDOHQGDQGHGJHHIIHFWV FDQ F
WKHKHDG RIWKH ZRUNSLHFH FDXVLQJXQHYHQ WHPSHUD\
UDPHWHUV IRUWKHVH SKHQRPHQ D W RXRFEFHQ R.Z/ WDKOHX F/R\LDD
HITHFWRIEDU SODFHPHQW LQVLGH WKHFRLORQ WKH KHDW
XVHG

,QWKH VLPXODWLRQ RQLW KH/®H IKNR \& VHHYMWVDKUHH D R1 WKH EL
WKHFHQWHU RI WKHFRLO :KHQPRYLQJIURP WKHFHQWHU
WHPSHUDWXUHLVVHHQ ,QWKH VLPXODWILRQMBW WK\N HKH (
KHDG RIWKHZRUNSLHFHLVPRYHG WRZDUG WKHFHQWHU I[
WHPSHUDWXUH GLVWULEXWLRQLQ WKHZRUNSLHFH LV QR
ODVWVLPXODWLRQ FRXOG UHVXOW LQ WKHPHOWLQJRI WK

I QHHGHG KHDWLQJ OHQJWK LV VKRUWHU WKDQ WKH FRLO
WR WKH PLGGOH RI WKH FRLO ,Il WKLV LV GRQH WKH XVHG
DW WKH VDPH WLPH WKH QHHGHG KHDWLQJ WLPH QHHGV V
DFKLHYHWKHGHVLUHG WHPSHUDWXUH
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