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ABSTRACT 
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Bake hardening effect is a phenomenon of static strain aging and utilized in the 

manufacturing of automotive components. Bake hardening occurs at elevated temperature 

of around 170 °C during the paint-baking cycle of the formed components. It leads to the 

strength increment by the diffusion of carbon atoms to the dislocations during the drying 

of paint. Steels with ferritic microstructure are known to be susceptible to aging 

phenomenon. In addition, low carbon steels and ferritic stainless steels are used to 

produce certain automotive components. The aim of this work is to study the static strain 

aging phenomenon of two low carbon steels and a ferritic stainless steel, more importantly, 

by means of bake hardening tests.  

 

This thesis consists of two parts, namely literature study and research parts. The literature 

study covers the topics like carbon steel, ferritic stainless steel, strain aging, and bake 

hardening. Two low carbon steels with small difference of production history and EN 

1.4003 ferritic stainless steel were used for the experiments. Bake hardening (BH) tests, 

consisting of pre-straining to 0%, 2%, 6%, and 10% and following heat-treatments of 

170 °C/20min and 230 °C/20min, respectively, were conducted. The purpose of the heat 

treatments was to simulate the paint baking process after press forming. In addition, to 

evaluate the aging behavior during storage, a heat treatment of 100 °C/30 min (boiling 

water) was carried out and was followed by tensile testing, respectively.  

The study indicates that two low carbon steels have very similar initial properties and 

behavior in the experiments. The 170 °C/20min heat treatment increased 41 MPa and 

230 °C/20min increased around 130 MPa in yield strength of the low carbon steels, while 

for EN 1.4003 ferritic stainless steel, these two numbers are 20 and 8 MPa, respectively. 

The yield strength generally increased and elongation decreased with the increase of heat-

treatment temperature and pre-strain. The higher baking temperature led to greater BH 

index generally. The BH index of low carbon steel increased from 19 MPa to around 54 

MPa along with the pre-strain increasing from 0% to 10% when baked at 170°C, while it 

decreased from 72 MPa to 58 MPa when baked at 230 °C. The 100 °C/30min aging 

treatment did not produce significant influence on the properties of three investigated 

ferritic steels. It can be concluded that the bake-hardening is the main mechanism of 

achieving strength increase, and it heavily depends on the dislocation caused during pre-

strain. 
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1 INTRODUCTION 

Vehicle shows an increasing significance in the society and our daily life. Low and 

medium carbon steels (carbon content up to 0.35) are the most widely used materials in 

the automotive manufacturing. In addition, ferritic stainless steels are also used in some 

automotive parts. However, they have not reached that much attention with respect to the 

typical phenomena occurring in the manufacturing routines. Therefore, the pre-straining, 

bake-hardening (BH) heat treatments, tensile tests, aging treatments were performed to 

study the static strain aging phenomenon by investigating the bake hardening response. 

Static strain aging (SSA) is a general phenomenon in steels typically utilized in bake 

hardening and multi-phase steels. Bake hardening, in turn, is a phenomenon of SSA, 

which leads to the strength increment because of the work hardening in the cold working 

and the strain aging during the subsequent paint baking during manufacturing of 

automotive components [1]. Low carbon steels are known to be sensitive to SSA behavior, 

i.e., they show bake hardening when they are subjected to forming and subsequent paint 

baking during manufacturing of automotive components. For example, Banerjee and Dhal 

[2] confirmed the strain aging response of low carbon steel. However, the bake hardening 

behavior of ferritic stainless steels has not reached that much attention even though they 

are also used in some automotive parts. 

But there exists some studies [3-4], which have shown that SSA can also occur in ferritic 

stainless steels. For example, Palosaari, et al. [3] also found that a strength increment of 

50 MPa with EN 1.4509 and 1.4521 ferritic stainless steels due to the strain aging. Buono, 

et al. [4] found that the yield strength of AISI 430 stainless steel increased from 465 MPa 

to 528 MPa with the increase of baking temperature from 180 °C to 245 °C, with a 30 

min bake-hardening time. However, the information on the static strain aging of 

unstabilized ferritic stainless steels is still limited. 

Therefore, this research aims at gaining a further understanding of the impact of the static 

strain aging phenomenon on the mechanical properties, it also studies the behavior of the 

low carbon steels and EN 1.4003 ferritic stainless steels in the automotive components 

manufacturing by investigating the response of its mechanical properties. The research is 

expected to understand how the pre-strain and heat treatment affect the mechanical 
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properties and how much strength can be increased by the strain aging phenomenon.  

Chapter 2 includes some relevant theoretical information, which includes the topics of 

carbon steel, alloy steel, ferritic stainless steel, strain aging, and bake hardening. Chapter 

3 describes the experimental materials and methods, the results are presented and 

analyzed, some problems and future work in the relevant field are also discussed in 

Chapter 4. Some significant findings are presented in Chapter 5. Some appendices are 

also attached in the end of the thesis to provide more detailed information on how the 

data were produced. 
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2  LITERATURE STUDIES 

2.1 Steel Classification  

Steel is a hard and strong iron-based alloy. It is one of the most widely used materials in 

the current life around the world, especially in the engineering and construction fields. 

The Carbon content is mostly no more than 2.11%, as shown in Figure 1. It is the most 

important element for iron and for the properties of steels, the carbon content also affects 

the hardness, tensile strength, ductility of the steel a lot [5].  

The microstructures and properties of the steels are significantly influenced by their 

composition, therefore, the chemical composition is commonly used as criterion to 

classify the steels. By chemical composition, the steel can be classified into carbon steels 

and alloy steels, the difference of which is that in the carbon steel, carbon is the main 

element, while alloy steels contain more alloying elements for improving some properties.  

 

        Figure 1. Iron-carbon phase diagram [6]. 
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2.1.1 Production of Strip Steel 

The development of steel making technologies and the application of vacuum degassing 

make it easy to control the contents of some elements like carbon, nitrogen, sulphur, etc. 

Before 1970s, the main parts of the strip steel was casted into ingots with 500 mm 

thickness, and then be cooled and removed from modules, which is followed by heating 

to around 1250°C and rolling to slabs with 200-250 mm thickness and cooling [7]. The 

surface defects were finally removed through scarfing. The different stages of this process 

were separated [7]. Steel is normally manufactured from two kinds of raw materials: steel 

scrap and hot metals. Steel scrap is normally produced by using electric arc furnace (EAF), 

and hot metal is typically produced by blast furnace.  

Since the EAF for steelmaking in 1889 by Paul Héroult, EAF has been widely applied in 

steelmaking and smelting of nonferrous metals, including stainless steel [8]. EAF is also 

the core process of mini-mills, which produce steel from scrap [9]. An EAF melts 

minerals or other materials by using electricity. The dry minerals are firstly weighed and 

mixed, which are then evenly distributed throughout the furnace. Power is supplied 

through a transformer and graphite electrodes, the electrodes are extended into the furnace 

and touch the materials, and the electric arc can be formed between the electrodes when 

power is supplied, as indicated in Figure 2. The electric arc melts the materials and 

produce a liquid bath [10]. The temperature in EAF is very high depending on the melting 

point of the metal. There is also a water cooling system to avoid overheating. The melted 

liquid material is then poured into a mold and sent to the cooling system, the ingot would 

be solidified and processed to the desired size and shape [10].  

 

Figure 2. Diagram of an electric arc furnace with direct current [11]. 
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Blast furnace is commonly used for manufacturing carbon steels. Figure 3 presents the 

working process of blast furnace. The coke and sinter, pellets, lump, and flux are charged 

by using charging conveyor [12]. The charged materials go down because of gravity. The 

temperature inside furnace increases from throat (200–400 °C), to shaft (400–1800 °C), 

and to bosh section (up to 2000 °C) [13]. In the lower part of the furnace, hot stove 

produces hot blast, which is injected into the furnace through tuyere. The hot blast reacts 

with the coke chemically, and forms carbon monoxide (CO), which reduces the iron 

oxides in the ferrous ores [12]. At the bottom of the hearth, the molten metal (hot metal) 

is collected by the torpedo car. The slag is formed at the meanwhile, and it floats on top 

of the hot metal bath due to its lower density. Liquid hot metal and slag are tapped 

regularly, and the slag is collected by a slag car [12].  

 

Figure 3. Illustration of blast furnace process [12]. 

 

Figure 4. Schematic of steelmaking process with basic oxygen furnace [14].  

Basic oxygen furnace (BOF) is a steel making furnace to convert the molten pig iron and 

steel scrap into steel as illustrated in Figure 4. The hot metal is produced from blast 

furnace and poured into a ladle. High purity of oxygen is then ejected at super high speed 

http://www.substech.com/dokuwiki/doku.php?id=steel_making_introduction


6 

 

under high pressure to the molten metal through an oxygen lance. The next step is to 

charge the furnace, the required thermal energy for basic oxygen steelmaking is produced 

from the oxidation process [14]. A water-cooled copper lance is lowered into the vessel, 

and the high purity oxygen is injected at supersonic speed. The oxygen ignites the carbon 

dissolved in the steel to form CO and carbon dioxide, and emits heat, which melts the 

scrap and removes unwanted elements. Next, the fluxes are fed into the vessel to form 

slag to balance the basicity and absorb impurities. The steel is finally tapped into a steel 

ladle, and slag is poured into slag pots.  

The continuous casting of steel was developed and widely used in 1960s, in which the 

strip steel is directly rolled to the slab with ideal thickness [15]. A typical curved 

continuous casting process is illustrated in Figure 5. The molten liquid steel flows from a 

ladle to the mold through a tundish. All these operations are protected by slag, which 

covers vessels, and by ceramic nozzles between vessels. The liquid steel freezes against 

the cooled copper mold walls and forms a solid shell, as shown in the figure. By running 

the rolls, which are lower in the machine, the shell is moved out of mold, this movement 

is supposed to be in a steady rate, which is also the casting speed. The solidifying shell 

below the mold is to support the remained liquid, the support rolls work to maintain good 

shape and flat surface of the steel. In the meanwhile, the water spray cools the interfaces 

between rolls and the strand to maintain surface temperature and avoid regional high 

temperature due to the rubbing and heat, the cooling works until the molten core is 

solidified. The strand is cut into slab with the required length.  

 

Figure 5. Schematic of curved continuous casting process [16]. 

The first hot-rolling stage included reheating to around 1250 °C and rolling in two linked 

stages. The two stages are roughing and finishing, which were to reduce the thickness to 
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30-45 mm, and reduced to 1-12 mm depending on the mill and final hot-rolled gauge 

requirement [7]. The roughing could be performed with a single reversing stand, through 

which the steel passes forwards and backwards several times. The finishing is performed 

with a finishing train which contains normally seven stands. The front end of the strip 

exists the last stand well before the back end of the strip enters the first stand. The 

finishing temperature when the steel comes to the last stand is supposed to be over Ar3 

temperature, which is to ensure the constituent transformation happens in the austenite 

region of the phase diagram, as indicated in Figure. 1. The steel is then cooled before 

coiling, the temperature of which ranges from 200 °C to 750 °C depending on the 

metallurgic issues. If needed, the steel is then passed through a pickling line together with 

hydrochloric acid to remove the oxide on the surface [17].  

The cold rolling is carried out by a tandem mill containing typically five stands. Cold 

rolling makes steel stronger, harder, but more brittle. To reduce the strength and improve 

the formability, the cold rolled steel usually needs to be annealed. The recrystallization, 

grain formation and growth, precipitates dissolution happen during the annealing. The 

interaction of these changes determines the final microstructures and properties of the 

steel [7]. Batch annealing and continuous annealing are the common methods. Batch 

annealing is performed in a furnace, the steel is enclosed in it with the protective 

atmosphere, which has been NHX gas (nitrogen with no more than 5% hydrogen) or pure 

hydrogen. Pure hydrogen is more preferred for its faster heat transfer, which causes rapid 

heating and cooling [18]. In continuous annealing, the annealing time is much shorter 

than in batch annealing, as indicated in Figure 6. The batch annealing temperature can be 

up to 700 °C for most cases, whereas continuous annealing temperature for strip steels is 

above 700 °C and often above 800 °C [7, 19].  

 

Figure 6. Schematic of annealing cycles for batch and continuous annealing [7]. 

The last stage in steel processing is the temper rolling or skin passing, which is to remove 

the yield point in the tensile curve to avoid the occurrence of the stretcher-strain markings 

while the steel is being pressed. The metallic coating with electrolytic process can all be 

achieved by hot dipping and be applied to the annealed strip surface. [7] 
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2.1.2 Carbon Steels 

By the definition of American Iron and Steel Institute (AISI), carbon steel has no specific 

content for chromium, nickel, molybdenum, cobalt, tungsten, etc., nor requirements for 

other elements for obtaining desired properties. Carbon is the main alloying element for 

steel, the content of carbon can reach 2% in steels. It is usually dissolved in the iron or be 

present as carbide Fe3C. The Increase of carbon content can increase the hardness, tensile 

strength, solid-solution strength, hardenability while reduce the weldability [5, 20]. 

Carbon steel usually contains up to 1.4% manganese, which prevents the formation of 

iron sulfide inclusions FeS, which has low melting point and is formed at grain boundaries 

mostly [20].  

Manganese content normally ranges from 0.2% in the steel, in the carbon steel, it is 

common to reach 1.5% [20]. It also contributes to the increase of solid-solution strength, 

hardness and hardenability, to be more precise, manganese increases the strength of ferrite. 

It can also combine with sulphur to form globular manganese sulphides (MnS), which 

improves machinability. At the same time, it counters the brittleness from sulphur, which 

is good for the surface finish of the carbon steel [5].  

Silicon strengthens the iron by dissolving into it. It also inhibits the grain growth by 

limiting the prior austenite size. Meanwhile, the addition of silicon increases the ultimate 

tensile strength and decreases yield stress [21]. It is also a principal deoxidizer in the steel 

to remove oxygen, and form silicate stringers (silicon dioxide inclusions) [5].  

Aluminum contributes to the deoxidization of the steel by extracting gases from the steel, 

and it also offers the resistance to aging. It increases the hardness and toughness of the 

steel by combining with nitrogen to form very hard nitride and forming fine grain 

microstructures. In addition, aluminum does not form carbide either [5].  

Chromium increases the hardenability and corrosion resistance of the carbon steel. Sulfur 

is usually undesirable impurity in the steels, the amount of which is normally strictly 

limited. When its content is above 0.05%, brittleness may be caused and weldability can 

be decreased [20]. Similarly, phosphorus is also undesirable impurity, the amount of 

which is normally strictly limited in the carbon steels, otherwise, it may bring 

embrittlement in the hardened steels [20]. Molybdenum promotes the carbide formation 

very well, and increases the hardenability and strength. It is usually in small amount of 

no more than 0.2% in the carbon steel. Nickel increases the hardenability, toughness and 

ductility, especially when at low temperature for the carbon steel, and its content is usually 
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below 0.5% [20]. Vanadium and niobium both increase the hardenability of carbon steel, 

and they are present in small amount of lower than 0.2% and 0.02%, respectively [20]. 

The main elements and their functions in the steel are summarized in Table 1. 

Table 1. Main elements in the steels and their functions [5]. 

Elements Functions 

Carbon  The most fundamental element in the steels. It increases the hardness 

and strength generally. It can also form cementite Fe3C with iron. 

Manganese Increases the solid-solution hardness and hardenability. It lowers the 

hot brittleness, but high content of manganese produces austenitic 

microstructure and makes the steel brittle. 

Silicon Increases the solid-solution hardness, strength and hardenability. Also 

removes oxygen in the molten steels. It increases the oxidation 

resistance, and susceptibility to decarburization. 

Aluminum It contributes to the deoxidization of the steel and it offers resistance to 

aging. It forms small grains to improve the hardness and toughness. 

Nickel Increases the solid-solution hardness, strength, toughness and 

hardenability of the steels.  

Chromium Slightly increase the solid-solution hardness, toughness and 

hardenability of the steels.  Increases the corrosion resistance at high 

temperature. It forms the carbides, which improves the wear resistance. 

Molybdenum  Strong carbide former, which improves the creep strength, hardness. It 

also improves the corrosion resistance in the stainless steels. 

Cobalt Increases hardness at high temperature and the strength of the steels. It 

is weak carbide former. It decreases the hardenability.  

Titanium It refines the grains to increase the strength and hardness of the steels. 

It is very strong carbide former, good to combine with nitrogen. It is 

also strong oxidizer. 

Phosphorus It is impurity in the steel. It improves the machinability and increases 

the hardness and strength of low-carbon steels.  

The mechanical properties of carbon steels are established and affected by the material 

specifications, the property values can vary within certain range with different material 

specifications [18]. The properties of the carbon steel cover a wide range, which is 

affected by the composition a lot. Among all the elements, the content of carbon has a 

critical impact on the mechanical properties, which is demonstrated in Figure 7. It can be 

seen that the hardness, tensile strength, yield strength (YS), reduction, and elongation are 

all affected significantly by the variation of carbon content. 
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Figure 7. Variations of mechanical properties of as-rolled 25 mm daim bars of plain 

carbon steels as a function of carbon content [22]. 

By the carbon content, carbon steel can be classified into low-carbon steels, medium-

carbon steels, high-carbon steels, ultrahigh-carbon steels, the carbon contents of which 

range between 0-0.30%, 0.30%-0.60%, 0.60%-1.00%, and 1.25%-2.00%, respectively [7]. 

With the increase of carbon content, the hardness and tensile strength, and toughness are 

increased, while brittleness is decreased.  

Low carbon steels contain no more than 0.3% carbon. They are mostly applied to 

manufacture the flat-rolled products, e.g. strip or sheet, under cold-rolled and annealed 

condition. When the carbon content is below 0.1%, the carbon steel has good formability, 

which makes it ideal material for the automobile body panels and wire products. When 

the content is up to 0.3% with manganese content up to 0.4%, it is good for rolled steel 

structural plates. While when the manganese content reaches 1.5%, the carbon steel is 

ideal material for forgings, seamless tubes, and boiler plates [22].  

Medium-carbon steels contain 0.30% to 0.60% carbon and 0.60% to 1.65% manganese 

[22]. They have good thermal processing property and poor weldability. Due to the higher 

carbon content, their hardness and strength are higher, brittleness and toughness are lower 

than in low-carbon steels. Medium-carbon steels are mostly applied for gears, crankshafts, 

axles, forgings, and etc. They can be applied under the quenched and tempered condition 

when the carbon content reaches 0.5% [22]. 
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High-carbon steels contain 0.60% to 1.00% carbon and 0.30% to 0.90% manganese [22]. 

They have fully pearlitic microstructure, which is very fine structure and makes the steel 

very hard, while less ductile than medium-carbon steels [23]. The strength and hardness 

are further higher, brittleness and toughness are lower than the medium-carbon steels due 

to the increase of the carbon content. They are often applied for springs and high-strength 

steel wires [22-23]. They are also called tool steels since they are well used as the material 

for some tools like saw blades, knives, chains, shear blades, etc. [23-24]. 

Ultrahigh-carbon steels contain 1.25% to 2.00% carbon [25]. As indicated in Figure 1, its 

microstructure is cementite and pearlite at low temperature (below 1000 K), with the 

increase of temperature, austenite would occur and the portion of cementite would be 

decreased. The further increase of temperature would increase the portion of austenite 

and ferrite is also possible to occur. Therefore, they usually have very high hardness and 

strength, which makes them ideal materials for some knives, molds and other tools.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Micrographs of (a) low carbon AISI/SAE 1010 steel; (b) medium carbon 

AISI/SAE 1040 steel; (c) high carbon AISI/SAE 1095 steel [5]. 
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The difference of compositions also influences the microstructures of the steels. Low-

carbon steel consists mainly ferrite grains, which is the white etching part in Figure 8(a), 

and pearlite, which is the dark etching part shown in Figure 8(a). The ferrite grains and 

pearlite in the medium-carbon steels is shown in Figure 8(b) with white etching and dark 

etching parts, respectively. In high-carbon steels, there are mainly pearlite matrix and 

grain-boundary cementite, which is shown in Figure 8(c).  

Low-carbon steel consists of mainly ferrite, as indicated in Figure 1, for example, a steel 

with 0.4% C consists of single phase austenite (γ-Fe), with cooling slowly, some austenite 

transform to ferrite (α-Fe) when the temperature is above 727 °C. When it is cooled to 

below 727 °C, the remained austenite transform to pearlite which contains ferrite and 

cementite (Fe3C), in this region, the solubility of carbon in ferrite decreases rapidly with 

the temperature going down. With the increase of the carbon content, γ →  γ + α 

transformation temperature decreases, the ratio of pearlite to ferrite increases remarkably, 

and the full pearlite microstructure can be achieved with 0.8% carbon. 

The grain size of ferrite has very important effect on the properties of low carbon strip 

steel. The yield strength increases with the increase of ferrite grain size, while it is also 

influenced by solid solution and precipitation. The solid solution effect is related to the 

atomic concentration of the solute atoms and difference of atomic size between the iron 

and the solute element. The precipitation strengthening can be achieved by adding 

titanium, niobium and vanadium, which are strong in forming carbides and nitrides. The 

precipitation strengthening effect depends on the volume fraction and size of the 

precipitates [7]. However, some precipitates can diffuse into each other. Thus, the 

composition would depend on the austenite matrix in equilibrium state and temperature. 

Apart from the precipitation reactions, some carbide forming elements like titanium and 

niobium also influences the recrystallization kinetics during hot rolling. These elements 

in solid solution may be involved in solute drag, which retards the recrystallization 

process. Meanwhile, the strain-induced precipitation also retards the recrystallization. In 

general, the combined effects of initial austenite grain size, rolling temperature, amount 

of deformation affect the recrystallization [26].  

During the cooling of the recrystallized austenite structure, ferrite grains prefer to nucleate 

at the austenite grain boundaries. Meanwhile, due to the grain elongation in the rolling, 

the grain boundary area in increased in the non-recrystallized austenite, which increases 

the number of nucleation sites. Generally, the ferrite grains from the deformed non-

recrystallized austenite are finer than those from the recrystallized austenite [7]. Ouchi 

[27] found that the ferrite grain size decreases with the increase of the cooling rate. For 
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the combined strengthening effects of the grain refinement, solid solution, and 

precipitation, there is a limit, thus, transformation strengthening is applied to gain the 

tensile strength over 500 MPa [7].  

When a steel is cooled from the austenite state to around 450 °C rapidly, the ferrite region 

is surpassed and the austenite would transform to bainite. Bainite consists of lath-shape 

ferrite grains with misorientation between the grains and high-angle boundaries of the 

packets [26]. The microstructure of bainite consists of non-lamellar mixture of ferrite and 

carbides, which can be classified into upper and lower bainites. Upper and lower bainites 

are both formed as aggregates of some small plates or laths of ferrites, the essential 

difference lies in the nature of the carbide precipitates, the ferrite in the upper bainite does 

not contain precipitate. Besides, upper bainite is formed at higher temperature and has 

coarser structure than the lower bainite [28]. Figure 9 illustrates their microstructures. It 

can be seen that the ferrite in lower bainite makes the needlelike structure. The refined 

microstructure in the lower bainite is also the reason for its higher strength.  

  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 9. Micrographs of (a) upper bainite and (b) lower bainite with intra-lath carbide 

segregation; (c) SEM image of upper bainite; (d) Acicular ferrite [29]. 

Acicular ferrite has similar transformation temperature and mechanism as bainite, and it 

is often described as intragranularly nucleated bainite [30]. Madariage et al. [31] claimed 
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that acicular ferrite plates can grow in morphological packets, which are similar to the 

bainite morphology. Bhadeshia [32], Rees and Bhadeshia [33], Sugden and Bhadeshia 

[34] all suggested that bainite can be changed to acicular ferrite just by controlling the 

nucleation sites. However, acicular ferrite shows distinctive difference from bainite in the 

structure, which is shown in Figure 9(d). Acicular ferrite has higher strength and 

toughness than bainite [30].  

Apart from those phase transformation and occurrence, the effect of the deformation 

structure development is also significant during the rolling process. During the 

deformation, more dislocations are created, and they tend to cluster together. Thus, a sub-

grain structure with high dislocation density would be formed. The deformation process 

also brings some stored energy, which depends on the mean dislocation density, sub-grain 

size, similarities and differences from adjacent sub-grains, etc. In addition, the 

deformation is also affected by the crystal structure. Iron can have face-centered cubic 

(fcc) or body-centered cubic (bcc) structure, the deformation happens usually only along 

certain slip plane with certain slip direction by the movement of the dislocations. This 

would lead to the phenomenon that grains with certain orientations would store more 

deformation energy than the grains with other orientations. This stored deformation 

energy would lead to selective nucleation of the new grains during recrystallization when 

the steel is heated, Decker and Harker [35] concluded that the initial recrystallized grains 

would occur in the high energy regions and they would consume the energy of the region, 

making the nucleation harder.  

The cold reduction also affects the grain size, greater cold reduction generally leads to 

finer grain size, but the cold reduction itself is also influenced by the alloying elements 

in the solution and precipitates. Meanwhile, hot band grain size affects the size and texture 

of the recrystallized grains, it also affects the cold rolling and annealing textures [36]. 

Low-carbon steel is primarily applied to the manufacture sheet steel and strip steels with 

outstanding formability. It is most widely applied in the automotive manufacturing field, 

which is attributed to its good formability, weldability, elasticity and low price. [7]  

2.1.3 Low Alloy Steels    

Alloy steel is formed by adding small amount elements to the steel. For low-alloy steels, 

the alloying elements are often added for increasing hardenability, improving mechanical 

properties and toughness, decreasing the environmental effect when in certain service 

conditions [17]. Manganese, chromium, silicon, nickel are the common alloying elements. 
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High Strength Low Alloys (HSLA) is an important category of low-alloy steels. It is 

designed to offer better general mechanical properties. The chemical composition of 

HSAL steels depends on the thickness and property requirements, for example, the HSLA 

sheet or plate steels have carbon content of 0.05% - 0.25% [37]. It can also contain small 

amounts of nickel, chromium, copper, titanium, nitrogen, and etc. It uses small amount 

elements to reach very high strength, which is 345-620 MPa in the rolled, annealed, 

quenched, and normalized conditions [5, 37]. Many HSLA steels have very low carbon 

content like 0.06%, yet its yield strength can reach 485 MPa, which is attributed to 

refinement of the grain size and precipitation strengthening with the presence of titanium, 

niobium, and vanadium [37]. Figure 10 shows the microstructure of a HSLA, the light 

etching constituent shows the ferrite, the dark etching constituent shows the pearlite.  

              

Figure 10. Micrograph of a high strength low alloyed linepipe steel [5]. 

High alloy steels generally has very good corrosion resistance, this group of steels also 

include the stainless steels, heat resistant steels, and tool steels [5]. Alloy steels are often 

used in structural, cutting, and electrical aspects, for example the structural applications 

include the bridges, machine tools, vehicles, cutting applications include cutting edge, 

electrical applications include core steel, electrical-resistance devices, and etc [38]. 

2.2 Stainless Steels 

Stainless steel is part of high alloy steel group. As it known that many metals undergo 

corrosion in the real applications. Among the applied metals and alloys, apart from the 

most common iron-based alloys and steels, there are also iron-chromium alloys, which 

own excellent corrosion resistance and are known as stainless steels. Stainless steel is 

roughly defined as the iron alloys which contain at least 10.5% of chromium and have 

good corrosion resistance [39].  
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2.2.1 Categories of Stainless Steels 

The stainless steel family consists of several categories, which can be classified by 

different ways. By metallurgical phases in the microstructures at room temperature, 

stainless steel can be classified into ferritic, austenitic, martensitic, duplex, and 

precipitation hardened stainless steels. The composition range and properties of which 

are shown in Table 2. The relationship between these categories is shown in Figure 11, 

which illustrates the contents of the main elements chromium and nickel of different 

categories of stainless steels, it can be seen that ferritic stainless steels consist of very 

high chromium content and relatively low nickel content.     

Table 2. Composition ranges of different stainless steels [40]. 

     

                

Figure 11. Chromium contents of different categories of stainless steels [41]. 



17 

 

The toughness of the above types of stainless steels vary a lot depending on the chemical 

composition. Besides, the toughness generally increases with the increase of temperature 

[40]. Impact toughness is a frequently used measurement. Figure 12 presents the impact 

toughness of different types of stainless steels from -200 to 100 °C. It indicates that impact 

strength of different stainless steels increase differently with the increase of temperature. 

               
Figure 12. Impact toughness of different types of stainless steels [40]. 

It can be seen that all types of stainless steels, except austenitic stainless steels, exhibit a 

toughness transition. Austenitic stainless steel owns obviously higher impact toughness 

over the temperature range than other types of stainless steels. Martensitic stainless steels 

have much lower impact toughness than other steels since martensite has very high 

hardness while very low toughness. Its transition temperature is around room temperature, 

while for ferritic and duplex stainless steels, the transition temperatures range from -50 °C 

to 0 °C. More mechanical properties of different stainless steels are in Table 3. 

Table 3. Mechanical properties of selected stainless steels [42]. 
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2.2.2 Structure and Composition of Ferritic Stainless Steels 

Ferritic stainless steels have a bcc crystal structure, which is the same as pure iron at room 

temperature. Ferritic stainless steels have ferritic single phase structure and it is stable at 

all temperatures. Chromium (11-17% content) is the principal element which keeps the 

excellent corrosion resistance. Nickel and manganese are supposed to be little in content, 

and carbon and nitrogen traces should be decreased to the minimum amount. However, 

when the temperature reaches 1394°C, the delta ferrite (δ-Fe) would be formed, as 

indicated in Figure 1. The typical microstructure of the ferritic stainless steels are shown 

in Figure 13. The ferrite structure of AISI 409 is smaller than that in AISI 439.  

 

Figure 13. Micrographs of ferritic stainless steel: (a) AISI 409; (b) AISI 439 [43]. 

          

Figure 14. Phase diagram of Fe-Cr alloy system [44]. 

The specific microstructure constituents are influenced by the chromium content and the 

temperature, which is shown in Figure 14. It can be seen that when the chromium content 

is more than 12.7%, the alloy is fully ferritic with temperature up to its melting point. 

However, the common commercial ferritic stainless steels contain some amount of 
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austenite-forming elements, such as carbon and nitrogen. They make the actual chromium 

content range from 11% to 19% at elevated temperature when some austenites are formed 

[44-45]. The formed austenite lowers the rapid growth rate of ferritic grains at the elevated 

temperatures. The alloy can become fully ferritic at the normal solution annealed state, 

and become super ferritic grades when the chromium content is over 20% [45]. Super 

ferritic grades have very high content of ferrite and excellent corrosion resistance.  

Schaffer diagram, which is initially used for determining the welded structures, is also a 

useful tool to study the phases and structures of the stainless steels, as shown in Figure 

15. It explains the structures of the steel as a function of the contents of nickel and 

chromium. Compared with other stainless steels, ferritic grades have lower nickel and 

higher chromium contents. 

     

Figure 15. Schaffer diagram of stainless steels [46]. 

Intermetallic phases can also be formed in the ferritic steels. The most common one is the 

σ, which is formed at temperature 500-800 °C when chromium content is at around 22-

76% [44]. σ is hard, brittle tetragonal phase with equal parts iron and chromium, the 

formation of which causes Cr depletion of the adjacent ferrites. σ phase is mostly formed 

along the grain boundaries and interface area, since the formation relies on the diffusion 

of chromium [47]. Figure 16 shows the morphology of σ with a phase transformation 

image. It was also found that the precipitation mechanism of the 𝜎 phase accompanies the 

𝜒 phase in the 𝛿-ferrite matrixes, and the precipitation of the 𝜎 phase causes degradation 

of the stainless steels [48]. 
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Figure 16. Micrographs of the 𝛿 → 𝜎 + 𝛾2 transformation in AISI 304 stainless steel 

(650°C, 31000 h) [49].  

Another phase may occur in the stainless steel is the α’ phase, which is formed through 

temper embrittlement at 475 °C [47]. Temper embrittlement is the segregation of 

phosphorus to prior austenitic grain boundaries and it does not occur in fully ferritic alloys. 

It has the same composition as σ phase, but exist at lower temperature. It has the same 

structure as ferrite, but there is chromium and iron atoms in an ordered bcc matrix. These 

atoms occupy the sites equivalent to two interlocking simple cubic matrices. Since its 

lattice matches the ferrite lattice well, the precipitate is coherent and cause hardening, as 

illustrated in Figure 17. The three stainless steels all show that the formation of α’ phase 

takes over 70 h in these stainless steels, and the hardness increases steadily with its 

formation. 

 

Figure 17. Diagram of hardness as a function of time of few ferritic stainless steels during 

the formation of α’ phase [47]. 
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Ferritic stainless steel is essentially Fe-Cr alloy with 11-30% Cr, other alloying elements 

like molybdenum, nickel, aluminum, titanium, etc. are also contained [42]. The specific 

composition greatly influences the constituents and the properties of the steel. Different 

grades of ferritic stainless steels based on the composition have been classified and 

regulated by standardization associations, like International Organization for 

Standardization (ISO), Deutsches Institut für Normung (DIN, in English, the German 

Institute for Standardization), EN, and etc. 

Ferritic stainless steels are classified into different groups according to the chromium and 

molybdenum contents. The ferritic grades can also be categorized into standard grades 

and specific grades based on the composition specification, in the industry, the application 

of standard grades took up 91% in 2006, while specific grades took up 9% [46].  

2.2.3 Categories of Ferritic Stainless Steels  

Ferritic stainless steel grades are usually classified into five groups which consists of three 

families of standard grades and two of ‘special’ grades. The three standard ferritic grades 

are classified by the chromium content, with 10% - 14%, 14% - 18%, and 14% - 18% 

(with stabilization elements), respectively. The standard grades take up around 90% in 

application, whereas special grades take up to 10% [46]. In this section, AISI designation 

is used, which is different from EN designation.  

In group 1, the stable austenite domain is at 1100-1200 °C, and a minimum of 13% Cr, 

no Ni and other low interstitial elements like carbon or nitrogen, may lead to a fully 

ferritic microstructure [46]. Figure 1 indicates that a ferrite → austenite transformation 

can happen when heated. Meanwhile, the grain refinement can be achieved, for example 

by applying mechanical vibration or electromagnetic force, and the martensitic 

transformation would happen in the steels with stable austenite loop (as indicated in 

Figure 14) when quenched to the room temperature.  

In ferritic stainless steels, the amount of carbon is very small, which makes it not good 

heat treatable and have good corrosion resistance and oxidation resistance, but the 

hardness generally increases with carbon content. Besides, increasing the temperature can 

increase the carbides dissolution, which increases carbon content and hardness as well. 

However, when the temperature reaches 1150 °C, the δ-Fe would be formed, as indicated 

in Figure 18, δ-Fe is very brittle and lowers the steel’s hardness [46].   
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Figure 18. Effects of carbon content on mechanical properties of 13% Cr stainless after 

quenching and after relieving with 200°C heat treatment [46].  

AISI 409 and 410L are typical ferritic stainless steels. AISI 409 was applied for 

automotive exhaust system silencer, and AISI 410L is ideal material for containers, LCD 

monitors framers [46]. Generally, group 1 ferritic stainless steels are suitable for the 

slightly corrosive environment. 

Group 2 ferritic stainless steels contain 16-18% Cr, and the carbon content usually ranges 

within 0.02-0.05%, nitrogen content is generally at around 0.03%, and the carbon and 

nitrogen contents influence the microstructure a lot [46]. At high temperature, the 

structure consists of austenite and ferrite, while the fast cooling to room temperature 

would make the austenite/ferrite mixed region transfer to ferrite/martensite mixed 

microstructure. The final heat treatment is usually needed, and it depends on the 

composition of the steel. The microstructure after final heat treatment is a mixture of 

ferrite and carbides, the carbides is closely related to the carbon content and the former 

austenite enriched in carbon. Group 2 ferritic grades are quite brittle when welded, this is 

due to the grain coursing at high temperature in the heat affected zone of the welded part 

and the intergranular carbide precipitation [46]. They have higher corrosion resistance 

than Group 1 grades due to the higher Cr content. AISI 430 is the most common stainless 

steel of Group 2, which is widely used in household utensils like dishwashers, water pot, 

and etc. 
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Group 3 ferritic stainless steels contain 16-18% Cr and small amount stabilizing elements 

like Ti, Nb and Zr. These stabilizing elements tie up carbon or nitrogen in the stable 

compounds. They have strong affinities with other residential elements like sulphur and 

oxygen besides, which forms microstructures, and this also makes the fully ferritic 

microstructure at all temperature, and Cr-carbide precipitations are inhibited [46]. The 

stabilization property can be optimized by adding proper alloying elements regarding the 

service environment and property demands. Typically, the stability increases from NbC 

to TiC and to ZrC, especially ZrC is very stable at high temperature. These steels have 

better formability and weldability than Group 1 and 2 grades due to high portion of ferritic 

structure. They are applied to exhaust systems and welded parts of washing machines. 

Group 4 ferritic grades are molybdenum alloyed with over 0.5% molybdenum and 17-18% 

chromium. The increased molybdenum promotes the ferrite formation and makes the steel 

a fully ferritic microstructure, and most of them are also fully stabilized by Ti or Nb 

elements [46]. They are more sensitive to the intermetallic phase precipitation when 

heated at high temperature, the corrosion resistance is relatively lower than other grades 

due to the lower Cr content. They are ideally used for solar water heaters, parts of exhaust 

systems, electric kettle, for example. AISI 444 is a typical grade in this group. 

The group 5 ferritic grades have chromium and molybdenum contents of 25-29% and 3%, 

respectively [46]. The high Cr and Mo contents also make the ferritic microstructure. The 

intermetallic phase precipitations make them very sensitive to the embrittlement, for this, 

the carbon and nitrogen contents should be controlled at extremely low level for the 

structure stability. Nickel can lower the brittle-ductile transition temperature, but can also 

increase the phase precipitation, thus, its overall effect is uncertain. Grades AISI 445, 446, 

and 447 are in group 5, they can be applied to very severe corrosive environment. 

2.2.4 Properties of Ferritic Stainless Steels 

(1) Corrosion Resistance 

Structural Applications of Ferritic Stainless Steels project [50] studied the behavior and 

durability of the ferritic stainless steels in different atmospheric environments. They 

exposed the flat sheets with different surface finish months in different places for up to 

18 months. Besides, the laboratory tests were also performed to. It was found that only 

grade EN 1.4003 developed obvious corrosion. The study revealed the ferritic stainless 

steels’ good resistance to different environments and corrosion in general. But they 

exhibited less resistance to crevice corrosion due to the lack of nickel [51].  
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(2) Physical Properties 

European standards for stainless steel gives physical properties of stainless steels, the 

physical properties of the relevant ferritic grades are presented in Table 4, in which a 

carbon steel and austenitic grade 1.4301 are listed for comparison. It shows that ferritic 

grades have much higher thermal conductivity that the austenitic grades, which ensures 

high efficiency in the heat transfer. Meanwhile, they exhibit lower thermal expansion 

property, which makes them stable and less distortion when being heated. 

Table 4. Physical properties of some ferritic stainless steels [52-53]. 

Grades (EN designation) 1.4003 1.4016 1.4509 1.4521 Carbon Steel 

Density (g/cm3) 7.7 7.7 7.7 7.7 7.7 

Electric Resistivity (Ω*mm2/m) 0.60 0.60 0.60 0.80 0.22 

Specific Thermal Capacity (J/kg°C) 460 460 460 460 440 

Thermal Conductivity (W/m°C) 28 26 26 26 53 

Coefficient of Thermal expansion  

0-100°C (10-6/°C) 

10.4 10.0 10.0 10.4 12 

Elastic Modulus ×103 (N/mm2) 220 220 220 220 210 

(3) Mechanical Properties 

Plenty of mechanical properties can be presented and explained with engineering stress-

strain curve. The difference of stress-strain behavior of ferritic stainless steel from other 

steels is presented in Figure 19. It exhibits higher strength and ductility than carbon steel. 

Table 5 presents some mechanical properties of some ferritic grades. 

 
Figure 19. Comparison of stress-strain behavior of austenitic, duplex, ferritic stainless 

steels and carbon steel [53].  
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Table 5. Mechanical properties of some ferritic stainless steels [54]. 

Grades (EN designation) 1.4003 1.4016 1.4509 1.4521 1.4621 1.4301 

Elastic Modulus, E (GPa) 194 183 198 194 184 - 

0.2% Proof Strength, f0.2 (N/mm2) 330 311 331 375 359 - 

1% Proof Strength, f1.0 (N/mm2) 357 333 353 396 373 - 

Ultimate Tensile Strength, fu (N/mm2) 359 458 479 542 469 - 

Fracture Elongation, A (%) 51 38 43 44 56 - 

Nonlinearity factor, n 15.4 15.4 18 20.2 20.4 8 

f0.2(EN) (N/mm2) 280 260 230 300  - 230 

fu(EN) (N/mm2) 450-650 450-650 430-630 420-640 - 540 

The high rupture elongation also indicates good formability. The relatively low rupture 

strain compared with duplex and austenitic stainless steels also corresponds to this. The 

1% proof strength is just a little higher than the 0.2% proof strength, which indicates a 

rapid and short period of elastic deformation before plastic deformation.  

According to Cortie and Toit [55], when the temperature is below 500 °C, there is very 

low solubility of carbon and nitrogen in the ferritic stainless steels. The excess of carbon 

and nitrogen will combine with the alloying elements which help form the carbide, as 

carbides or carbonitrides, in the matrix and precipitate, while the precipitation of the 

matrix of chromium carbides can be very harmful, especially to the corrosion resistance. 

The super-ferritic stainless steels are susceptible to the intermetallic compounds, which 

are precipitated when exposed at temperatures of 600 °C to 900 °C. The alloying elements 

normally increases these phase formation processes. In addition, the stainless steels with 

chromium content over 14% are susceptible to the decomposition, which results in the 

hardening and embrittlement of the alloy [55].  

Ferritic stainless steel has higher YS value, and a lower work hardening rate than 

austenitic stainless steels. In addition, its ductility is reasonable and ultimate tensile stress 

is moderate, and toughness is relatively poor. The lower work hardening rate also makes 

it difficult to be strengthened through heat treatment, and it makes relatively low strength 

at high temperature compared with austenitic stainless steel. These properties of some 

ferritic stainless steels are compared in Table 6, in which the materials are designated with 

ASTM designation system, type 409 is equivalent to EN 1.4512, type 430 is equivalent 

to EN 1.4016, and type 304 is equivalent to EN 1.4301 [45]. The relatively high fracture 

elongation, together with Table 5 indicates good plasticity and formability.  
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Table 6. Mechanical properties of ferritic stainless steels in annealed condition [55]. 

 

In the production and treatment, ferritic stainless steels are annealed at temperature 750–

950 °C, for avoiding austenite formation, which would transform to martensite while 

cooling and cause embrittlement [52]. Due to the high (C + N) / Cr ratio, which is easy to 

cause martensite formation and embrittlement in the heat-affected zone, ferritic stainless 

steels have poor weldability [56]. However, the modern ferritic steels are fully ferritic at 

all temperature, which improves the weldability. However, the grain growth in the heat 

affected zone reduces the ductility, which should be avoided. Meanwhile, ferritic stainless 

steels are also sensitive to the hydrogen embrittlement [52]. 

2.3 Strain Aging  

Aging is a metallurgic phenomenon which refers to the increase of strength and hardness, 

together with the decrease of ductility and toughness at a given temperature. It especially 

occurs in low carbon steels. The aging is essentially attributed to the changes of state or 

location of solute elements. When the steel is firstly strained by plastic deformation and 

then it is to age, it has been strain aged. Technically, strain aging can be defined as the 

variation of the properties of an alloy due to the interaction among the interstitial atoms 

and dislocations [57].  

Aging consists of quench aging and strain aging. Quench aging involves the precipitation 

from a supersaturated solid solution. Strain aging involves the redistribution of solute 

elements to the dislocation strain fields. Strain aging can be categorized into static and 

dynamic modes, when the strain aging occurs without plastic deformation, it is static; 

whereas when it occurs during the plastic deformation, it is dynamic. [58] 

2.3.1 Static Strain Aging in Steel 

Strain aging in the steel involves positioning carbon and nitrogen interstitial atoms which 

are in the solution in ferrite. This process causes some compression on the surrounding 
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crystal structure. Meanwhile, the dislocation stress fields contain tension regions due to 

the stress concentration, thus, migrating the carbon and nitrogen interstitial atoms into the 

tension region associated with dislocation would lower the energy and reach more stable 

status, thus, the migration happen naturally [58]. However, when the dislocations are 

moved away from the preferable carbon and nitrogen atoms, the strengthening effect is 

produced and the energy is improved. Therefore, this dislocation movement process 

demands some extra force, which leads to the increase of yield strength, as illustrated in 

Figure 20. This yield strength increment is manifested in the upper yield point.  

 
Figure 20. Schematic representation of the influence of strain aging on the stress-strain 

curve for low carbon steel [59].  

 

Figure 21. Load-elongation curve of a low-carbon steel with Lüders bands [60].  

When the yield stress reaches the upper yield point, the dislocations move away from 

their carbon or nitrogen “atmosphere”, and lots of them would allow deformation to occur 

rapidly, and this process would lead to the decrease of yield stress to the lower yield point. 
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This yield stress decrease happens in stages, it is essentially related to the changes in 

Lüders bands, as illustrated in Figure 21. After the yield point elongation is achieved, the 

strain hardening would occur. 

Figure 1 also shows that increasing pre-strain increased the ultimate tensile strength (UTS) 

increment of both dual phase carbon steel and micro-alloyed steel, which indicated that 

the value of △Y (variation in yield stress due to strain aging). Yield strength is sensitive 

to the dislocation density and it depends on the solute segregation.  

2.3.2 Dynamic Strain Aging in Steel 

The aging process occurs slowly at room temperature and more rapidly at higher 

temperature, because the elements diffusion is aided by raising temperature. When the 

aging process occurs in the alloys which contain solute atoms and can rapidly and strongly 

segregate into dislocation sites and lock them during the strain aging, it is dynamic strain 

aging [61]. Therefore, the occurrence of dynamic strain aging (DSA) can be attributed to 

the interaction of diffusing solute atoms and mobile dislocations during the plastic flow. 

DSA is also a hardening mechanism for many materials, and it manifests itself by “jerky” 

or serrated plastic flow and inhomogeneous yielding [62].  

 

Figure 22. True flow stress – temperature relations of low carbon steel showing 

anomalous strain rate effect due to dynamic strain aging [63].  

Figure 22 is an example showing DSA behavior. It can be seen that the true flow stress 

peak occurs at higher temperature with the increase of strain rate. When the carbon and 

nitrogen interstitial atoms are so mobile that the moving dislocations cannot pull away, 

the strain aging effect is produced and the dislocation movement is inhibited, the flow 

stress reaches the maximum and the peak occurs [58]. In this example, the anomalous 

strain rate effect creates a region at around 250°C. In most cases, raising strain rate 
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increases strength, whereas it is opposite in this region. In such regions, increasing strain 

rate increases average dislocation velocities and the amount of dislocation, and the strain 

aging effect cannot keep up, which leads to the strength decrease at higher strain rate.  

2.3.3 Mechanisms and Metallurgical Causes 

Strain aging is essentially due to the diffusion of carbon and nitrogen atoms to the 

dislocation sites in the solution. To start with, an atmosphere of carbon and nitrogen atoms 

is formed along the dislocation to stabilize it. But extended aging drives sufficient carbon 

and nitrogen atoms to form precipitates along the dislocations. These precipitates prevent 

the motion of subsequent dislocations, and causes hardening and the reduction of ductility. 

The aging at high temperature also leads to a saturation value above which the further 

aging does not affect [59]. Aging temperature and time are the predominant factors which 

influence strain aging.  

Figure 21 presents the typical stress-strain curve of the low carbon steels. The aging 

process can be divided into two stages. The first stage is the diffusion of interstitials atoms 

(mainly carbon and nitrogen atoms) to the dislocation sites to form Cottrell atmosphere 

around the dislocations. The second stage is the carbides formation and precipitation on 

the dislocation. The Cottrell-Bilby theory [64] points out that the solutes are drawn to the 

dislocation core, and diffuse along the core to feed the precipitates particles at the 

intervals along the dislocations. The precipitated particles increase the UTS and the work 

hardening process and reduce the overall elongation, which is labelled as △e in Figure 20. 

In some cases, when the concentration of solute is low, only the first stage works [1].  

Cottrell’s theory states that the carbon and nitrogen atoms in the solution diffuse to the 

positions of minimum energy to reduce the total distortional energy. The elastic 

interaction is strong enough to saturate the carbon or nitrogen atoms completely, which 

leads to the formation of a row of atoms along the core of the dislocations [1]. This 

segregation is the Cottrell atmosphere. Extra stress is required for the movement of the 

dislocations, which tear some dislocations away from their restraining impurity atoms, 

and causes an increase of stress. This corresponds to the upper yield stress, marked as 

point A in Figure 20. At the upper yield stress, some dislocations are moving, and when 

the dislocation line is taken out of the influence of interstitial atoms, it can slip and move 

at a lower stress, which is termed lower yield stress, marked as B in the figure. This theory 

also indicates that only a low concentration of carbon and nitrogen atoms is needed for 

pinning along the whole dislocation lines in the annealed low carbon steel [64]. This is a 

pioneering theory in strain ageing behavior, however, there is still doubt if the upper yield 
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point is related to tearing the dislocations away from their atmosphere. Besides, the theory 

could not explain the sharp yield point, which is related to very low density of dislocations 

[1]. New dislocations can be generated at stress concentrations points like the grain 

corners, boundaries, interfaces, edges, etc.  

The presence of interstitial elements is the most predominant factor for strain ageing. The 

atoms are spread in the constituents of the microstructure like iron carbides. Nitrogen 

atoms and some carbon atoms which are not absorbed in the iron carbides, and they exist 

in the phases which are rich in iron. After the cooling of the steel, these atoms migrate 

through the crystal structure to the dislocation sites due to the lattice distortion in the 

crystal. The migration process of these atoms also stabilize the crystal, making the slip of 

the dislocation line more difficult. [1] 

The diffusion process is directly affected by the temperature due to the thermal energy. 

The complicated microstructure and higher carbon content make the strain ageing not 

happen at room temperature since the massive diffusion of atoms such microstructures 

take higher energy [65]. Generally, bake hardening at temperatures of 150–370 °C for 1–

5 h is necessary for developing aging effects [66].  

There is also a second strengthening mechanism, which occurs when the plastic 

deformation is performed to the steel [66]. When the dislocations are broken, they would 

move and interact with each other, which causes pinning of each other and make 

movement and diffusion more difficult, thus decreasing mobility and increasing strength, 

ductility and toughness are also lowered at the same time. In addition, when heat 

treatment is applied, the steel is further hardened and strengthened, and the ductility and 

toughness are reduced at the meanwhile. The effects of these two processes cause great 

damage to the toughness of low carbon structural steel. These are also the main causes 

and effects of strain ageing.  

2.3.4 Control of Strain Aging 

As discussed above, the presence of interstitial atoms (mainly carbon and nitrogen atoms) 

is the predominant factor causing strain ageing, and very small amount of them can cause 

strain ageing. Therefore, one goal and approach for controlling strain ageing is to 

eliminate the interstitial elements, especially carbon and nitrogen atoms. The measures 

can be taken from steel making procedure. Rajendrem, et al. [67] found that the gap and 

processing time in the continuous casting process are the major causes for nitrogen pickup, 

thus, and suggested controlling these factors at primary and secondary steelmaking 



31 

 

processes, as well as at continuous caster, can eliminate the pickup of nitrogen. Huo [68] 

suggested basic oxygen steelmaking route is more effective than conventional electric arc 

furnace steelmaking route. Huo [68] also suggested to introduce iron carbide powder into 

the molten bath at the relatively late part of the melting to get ideal nitrogen content. 

However, the expense is always of concern and it is difficult to find an approach which 

can remove nitrogen completely.  

Another idea to eliminate nitrogen is to form nitride with aluminum, which is also 

important for controlling grain size during the heat treatment and cooling period. This can 

remove the free nitrogen from the steel and reduce the strain ageing [66]. But it is not 

always effective since some aluminum-deoxidized steels are susceptible to strain aging. 

Deoxidation is an important measurement of eliminating nitrogen. Some deoxidizers are 

very effective, for example, coarse-grained steels can be treated with small amount of 

aluminum, titanium, or zirconium [69]. 

Reducing the loss of toughness in the strain aging is another approach. To achieve this, it 

is necessary to apply heat treatment after straining to cause over-aging, which causes a 

loss in hardness and an increase of ductility [59]. This approach is effective for some 

products like pressure vessels, but not for bridges or other large-scale structures. The 

limitations of the approach are the high cost and shape change, which is due to the 

possible distortion and creeping when applied for large structures [64].  

Generally, the control of strain ageing is closely related to the causes of strain ageing, i.e. 

carbon and nitrogen atoms and concentration, heat treatment temperature and time, etc. 

are what need to be controlled, especially eliminating the entry of nitrogen. However, 

even the approaches mentioned above can help to control the effects of strain ageing, 

there is no single approach that can avoid or reduce it completely. When the strain aging 

is difficult to be eliminated, especially in the large and complex structures, high 

performance steels are designed with toughness that can meet the requirements. [70-71]. 

2.4 Bake Hardening 

2.4.1 Background of Bake Hardening 

Bake hardening (BH) is a phenomenon of the strain aging, and it is also the mechanism 

of the strength increment in the strain aging. It utilizes the phenomenon of strain aging to 

provide an increase in the yield strength of the formed components. In the application of 

auto-body panels, this strength increment is developed during the low temperature (150-
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200 °C) paint baking [72]. It was developed in 1980s for improving the strength of the 

parts manufactured for demanding stretch forming applications and utilized in the 

painting [73]. It is especially ideal for the cold formed sheet metallic parts which requires 

good formability, and it does not affect the production cost much [74].  

The increase of yield strength occurs in the thermal treatment during the paint baking of 

the steel is the bake hardening effect. These steels are generally soft, but they have 

excellent plasticity and formability, while they achieve high strength during the paint 

baking. From the metallurgical viewpoint, bake hardening is essentially an elevated 

temperature strain aging process caused by the migration of the interstitial solute atoms 

(mainly carbon and nitrogen atoms) to the dislocation sites. The diffusion process is 

affected by temperature, the amount of free carbon and nitrogen atoms, grain size, the 

density and amount of dislocation [73-74]. Meanwhile, the nitrogen atoms also diffuse to 

the dislocation sites fast even at room temperature. Besides, their movement makes strain 

aging, the increase of the yield strength is thus very difficult to be controlled [75]. The 

nitrogen is precipitated in the form of AlN and removed from the solid solution. 

Consequently, the final properties of the bake hardening steels is mainly determined by 

the dissolved carbon [76].  

The increase of the yield strength can also be achieved by alloy design, which involves 

the chemical composition of the steel. Carbon is the most important element in such steels, 

the content of which used to be over 0.05%, however, the vacuum degassing technique 

enables 0.01–0.03% carbon bake hardening steels, which are called extra low carbon 

(ELC) steel. What’s more, the ELC grade steels with less than 0.003% carbon with 

excellent formability can be produced nowadays, and 0.0015–0.0025% carbon creates the 

optimum bake hardening effect and avoid room temperature aging [73, 77].  

 

Figure 23. Schematic representation of strength-elongation combination of different 

types of steels used in the parts of cars [78].  
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The tensile properties of bake hardening steels are compared with other grades of steels 

in Figure 23. The lower strength steels are in dark grey, and the high-strength steels (HSS) 

are in light grey, the advanced high-strength steels (AHSS), which include Dual Phase 

steel (DP steel), Complex Phase (CP) steel, Transformation Induced Plasticity (TRIP) 

steel, Martensitic Steels (MS) are in colors. Bake hardening (BH) steels have low YS 

value and good formability, which makes it ideal material for forming complex parts.  

In the process of shape forming and paint baking, the occurrence of aging leads to 

discontinuous yielding which increases yield strength. The yield strength increase of the 

bake hardening steel is compared with the tensile behavior of mild interstitial free (IF) 

steel and high strength rephosphorised steel in Figure 24. It shows that the bake hardening 

steel can achieve both good shape and good dent resistance.  

 

Figure 24. Schematic illustration of the behavior of bake hardening steel compared with 

mild IF steel and rephosphorised steel [79].  

    

Figure 25. Schematic representation of bake hardening response in tensile test [80].  
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Bake hardening steels exhibit an increase in yield strength after pre-straining. Figure 25 

illustrates a typical bake hardening response of in the tension test after pre-straining. The 

sharp yield strength, yield point elongation and modified work hardening behavior are 

important features and properties [81]. The bake hardening behavior is measured in the 

following process: the specimen is firstly pre-strained to 2% with tension at room 

temperature, then be unloaded, aged at 170 °C for 20 min and then tensile tested again at 

room temperature [82]. The bake hardening response is defined as the difference between 

the lower yield stress after baking and the final flow stress after pre-straining, as shown 

△σBH in Figure 25. De [83] found that the yield strength can be increased 30-40 MPa for 

ultra-low carbon steels.  

2.4.2 Mechanisms 

The yield strength increase from the bake hardening is mainly attributed to the static strain 

aging, which is essentially a diffusion process. The interstitial atoms (mainly carbon and 

nitrogen atoms) migrate to the dislocation sites and lock the mobile dislocations, which 

causes the increase of the yield strength via discontinuous yielding since the new mobile 

dislocations are created to keep the plastic flow going on [84]. 

Conttrel and Bilby [64] firstly studied the theory and kinetics of dislocation pinning in 

the strain aging, found that carbon atoms segregate to form the atmosphere around the 

dislocations, which is called Conttrel atmosphere. Wilson and Russell [85-87] continued 

the study on the strain aging, explored the theories and mechanisms of the strain aging, 

and proposed the following stages of aging in the mild steels: (a) stress induced ordering 

of interstitial atoms; (b) interstitial atoms segregation and dislocation locking by Cottrell 

atmospheres; (c) formation and precipitation of solute cluster. The whole mechanism is 

explained as below. 

Snoek [88] studied the effect of small amount of carbon and nitrogen atoms on the iron’s 

properties. He found that when the external force is applied on the material, the crystal 

expands along the direction of the force, the interstitial atoms would migrate to occupy 

the dislocation sites in the strain direction. While when the force is removed, the 

interstitial atoms are distributed again randomly, which is the stress induced ordering, and 

it’s also named “Snoek effect”. When the applied force exceeds the elastic limit of the 

specimen, the new dislocations are produced. If such pre-strained material is then 

thermally treated with aging at short time and higher temperature, the interstitial atoms 

will migrate to these new dislocation sites and lock them by forming an atmosphere 

around the dislocations, which is named Cottrell atmosphere [86-87].  
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With more and more solute atoms are attracted to the dislocation strain area, a solute 

cluster can be formed, and in some extreme cases, when the solute cluster is strong enough, 

it would make these interstitial atoms along the cores of dislocations [89]. Wilson and 

Russell [87] also supported the above point. They found that the precipitates (carbide 

particles for instance) would be coherent once they are formed. The process of bake 

hardening is illustrated in Figure 26. 

 

Figure 26. Schematic illustration of three stages in bake hardening [90].  

 
Figure 27. Diagram of engineering stress-strain curve of low carbon steel demonstrating 

the variation of dislocation and carbon atoms [91]. 

To gain a further understanding of how the bake hardening affects the properties of the 

material, Kurosawa et al. [91] studied motion of solute carbon atoms and variation of 

dislocations at different phases. It was found that, very few dislocations exist before the 
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external force is applied. With the increase of the force and pre-strain, more dislocations 

are created, which produce work hardening effect. Afterwards, the bake-hardening heat 

treatment enables more solute carbon atoms to move to the dislocation sites, while the 

amount of dislocations is not significantly increased, the mobility of the dislocation is 

reduced, which produce a bake hardening effect. These two hardening effects contributes 

to the final yield strength increase of the material. Figure 27 illustrates the dislocation 

situation of the specimen at different period of bake hardening treatment.  

2.4.3 Kinetics of Bake Hardening 

The bake hardening process, which consists of three stages of Snoek effect, Cottrell 

atmosphere formation, and particle hardening (carbide precipitation), is essentially a 

diffusion process. The carbide precipitation only occurs after the formation of Contrell 

atmosphere, however, it is not accurate to simply understand the process by adding the 

three periods, since the different influence of each stage on the bake hardening behavior 

should be considered. Cottrell-effect is the most dominant stage among three stages, 

which is restricted by the long time and high temperature, as shown in Figure 28. 

 

Figure 28. Schematic presentation of the yield strength as a function of ageing time 

during bake hardening process [80].  

In theory, the increase of yield strength during bake hardening can be expressed as: 

△σBH = △σSnoek + △σCottrell + △σPrecipitation                               (Eq 2) 

Where △σSnoek, △σCottrell, and △σPrecipitation are the strength increments due to the Snoek 

effect, Cottrell atmosphere, and carbides precipitation, respectively. However, Elsen and 

Hougardy [74] considered that the final BH response is basically affected by two effects, 

namely Cottrell atmosphere formation and the particle precipitation during bake 

hardening. The curve above also shows that the Snoek effect has very slight effect on the 
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yield strength increment. Thus, the expression of the yield strength increment is: 

△σBH =△σCottrell + △σPrecipitation                                      (Eq 3) 

However, this expression is just for a general understanding of the BH response, Elsen 

and Hougardy did not consider the influence of solute atoms and other elements on the 

yield strength increments. The influence of several factors on the bake hardening 

responses are discussed in the next section. 

2.4.4 Influence of Interstitial Atoms 

As mentioned above, the bake hardening is essentially a diffusion process which relies on 

the migration of the interstitial atoms. Thus, the content of the interstitial carbon and 

nitrogen atoms has significant influence on the bake hardening. For BH steels, sufficient 

“shelf life” is always necessary to ensure that the material would not undergo aging and 

deteriorate in the transportation and storage before actual application. BH steels are 

expected to have at least 3 months “shelf life”, and Bhagat’s study [92] about calculating 

the “shelf life” of BH steel also exhibits a close relationship of the nitrogen and carbon 

content with the “shelf life”. Nitrogen is especially deleterious since it diffuses rapidly 

even at room temperature and makes aging and lead to the formation of Lüders bands 

(stretcher strain), which should be avoided [75].  

The BH response increases with the increase of solute carbon in the steel, since more 

interstitial atoms are available and more solute can pin the dislocations, which forms 

solute cluster more rapidly. Snick supported this [79], claiming that when the carbon 

content increases from 0 to 40 ppm, the bake hardening responds a yield strength of 50-

80 MPa. However, it was noticed that the further increase of carbon content does not 

increase the yield strength, and it would be stable at certain amount. Hainai et al. [93] 

studied the effect of solid solution strengthening elements on the bake hardenability with 

Al-killed steel which contained only 0.04% carbon content. They found that the increase 

of yield strength reaches maximum when the sum of the content of carbon and nitrogen 

is 20 ppm. However, that study did not reveal if the BH response can increase more when 

the content of the solute atoms is over 20 ppm. Nevertheless, with the further increase of 

carbon content, they would segregate and lock the dislocations even in the pre-straining 

and reduce the BH response. This is demonstrated in Figure 29, in which ppm is short for 

parts per million. 
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Figure 29. Yield strength increment as a function of free carbon content during bake 

hardening response [79]. 

The effect of the increase of the carbon content on the room temperature aging and BH 

response can also be understood by different levels of carbon content. Rubianes and 

Zimmer [94] found that when the carbon content is no more than 3 ppm, steels are very 

stable at room temperature and bake hardening is not shown, which is the regionⅠin the 

Figure 30. When the carbon content is above 3 ppm while lower than 7 ppm, the steels 

have good BH response from 20 to 60 MPa yield strength increase, and have resistance 

to the room temperature aging. When the carbon content is over 7 ppm, the yield strength 

increase is excellent, but it does not increase much with the further increase of carbon 

content, whereas the room temperature aging is very likely to happen. Thus, BH grade 

steels are supposed to be designed in region Ⅲ.      

 
Figure 30. Yield strength increment as a function of carbon content in solution during 

bake hardening response [94].  

2.4.5 Influence of Pre-strain 

Generally, many parts or components undergo small amount of straining during the 

forming process or other processes before bake hardening. Thus, it is necessary to subject 

the specimens to a small amount of pre-strain at room temperature, for the simulation of 
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the real situation. De et al. [95] studied the BH behavior of ultra-low carbon (ULC) steel, 

they found that the maximum increase of yield strength at the end of Cottrell atmosphere 

was the same for all the experimented pre-strain levels (1%, 2%, 5%, 10%), as shown in 

Figure 31, the amount of pre-strain did not influence the Cottrell atmosphere formation. 

The mechanism is the saturation of the dislocation sites, that the required Cottrell 

atmosphere for saturation is the same for all dislocations and does not change with the 

increase of dislocation density within strain range.  

Elsen and Hougardy [80] studied the mechanism of bake hardening, and found the 

increase of yield stress in the bake hardening contains two successive steps. The first step 

is the Cottrell atmosphere formation, as discussed above. The second step is the carbides 

precipitation. They also found the decrease of yield strength increment with the increase 

of pre-strain level during the second step, which indicates that most carbon atoms 

segregate to the dislocations at the first step.  

 
Figure 31. Increase of yield strength of ultralow carbon steel with different pre-strains of 

1%, 2%, 5%, and 10%, respectively [83].  

De et al. [83] studied the dislocation density with ULC steel, and found the increase of 
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yield strength is mainly from the first step and not much from the precipitation step. 

However, this is not applied to ELC steel, in which, the BH response is mainly from the 

precipitation step. Tang et al. [96] studied the effect of pre-strain on the properties of TRIP 

steel, finding that the yield strength increases markedly with the increase of pre-strain 

within the range of 0 – 4%, while it increases slightly when the pre-strain ranges from 4% 

to 16%. Kuang et al. [97] studied similarly with dual-phase steel, finding that the yield 

strength increases obviously with increase of the pre-strain from 0% to 1%, while when 

pre-strain ranges from 1% to 8%, the yield strength even decreases. Many similar studies 

reveal that the effect of pre-strain level on the BH response is related to the material itself, 

but a common result is that the BH response increases with the increase of pre-strain 

within a very small range. 

2.4.6 Influence of Baking Temperature and Time 

Since the strain aging depends on the diffusion of interstitial atoms, temperature and time 

are the dominant factors affecting the diffusion. Therefore, it is necessary to discuss the 

effect of baking temperature and time on the strain aging.  

De, et al. [83] studied the BH behavior of ULC steel with different aging time and 

temperature, they found that the yield stress firstly increases with the baking time (or 

aging time) until the yield strength increment reaches certain limit of 30-40 MPa, then 

remains almost stable even the baking time continues increasing, the maximum increase 

of yield stress is independent of aging temperature, which was shown in Figure 31. 

Meanwhile, Figure 31 also illustrates that with the increase of baking temperature from 

50 °C to 170 °C, the yield strength increases faster and reaches the stable yield strength 

in shorter time, and this applies to different pre-strain levels.  

Dehghani and Jonas [98] investigated dynamic-static bake hardening and dynamic bake 

hardening, they found that both hardening achieve higher yield strength than the 

conventional bake hardening. The scientists pre-strained the specimens at elevated 

temperatures before bake hardening. Their results showed that the BH response is 

remarkable when the baking temperature is higher than the pre-straining temperature, 

while the BH response gets very slight when the baking temperature is lower than pre-

straining temperature. The mechanism for the latter case is that the relatively higher pre-

straining temperature causes massive interstitial atoms migration, Cottrell effect, and 

carbide precipitation. However, the large amount of carbides limits the response in the 

relatively low temperature bake hardening. 
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3 MATERIALS AND EXPERIMENTS 

In this chapter, the experimental materials and procedures are introduced, the procedure 

of micrographic observation is described and initial micrographs are presented. In 

addition, the basis of tensile test data analysis is discussed and the principles for 

determining bake hardening and aging indexes are presented. 

3.1 Materials 

The investigated materials consisted of three commercial steels: two low carbon steels 

and a ferritic stainless steel (EN 1.4003). The samples of the carbon steels were provided 

as tensile specimens by SSAB Europe Oy (Hämeenlinna). The samples of the EN 1.4003 

ferritic stainless steels were provided by Outokumpu Oyj.  

In this thesis, two low carbon steels are named steel A and steel B, EN 1.4003 ferritic 

stainless steel is named steel C. The chemical analysis of the three experimental steels are 

presented in Table 7. As indicated in the chemical composition, two low carbon steels 

have quite similar chemical composition. The ferritic stainless steel (steel C) is 

unstabilized, i.e., it is not alloyed with stabilizing elements Nb, Zr or Ti. 

The steels A and B had been produced in the continuous production lines combining 

continuous annealing and subsequent hot-dip galvanizing. Steel A had been annealed at 

740 °C and steel B at 780 °C. The difference of the annealing temperature can cause the 

difference of free carbon contents in the solution, which is vitally important to the bake 

hardening behavior. The coiling temperature was the same, 720 °C, in both cases.  

Table 7. Chemical compositions (% by weight) of three experimental materials. 

Materials C Si Mn P S Al Cu Cr Ni N B 

A 0.072 0.01 0.211 0.005 0.0092 0.024 0.021 0.249 0.035 0.0038 0.0016 

B 0.073 0.015 0.223 0.009 0.01 0.036 0.017 0.301 0.041 0.0037 0.0021 

C 0.013 0.34 1.36 -  -  -  -  11.24 0.36 0.0057  -  
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3.2 Metallographic Observation 

The initial microstructures of the test materials were investigated by using the optical 

microscope. The cross-sectional samples of each material were prepared. The samples 

were cut to both transverse and longitudinal directions with respect to the original rolling 

direction. The metallographic observation of the specimens consists of two parts, namely 

sample preparation and microstructure observation.  

The sample preparation followed a standard procedure. The cross-sectional samples were 

cut by using a cutting machine Struers Discotom-10. The sample pieces were then 

mounted in epoxy in vacuum with machine Struers CitoVac. The samples were ground 

with a number of grinding steps with sandpapers of different levels of smoothness (P320 

– P600 – P800 – P1200 – P2000). In the operation, the sandpaper was fixed on the 

spinning pan of the Buehler Phoenik 4000 sample preparation system, and the spinning 

speed was set at 300 revolutions per minute (rpm) and force was set at 20 N, the specimens 

were grinded with each sandpaper for 1 minute.  

After grinding, polishing was performed with the same machine of grinding, the spinning 

speed of the pan was 150 rpm, the force was 20 N, the polishing paper was changed every 

30 seconds. The samples were polished with 3 µm and 1 µm diamond solutions, which 

was applied every minute. The polishing was supposed to make the specimen surface 

very smooth and bright.  

Finally, for two low carbon steels, the specimen surface was etched with 4% nital for 6-

7 seconds; for ferritic stainless steel, the specimen surface was etched with etchant V2A 

(100 ml water, 100 ml hydrochloric acid, 10 ml nitric acid), which was heated up to 

around 80 °C. However, there were some problems when etching ferritic stainless steel. 

Thus, only one image (transverse to the rolling direction) of the ferritic stainless steel is 

presented in Figure 32. The etched sample surface was then examined with optical 

microscope, and the microstructure pictures were taken.  

Optical micrographs of the investigated steels in as-received condition are presented in 

Figure 32. As can be seen, low carbon steels A and B consist primarily of ferrite and 

randomly distributed cementite (the dark micro-constituent mostly at the grain boundaries 

and intersection are of the grains in the pictures). Steel A and B also show very similar 

microstructure. The grains of steel C are generally flatter and less evenly distributed than 

the grains in steels A and B. In comparison, the microstructure of steel C shows smaller 

amount of cementite due to lower carbon content.  
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Figure 32. Optical micrographs of the investigated steels: (a) A material of longitudinal 

direction, (b) A material of transverse direction, (c) B material of longitudinal direction, 

(d) B material of transverse direction, (e) C material (EN 1.4003 ferritic stainless steel) 

of transverse direction.  

The mean linear intercept method was used to measure the grain size of the initial 

materials. Two optical images with 50× objective lens magnification of each material 

were used, and eleven straight lines were made in each image, as shown in Figure 33. The 

numbers of intercepts were counted, and the length of the lines were shown. Thus, an 

average value of the grain size can be determined from each line. Therefore, there were 

22 lines and 22 average values of grain size were available for each material. To eliminate 

the error, the maximum and minimum values were deleted, and the remained 20 average 



44 

 

values were used to calculate the final average grain size (diameter) D by using the 

following formula. The grain sizes of three as-received steels are presented in Table 8.  

      D = 
1

20
 * [

𝐿1

𝑛1
 + 

𝐿2

𝑛2
 + … + 

𝐿20

𝑛20
]                     (Eq 1) 

          

Figure 33. Illustration of the method of measuring grain sizes of initial materials.  

Table 8. Grain diameters of as-received materials 

Materials A B C 

Grain Diameters (μm) 7.0 7.7 7.9 

3.3 Bake Hardening Test 

The as-received materials were subjected to bake hardening tests. The specimens were 

first pre-strained to 0, 2, 6, or 10 %. After that, the pre-strained samples were subjected 

to baking treatments of 170 °C/20 min and 230 °C/20 min. Finally, the mechanical 

properties of the bake hardened specimens were determined with quasi-static tensile tests. 

Each specimen was given a series number from 1 to 18, like A1 to A18, B1 to B18, and 

C1 to C18. Then the specimens were classified according to the experimental plan, as 

shown in Table 9. To eliminate the error from experiments and specimens, two specimens 

were used for repeated experiments to determine the properties, the values of the 

properties are the average values of the two results. 
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Table 9. Experimental plan for the bake hardening tests. 

 Steel A   Steel B  Steel C  

No Bake Hardening A1, A2 B5, B6 C1, C2 

170℃/20min A3, A4 B1, B2 C3, C4 

230℃/20min A5, A6 B3, B4 C5, C6 

2% pre-strain A7, A8, A9, A10 B7, B8, B9, B10 C7, C8, C9, C10 

6% pre-strain A11, A12, A13, A14 B11, B12, B13, B14 C11, C12, C13, C14 

10% pre-strain A15, A16, A17, A18 B15, B16, B17, B18 C15, C16, C17, C18 

2% + 170℃/20min A7, A8 B7, B8 C7, C8 

2% + 230℃/20min A9, A10 B9, B10 C9, C10 

6% + 170℃/20min A11, A12 B11, B12 C11, C12 

6% + 230℃/20min A13, A14 B13, B14 C13, C14 

10% + 170℃/20min A15, A16 B15, B16 C15, C16 

10% + 230℃/20min A17, A18 B17, B18 C17, C18 

3.3.1 Tensile Testing 

The tensile test specimens of the material A and B had been machined according to 

international standard ISO 6892: 1998 (gauge width 20 mm). The testing direction was 

perpendicular to the original rolling direction. The dimensions of the specimens are 

described in Table 10. The dimensions of each individual tensile test specimen were 

measured by a using a micrometer.  

Table 10. Dimensions of the tensile specimens. 

 Carbon Steel Specimens Stainless Steel Specimens 

Thickness t  0.55mm 1.97mm 

Width of gage section W 1-6: 19.3mm  

16mm 
Others: 16mm 

Exceptions: B15-B18 

Gage length G 120mm 120mm 

Overall length L 25mm 23.5mm 

Length of grip section B 30mm 30mm 

Width of grip section c 50mm 43mm 
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However, after pre-straining and baking treatments the specimens were re-machined to 

reduce the width of the gauge length to around 16mm, and the radius of the curvature was 

reduced to 10mm. It was to avoid the localization of the necking occurring at the softer 

area where the work hardening during pre-straining had not occurred. While there were 

also exceptions like specimens B15 to B18, the machining was not successful with these 

specimens in the first step. Thus, the gauge width was exceptionally small. The 

dimensions before and after re-machining are presented in Appendix A. 

Figure 34 shows an example of the tested specimen without re-machining. In this case, 

the necking has localized to the softer non-pre-strained areas and resulted in the formation 

of “banana-shaped” specimen, i.e., the necking has actually initiated on both sides of the 

specimen. The observed phenomenon needs to the taken into account in the standard bake 

hardening experiments. 

 

Figure 34. Example specimen showing the necking at softer areas in pre-strained and 

baked condition. The specimen was re-machined after pre-straining in order to avoid the 

observed phenomenon.  

 

Figure 35. Instron 8801 hydraulic testing machine [99].  

https://en.wikipedia.org/wiki/I
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Both pre-straining and final property testing were carried out with an Instron 8801 servo-

hydraulic testing machine, as illustrated in Figure 35. An extensometer (Instron 2630-100 

Series) with a gauge length of 50 mm was used to measure elongation. The mechanical 

properties in all conditions were determined using a quasi-static strain rate of 1 x 10-3 1/s. 

The same deformation rate was used in pre-straining. In all cases, two repetited tests were 

carried out for reducing the influence of scatter and gaining more reliable results. 

The extensometer was mounted on the surface of one side of the flat specimen, as 

illustrated in Figure 36. The mechanical part transfers extension from the specimen to the 

internal transducer via knife edges [100]. Since there is no relative movement between 

the specimen and the extensometer when the extensometer is tightly fixed on the 

specimen with the rubber band, the movement of the extensometer corresponds to the 

movements of the specimen. To prevent the sharp edge cutting the rubber band, the edges 

of hard and thick specimens are better to be wrapped with tape.  

 

Figure 36. Schematic of strain measurement with clip-on extensometer [100].  

The pre-straining and tensile testing were performed according to the specifications of 

the EN-10002 tensile testing standard. During the pre-straining of the test pieces, the 

testing rate was kept constant, and all tensile tests were performed by using the same 

actual speed of the piston. In the case of carbon steels, the specimens were very thin by 

thickness and were susceptible for small bending during closing the grips of the testing 

machine. In the case of materials A and B, small tension was manually applied to avoid 

bending of the specimens during closing the grips, which easily occurred for specimens 

with a thickness of only 0.55 mm. After that, the testing was carried out in the same 

manner as described above.  



48 

 

The data of piston position, load and strain were recorded during the tensile test. The 

value of extensometer was balanced to zero before the test was started. However, the 

extensometer was very sensitive with small external vibrations and thus, the value 

differed slightly from zero. Consequently, the engineering strain was calculated as the 

ratio of elongation to the original length, and it was given by: 

                 ε = (εr – ε0) / (50 – ε0)                   (Eq 4) 

Where εr is the recorded extensometer strain, ε0 is the initial strain of the extensometer 

before testing, and 50mm is the gague length of the used extensometer. 

The tensile stress is the ratio of normal stress to the cross section area. Thus, the 

engineering stress can be calculated as follows: 

                σ = Fn / (t * w)                         (Eq 5) 

Where Fn is the load (in N) at corresponding time, t is the thickness (in mm) of the cross 

section, w is the width (in mm) of the cross section, thus, t*w gives the original cross 

section size of the test piece. σ is the engineering stress in N/mm2, which corresponds to 

MPa. 

After that, the engineering stress-strain curves were calculated which allowed the 

determination of mechanical properties. An example curve is shown in Figure 37. Tensile 

strength is the highest point of engineering stress-strain curve. Uniform elongation is the 

elongation corresponding to the ultimate tensile strength. The total elongation is the 

elongation when the specimen is ruptured. The yield strength (YS), tensile strength (TS), 

uniform elongation (UE), and total elongation A50 (the measuring gage length is 50 mm) 

are the main properties of concern.  

In some cases, a sharp yield point was appeared after bake hardening treatments. However, 

in some cases, no sharp yield point was observed from stress-strain data. In such cases, 

the 0.2% proof stress was used to determine the yield stress, i.e., 0.2% offset method was 

applied, as illustrated in Figure 37. In these materials, the stress at which the material 

switches from elastic deformation to plastic deformation is not easy to detect, thus, the 

offset yield strength is determined. A straight line is constructed parallel to the initial 

portion of the stress strain curve but offset by 0.2% from the origin point 0, as shown in 

Figure 37. The 0.2% offset yield strength is the stress at the crossing point of the 

constructed straight line and the actual stress-strain curve. 
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Figure 37. Diagram of 0.2% offset yield strength determination with engineering strain-

stress curve without sharp yield point. 

Due to the low sheet thickness of carbon steel and vibrations of the testing machine, the 

stress-strain data showed some noise. In these cases, a straight line can be constructed in 

the central position of the scattered area, as shown in Figure 37 (b). The slope of the 

constructed line AB is equal to Young’s modulus. 

In some tests, the stretching and fracture happened at the edge area or outside the gauge 

section, as shown in Figure 38, which can cause backward straining and discontinuous 

yielding, and produce the stress-strain curve like the one shown in Figure 39. The negative 

strain after upper yield depends on the way metals yield within a parallel area of material. 
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There is also stress concentration at the jaw faces in parallel specimens, and it would also 

propagate through the steel in certain direction. The yielding takes place outside of gauge 

section and lead to the stress drop, and makes tensile strength and corresponding uniform 

elongation not available or not important any more.  

 

Figure 38. Schematic diagram of tensile test piece in which the fractures are not in the 

ideal gauge section.  

 

Figure 39. Example of engineering stress-strain curve of the discontinuous yielding 

specimens in the tests.  

3.3.2 Bake Hardening Heat-treatments 

The heat-treatment procedure of baking was carried out according to the standard EN 

10325-2006 by using a fan-assisted furnace Thermo Scientific Heraeus. The specimen 

temperature was measured with K-type thermocouples and a Fluke 52 thermometer, and 

the thermocouple was attached to one reference specimen which was contacted with the 

actual specimens. In the operation of heat treatment, the specimen was heated up to 

170 °C or 230 °C in in the furnace. By the standard, the specimens are supposed to be 

heated up to 168 °C (when aiming for 170 °C) within 5 min and heated up to 228 °C 

(when aiming for 230 °C) within 7 min, respectively. All the specimens had been heated 
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up to the targeted temperature within the required time in the operation. Then, the 

specimen was kept in the furnace isothermally for 20 minutes and be cooled to the room 

temperature in the air. The heat treatments are illustrated in Figure 40.  

 

Figure 40. Schematic presentation of heat treatment procedures in the experiments. 

However, some problems also occurred in the operation. Due to the leakage of little heat, 

the actual temperature of the specimen was slightly lower than the furnace temperature. 

Thus, the furnace temperature was normally set at around 174 °C and 234 °C to ensure 

the specimen temperature is around 170 °C and 230 °C. But in few cases, the time record 

did not start simultaneously when the specimen was being heated. Thus, there can be 

some errors in the time control. While, the standard EN 10325-2006 also permits a limited 

range of time of (20 ± 0.5) min. Another difficulty was to control the specimen 

temperature, which also depends on the furnace properties and thermocouple accuracy. 

The temperature was not so stable at the ideal temperature in some cases, and thus, 

opening the furnace door a little bit for a while can lower the temperature when it was too 

high. The heat treatments went generally smoothly, the small errors did not cause 

significant problems.  

3.3.3 Determination of Bake Hardening Index 

The bake hardening effect can be evaluated using a standardized concept of a bake 

hardening index described more in detail in EN 10325-2006. A principle for the 

determination procedure of the BH index is presented in Figure 41 and Figure 42. The 

value of BH index is given by formula BH2 = ReL,t (or Rp0.2,t) – Rp0.2,r . ReL,t is the yield 

strength of lower point when the engineering stress-strain shows a sharp yielding point, 

as illustrated as point A in Figure 41. Rp0.2,t is the yield strength of the crossing point of 

0.2% offset line with the tensile test curve when the engineering stress-strain does not 

show a sharp yielding point, as illustrated as point A in Figure 39. Rp0.2,r is the yield 

strength of point B illustrated in Figure 38 and Figure 39. 
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Figure 41. Schematic illustration of bake-hardening index BH2 determination method 

applied for low carbon steels.  

 

Figure 42. Schematic illustration of bake-hardening index BH2 determination method 

applied for ferritic stainless steels. 

For the low carbon steel, a sharp yield point normally appeared after bake hardening in 

the engineering stress-strain curve. Therefore, the BH index is determined with the yield 

point and the stress when the pre-straining ends, as presented in Figure 41. For stainless 

steel, there was no sharp yield point in the engineering stress-strain curve. Therefore, the 

BH index was the determined by the difference of 0.2% offset yield strength after heat 

treatment and 0.2% offset yield strength of the pre-strained material, which is the same 

sample as tested after heat-treatment, as shown in Figure 42. The bake hardening index 

is presented by plotting the engineering stress-strain curves with the data of the specimen 

after heat treatment and the data of initial material.  



53 

 

3.4 Aging Index Test 

In addition to bake hardening tests, an additional aging treatment was carried out in order 

to evaluate the aging behavior during storage. In this procedure, two unstrained specimens 

were hold in boiling water (100 °C) for 30 min and cooled in air to room temperature. 

Quasistatic tensile tests were followed after the heat treatment. The aging indexes of this 

type were determined by calculating the difference of the yield strength aroused by the 

aging treatment. The treatment is illustrated in Figure 43. The aging indexes are 

determined by calculating the difference of the yield strength aroused by the aging 

treatment. The method of determining the index is the same as described in the Chapter 

3.3.3. 

 

Figure 43. Schematic diagram of aging treatment technology in the experiments. 
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4 RESULTS AND DISCUSSION 

In this chapter, the initial properties of the three experimental materials are presented. In 

addition, the results of the bake hardening tests and aging tests, which also include the 

bake-hardening (BH) index determination result, are presented. In addition, the obtained 

material behavior are discussed, and some findings are concluded. 

4.1 Initial Properties 

To study the initial mechanical properties of the experimental materials, two tensile tests 

of each material were carried out. Engineering stress-strain curves were plotted and the 

yield strength tensile strength, uniform elongation, and total elongation were determined. 

Materials tested in as-received condition did not show sharp yield point, i.e., the point 

where material behavior changes from elastic to plastic is relatively difficult to observe. 

Thus, 0.2% offset method was used to describe yield strength of the materials in as-

received condition. TS is the ultimate tensile strength, uniform elongation is the 

elongation corresponding to the ultimate tensile strength, and the total elongation is the 

elongation when the specimen is ruptured. The initial properties of the experimental steels 

are presented in Table 11. 

Table 11. Initial mechanical properties of experimental materials. 

 YS 0.2% 

(MPa) 

(yield 

strength) 

UTS (MPa) Uniform 

Elongation 

Total 

Elongation 

Material A 285 370 17.5% 30.4% 

Material B 277 367 18.6% 36.8% 

Material C 409 519 15.6% 27.9% 

As can be seen, the steel C (ferritic stainless steel) has higher initial strength than steel A 

and B, while the initial yield strength and initial tensile strength of steels A and B are very 

similar. However, the measures of elongation, especially the total elongation, of steel C 

is slightly smaller than that of steels A and B. The mechanical properties are determined 

by the combination of chemical composition and processing history of steels, both of 

which has effect on the grain-size and phases present, for example. The stainless steel 

contains higher carbon content, which enhances the hardness and strength of the material, 
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meanwhile, the high contents of chromium, nickel, silicon, and manganese also contribute 

to the high strength. Das [73] reported that the higher annealing temperature improves the 

bake-hardening response.  

4.2 Bake Hardening Test Results 

The experimental plan of each specimen was shown in the previous chapter in Table 9. 

The principal idea followed in this thesis is to compare the tensile properties of as-

received condition with the ones after bake hardening treatments. Consequently, the 

effect of pre-strain and baking temperature can be determined. 

4.2.1 Effects of Bake Hardening  

The effects of bake-hardening heat treatment without pre-straining can be determined by 

comparing the mechanical properties of the initial status with those after the heat-

treatment. Appendix B presents the representative engineering stress-strain curves for 

materials tested in initial condition and after bake hardening heat treatments without pre-

strain.  

The effects of static strain aging, i.e., the bake hardening effect with pre-straining, can be 

correspondingly determined by comparing the initial properties with the ones measured 

after pre-straining and bake-hardening heat treatments. Appendix C presents the 

representative engineering stress-strain curves showing the effect of bake hardening. In 

this thesis, two different heat treatment procedures, namely 170 °C/20min and 

230 °C/20min, and different pre-strain from 0% to 2%, to 6%, and to 10% were performed. 

Two repeated tests were used to determine the values presented in Figures 45, 46, 48, and 

49. 

The YS values were determined in different methods depending on the characteristic of 

the engineering stress-strain curve. When the yielding period was shown in the 

engineering stress-strain curve, the YS value was determined based on the higher yield 

point, as indicated with yield strength 1 in Figure 44(a). In case where sharp yield point 

was not present, the 0.2% offset yield strength method was used to determine YS value, 

as illustrated in Figure 44(b). There were also curves like Figure 44(c), in which the sharp 

yield point was followed by a rapid reduction in strength and after that the strength level 

was stabilized to a certain level. In such cases, the YS value was also determined with the 

0.2% offset yield strength method, as indicated in Figure 44(c).  
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Figure 44. Illustration of yield strength value determination methods with different 

engineering stress-strain curves.  
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Figure 45 presents the yield strength of the materials A and B at different status. The yield 

strength values were determined by using higher yield point values, as indicated with 

yield strength 1 in Figure 44(a). 

 

 
Figure 45. Yield strength (determined with higher yield point) of steels A and B at initial 

status and after different pre-straining and bake hardening treatments. 

As can be seen in Figure 45(a), the 170 °C/20min heat treatment without pre-strain 

resulted in an increase of 41 MPa in yield strength for both steels A and B. Figure 45(b) 

indicates that 230 °C/20min heat treatment without pre-strain led to an increase of 135 

and 130 MPa to steels A and B, respectively. At the meanwhile, with the 170 °C/20min 

heat treatment, the increase of pre-strain level from 0% to 10% led to a △YS of 113 MPa 

and 105 MPa to steels A and B, respectively. However, the △YS were 33 MPa and 28 

MPa to steels A and B, respectively when baking temperature was 230 °C. Two low 

carbon steels showed very similar yield strength with the increase of pre-strain under both 

baking temperatures. The small difference of △YS at 230 °C is because the fact that 

higher temperature without pre-strain is already enough to generate sharp yield point. 
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Figure 46 presents the lower yield strength values of the steels A and B, as indicated with 

yield strength 2 in Figure 44(a). 

 

 

Figure 46. Yield strength (determined with lower yield point) of steels A and B at initial 

status and after different pre-straining and bake hardening treatments. 

As indicated in Figures 45 and 46, the lower yield point values were increased similarly 

with the increase of pre-strain. The values of yield strength determined with lower yield 

point are generally lower than those determined with higher yield point, otherwise, no 

significant difference in material behavior is shown between Figures 44 and 45. 

The above-discussed results can be explained with the theories of SSA. According to 

Pelleg [101], the interstitial atoms settle down under the dislocation line to form the 

Cottrell atmosphere, and these atoms cause lattice distortion by forming a stress field 

around themselves. However, the preferential location of the interstitial C and N atoms 

below the dislocation is controlled by diffusion, which depends on the diffusion time and 

temperature. When the atoms diffuse into the dislocation core, they stay there and pin the 

dislocation, thus, a higher force is needed to tear such a dislocation away from its 

atmosphere. This extra force corresponds to the upper yield point. After removing the 
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dislocation, it is free to move to a lower stress, which produce lower yield point. Thus, 

the difference exhibited between the YS values in Figures 45 and 46 reveals the extra 

stress needed for getting the dislocation away from the Cottrell atmosphere.  

In metals, the deviation from linearity can be considered as yield point if the elastic-plastic 

transition is a gradual process. In this case, there is a sudden drop of lower point, as 

illustrated as Figure 44(a). According to Cottrell and Bilby’s theory [64], yielding 

phenomenon involves the movement of interstitial solutes, mainly C and N atoms. The 

inhomogeneous deformation initiates at the points of stress concentration, especially at 

the grips which hold the specimen during the tensile test. It propagates through the 

specimen as Lüders bands, which occurs when the sharp yield drops, as illustrated in 

Figure 47. The propagation of Lüders bands continues with the deformation going on, 

until the Lüders bands cover the entire specimen. Therefore, the propagation of Lüders 

bands causes yield point elongation. 

      
Figure 47. Lüders bands at 45° from the tensile axis [101]. 

The occurrence of Lüders bands is attributed to the pinned dislocations and the high stress 

[101]. The dislocation pinning heavily depends on the returned interstitial C or N atoms, 

which form Cottrell atmosphere to lock the dislocations and achieve the strength increase. 

Higher temperature baking increases the diffusion rates of the interstitial C and N atoms, 

which promotes the process of interstitial atoms return and yield point return. The similar 

theory was also reported by Cottrell and Bilby [64]. This is the reason for the much higher 

yield point when baked at 230 °C than at 170 °C, as presented in Figure 46 and Figures 1 

and 2 of Appendix B. 

It is important to note that the sharp yield point is seen even without pre-straining, as 

indicated in Figures 1 and 2 of Appendix B. This maybe because the heat treatment 

provides the energy to the C and N interstitial atoms, which can move to occupy the 

octahedral interstitial and create crystal distortion and dislocations [101]. The dislocations 

can be locked by the Cottrell atmosphere and achieved strength increase, as explained 

above. This result indicates that there must exist a significant amount of mobile 
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dislocations in initial condition. Otherwise, the heat-treament without pre-straining 

should not result in the formation of sharp yield point.  

It can be concluded that the baking temperature has a strong effect in the material behavior: 

the strength was clearly increased more by 230 °C baking, as indicated in Appendix B. 

The heat treatment did not affect the elongation much, while the increase of pre-strain 

decreases ductility steadily and significantly.  

Hanai, et al. [102] concluded that yield strength increment is attributed to the grain size 

and amount of interstitial carbon and nitrogen atoms. They also pointed out that when the 

content of carbon and nitrogen reaches 10 ppm, the yield strength increment heavily 

depends on the grain size. However, the grain sizes of A and B materials are 7.0 μm and 

7.7 μm, respectively, which shows very slight difference. This corresponds to the similar 

△YS values of steels A and B with both heat treatments.  

Figure 48 shows the effect of bake hardening heat-treatments in the total elongation of 

steels A and B without and with pre-straining. 

  

 

Figure 48. Total elongation of steels A and B at initial status and after different pre-

straining and bake hardening treatments. 
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Figures 47 and 48 indicate that the two steels exhibit very similar behavior when it comes 

to the elongation behavior in general. The total elongation decreased steadily with the 

increase of pre-strain as a result of both heat treatments, which indicates that the ductility 

was decreased and strength was increased steadily with the increase of pre-strain. 

However, the bake hardening treatment without pre-strain produced a small variation in 

the total elongation of both steels A and B. Nevertheless, the variation was more 

significant when the pre-strain was applied. This reveals that the pre-strain contributes 

significantly to the work hardening phenomenon, which is related to the plastic 

deformation, even work hardening also produces effect on the total elongation. In addition, 

based on Figures 45, 46, and 48, it can be concluded that for the two low carbon steels, 

the strength increased, the total elongation and ductility decreased with the increase of 

pre-strain level. Seth had the similar finding with low carbon BH220 steel [74].  

Figures 49 and 50 present the mechanical properties of steel C (EN 1.4003 ferritic 

stainless steel) after different treatments. The YS values were determined with 0.2% proof 

stress, since no sharp yield point was observed after bake hardening tests. This is the 

reason why UTS and UE values were taken for steels C, but not for steels A and B.  

 

 
Figure 49. Mechanical properties of steel C at initial status and after different pre-

straining and 170 °C/20min bake hardening treatment. 
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Figure 50. Mechanical properties of steel C at initial status and after different pre-

straining and 230 °C/20min bake hardening treatment. 

Figure 49(a) indicates that in the case of steel C, 170 °C/20min heat treatment increased 

a yield strength of 20 MPa and tensile strength 24 MPa of steel C. The impact of heat 

treatments on the elongation of steel C is not as significant as that of steels A and B. 

Besides, Figures 48 and 49(b) show that 170 °C/20min heat treatment without pre-strain 

did not produce significant influence on the elongation of two low carbon steels, while it 

produced a reduction effect on the uniform elongation and fracture elongation of steel C. 

However, 230 °C/20min heat treatment had no significant influence on the elongation of 

all three materials, as indicated in Figure Figures 48(b) and 50(b). 

In comparison, Figure 50(a) shows that the △YS value of steel C is much smaller than 

that of low carbon steels. Since the values for steel C are only 20 MPa and 3 MPa with 

170 °C/20min and 230 °C/20min, respectively. The bake hardening effect is heavily 

dependent on the diffusion of the interstitial atoms into the locations sites and Cottrell 

atmosphere formation process [64]. However, the diffusion depends on the diffusion time 

and temperature, which is essentially related to the energy provided [101]. In addition, 

the amount of mobile dislocations in initial condition can have an effect. The small 
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increase in the yield strength of steel C reveals that the diffusion of interstitial atoms in 

the stainless steel requires higher energy than the two low carbon steels. Similar result 

was also reported by Palosaari, et al [103], who found that activation energies for EN 

1.4509 and EN 1.4521 ferritic stainless steels are 150.7 KJ/mol and 146.3 KJ/mol, 

respectively, which are greater than that of ultra-low carbon bake hardenable steels, 80 

KJ/mol.  

To study the effect of different level of pre-straining, pre-strains of 2 %, 6% and 10 % 

were applied and followed with the baking at 170 °C and 230 °C for 20 min. The 

engineering stress-strain curves for the specimens with different pre-strain and same bake 

hardening are presented in Appendix C. Figures 49 and 50 suggest that for EN 1.4003 

ferritic stainless steel, with the same bake-hardening treatment, the tensile strength 

increased, while the elongation and ductility decreased with the increase of the level of 

pre-strain. This result is also applied to the two low carbon steels.  

Figure 45, 46, 49, and 50 show that for the three experimental materials, the △YS values 

were reduced when the pre-strain increased from 6% to 10%, in comparison with the 

increase between 2% and 6%. Lower level of pre-strain naturally leads to the smaller 

amount of mobile dislocations. However, the amount of free C and N is always limited. 

It is possible that with higher pre-strain values, there was not sufficient free interstitial 

atoms to lock dislocations. Besides, the increased work hardening response in greater 

when the pre-strain increased from 2% to 6%, in comparison with the response between 

6% to 10% pre-strain, as illustrated in Figure 51. Work hardening also contributes to the 

△YS value. However, with higher level of pre-strain, higher dislocation density makes 

the solute atoms insufficient to provide pinning for all dislocations [104].  

 

Figure 51. Illustration of the bake-hardening indexes determination. Tensile test 

specimens: B9 (2% pre-strain and 230 °C/20min), B13 (6% pre-strain and 230 °C/20min), 

B17 (10% pre-strain and 230 °C/20min). 
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Figure 52. Illustration of bake-hardening response and work-hardening response in the 

engineering stress-strain curve.  

With the increase of pre-strain, work hardening effect is increased, the dislocation density 

is increased and the Cottrell atmosphere formation is enhanced. The combination of work 

hardening and Cottrell atmosphere formation leads to the increase in strength. This is why 

with the same heat treatment, the yield strengths increased with the increase of the level 

of pre-strain within 0-10%, as presented in Figure 45, 49 and 50.  

Bake hardening typically results in the increase in yield strength, but also influences other 

mechanical properties. Static strain aging takes place in two steps, and the final effect 

depends on the combined effects of them. When the external force is applied on the 

material, the crystal would expand, the interstitial C and N atoms would migrate to occupy 

the dislocation sites in the strain direction. When the force is removed, the interstitial 

atoms are distributed again randomly, which is named “Snoek effect”. This process 

increases the ductility while lowers the strength of the material. However, this process 

produces very small impact and lasts very short time, as illustrated in Figure 26. When 

the force exceeds the elastic limit of the specimen, new dislocations are produced. When 

such pre-strained material is then thermally treated, the interstitial atoms will migrate to 

these new dislocation sites and lock them by forming the Cottrell atmosphere around the 

dislocations [86-87]. The process of Cottrell atmosphere formation increases the yield 

and tensile strengths while lowers the ductility of the material. That is why the yield 

strength was greater when baked at 230 °C than that with 170 °C baking for all three 

experimental materials. The effect of the Cottrell atmosphere formation is much more 

significant than the “Snoek effect”. Therefore, the overall effect shows much of the 

Cottrell atmosphere formation stage. That is why the results show that the strength 

generally increases with the increase of pre-strain and baking temperature.  
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When more and more interstitial atoms are attracted to the dislocation strain area, a solute 

cluster can be formed, and in some extreme cases, when the solute cluster is strong enough, 

these interstitial atoms would be along the cores of dislocations [89]. As indicated in 

Figure 26, no particle hardening phase is present during the Cottrell atmosphere formation 

period. However, the particle hardening effect is increased rapidly when the aging 

continues after Cottrell atmosphere formation. Nevertheless, this particle hardening effect 

would reach a saturation point, after which further aging would reduce the particle 

hardening phases. 

4.2.2 Bake-Hardening Index Determination 

The method for determining BH index was introduced in Chapter 3.3.3. As discussed 

earlier, several kinds of yielding behavior and engineering stress-strain curves appeared 

during tensile tests. In the case of low carbon steels (steels A and B), the bake hardening 

treatments resulted in the formation of sharp yield point, whereas the stress-strain curves 

measured for ferritic stainless steel (steel C) did not show this phenomenon. For these 

two categories, the BH indexes were determined by the illustrated methods, which is also 

approved by the standard EN 10325: 2006. In some cases, the stretching and fracture 

happened at the edge area or outside the gauge section, and caused backward straining 

and discontinuous yielding, their stress-strain curves are like the one shown in Figure 39. 

For these curves, the 0.2% offset yield strength method was applied to determine the yield 

strength.  

The BH indexes of ferritic carbon steels (steel A and B) are presented in Figure 53 and 

54. Appendix D presents the detailed data of BH indexes of three materials. The 

determined BH indexes of two ferritic carbon steels are quite similar. With the 

170 °C/20min heat treatment, the BH indexes of two low carbon steels increased from 

around 19 MPa to around 54 MPa steadily with the increase of pre-strain from 0% to 10%. 

However, with the 230 °C/20min heat treatment, the BH indexes of two low carbon steels 

decreased from around 70 MPa to around 58 MPa steadily along with the increase of pre-

strain from 0% to 10%. The two low carbon steels exhibited very similar behavior in 

terms of BH indexes. 

Figures 53 and 54 also reveal that the values of BH index are greater with higher baking 

temperature, especially when the pre-strain level is low. It is because the higher baking 

temperature provided greater thermal energy, which increased the diffusion rate of the 

carbon atoms in the material. As a result, the interaction of dislocations and interstitial 

carbon atoms was increased and greater yield strength increment was achieved. 
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Figure 53. Bake-hardening indexes for steel A with two bake-hardening heat treatments. 

 
Figure 54. Bake-hardening indexes for steel B with two bake-hardening heat treatments. 

Figures 53 and 54 illustrate that when baking temperature was 230 °C, BH indexes follow 

a general decreasing trend with the increase of pre-strain. This is because the high 

temperature provided sufficient thermal energy, which increased the diffusion rate of 

interstitial C atoms into the dislocation cores. However, with the increase of pre-strain, 

larger amount of dislocations were produced, but the work hardening effect is less 

increased with the further increase of pre-strain, as indicated in Figure 51. Thus, there 

was not very significant increase of the amount and density of dislocations even the pres-

train was increased further to 10%. The maximum point of the Cottrell atmosphere 

formation had been reached or was very close, the further increase of pre-strain led to 

lower ΔYS value. 

However, when baking temperature was 170 °C, BH indexes followed the trend of BH2 

< BH6 < BH10, which is opposite to the case when baking temperature was 230 °C. Since 

at lower temperature of 170 °C, the interstitial atoms diffused slowly due to the lack of 

thermal energy. The dislocation density with the same level of pre-strain are supposed to 

be the same. However, the Cottrell atmosphere formation saturation point had not been 
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reached when baked at 170 °C due to the low diffusion process. Thus, when the pre-strain 

was increased, larger amount of dislocations were available for the mobile C atoms to 

diffuse into. Thus, higher ΔYS value was achieved.  

Das, et al. [105] reported the same phenomenon that the ΔYS decreases with the increase 

of pre-strain level. This is because the aging condition did not give sufficient time to 

ensure the dislocation pinning to be completed. This is consistent with the earlier findings 

of Cottrell and Bilby [64]. De, et al. [83] found that maximum increase in yield strength 

corresponding to the completion of Cottrell atmosphere formation on the dislocations 

depends on the level of pre-strain, while increasing baking temperature can only improve 

the maximum ΔYS value slightly. Therefore, there is certain “saturation” point when the 

Cottrell atmosphere has been at or around the dislocations and the further increase of pre-

strain level can hardly produce strength increase effect. The phenomenon of BH2 > BH6 > 

BH10 when baking temperature was 230 °C is attributed to this.  

The BH indexes for EN 1.4003 ferritic stainless steel (steel C) are presented in Figure 55. 

With 170 °C/20min heat treatment, ΔYS was decreased when pre-strain increased from 

0% to 2%, which is probably due to the specimen scattering. The BH index was increased 

very slowly along with the increase of pre-strain from 2% to 6%, while it increased 

remarkably when the pre-strain was increased up to 10%. In comparison, the BH index 

increased more significantly, from 8 MPa to 32 MPa, with the increase of pre-strain from 

0% to 10% when baked with 230 °C. Palosaari, et al. [3] also found that the BH indexes 

of three ferritic stainless steels increased with the increase in aging temperature between 

150 °C and 250 °C. This is attributed to its high activation energy, higher temperature 

provides greater thermal energy, which promote the diffusion of solute atoms more and 

achieve more significant strain aging. However, low temperature could hardly provide 

sufficient energy for the diffusion of interstitial atoms and Cottrell atmosphere formation. 

 

Figure 55. Bake-hardening indexes for steel C with two bake-hardening heat treatments.    
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The comparison between Figures 53-54 and Figure 54 reveals that, the values of BH index 

of low carbon steels are significantly greater than that of ferritic stainless steel. This 

indicates that the heat treatment and pre-strain generally produce greater effect on the 

ΔYS of low carbon steels than ferritic stainless steel. Besides, the index BH0 of low 

carbon steels are distinctly greater than that of ferritic stainless steel, the BH0 values of 

low carbon steel with two heat treatments are around 72 MPa, while the BH0 values of 

EN 1.4003 ferritic stainless steel are 26 MPa with 170 °C/20min heat treatment and 8 

MPa with 230 °C/20min heat treatment, respectively. BH index reveals the susceptibility 

to static strain aging during paint-baking of the material. Thus, it can be revealed that the 

low carbon steels exhibit stronger bake hardening effect than the stainless steel, at least 

within 170 °C.  

However, it is also noticeable that for the two low carbon steels, with the increase of pre-

strain from 0% to 2%, BH index was increased rapidly with both baking temperatures. 

However, also with the both baking temperatures, the BH index was increased at slower 

rate along with the further increase of pre-strain. It is possible to predict that if greater 

level of pre-strain, like 12% and 14%, a very small or almost no increase of BH index 

would be seen [96-97].  

Kuang, et al. [97] reported similar result when experimented with dual-phase steel, they 

pointed out that, the effect of pre-strain on the bake-hardening index contains two stages, 

when the pre-strain increases within very small range, △σBH increases rapidly, whereas 

when pre-strain exceeds certain range and continues increasing, the △σBH value is 

decreased. The same behavior was also found by Tang et al, [96] the bake hardening 

behavior of the Si-Al-Mn TRIP steel showed that, the △σBH value increases with the 

increasing pre-strain within 0-4%, but the △σBH value decreases when the pre-strain 

increases over 4%.  

The increase of pre-strain increases the amount of mobile dislocations in the matrix. In 

this case, the high density of dislocations makes atoms migration easier by eliminating 

the diffusion distance between carbon atoms and free dislocation sites. Therefore, the 

increase in dislocation density increases the amount of dislocation pinning effect, which 

leads to the significant increase of BH index.  

There is a maximum △σBH value with certain pre-strain, which is attributed to the 

maximum value of the degree of Cottrell atmosphere formation, above which the further 

increase of pre-strain does not lead to significant increase of Cottrell atmosphere 

formation [106]. When the mobile dislocations are saturated or the process is limited due 
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to the lack of sufficient interstitial C atoms. This is the reason for the decrease of △σBH 

value with high degree of pre-strain. Ferritic stainless steel exhibited differently that the 

△σBH value continues increasing with the increasing pre-strain, since the mobile 

dislocations had not been saturated. A critical degree of Cottrell atmosphere formation 

had not been reached even with 10% pre-strain. It can be predicted that with greater pre-

strain, it will probably show similar decreasing trend as well.  

Higher temperature accelerates the diffusion kinetics, which promotes the migration and 

diffusion of C and N atoms, thus, increasing the Cottrell atmosphere formation, and 

strengthening effect. That is why the △σBH values were greater when baked at 230 °C 

than those when baked at 170 °C. The same result and behavior were also found by Kuang, 

et al [97].  

4.3 Aging Test Results 

Representative stress-strain curves used in aging index determination are presented in 

Appendix E. In Figure 1 of Appendix E, the engineering stress-strain curve of initial steel 

A shows around shape, whereas the curve is slightly different after strain aging treatment. 

However, in Figure 2 of Appendix E, the engineering stress-strain curve of initial steel B 

shows the same shape as the curve of aged steel A (curve AI-A2), and the aged steel B 

(curve AI-B1) shows no difference from the curve of initial steel B. This suggest that the 

steel B had already aged a little bit at room temperature before 100 ˚C/30 min treatment, 

however, that temperature was not enough to produce more aging effects. 

The results of the aging index determination of two low carbon steels are shown in Figure 

56 and 57. It can be seen that the aging treatment led to a very slight decrease in strength 

and increase in elongation of two low carbon steels, but it practically produced no 

significant influence on the properties.  
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Figure 56. Mechanical properties of steel A before and after 100 °C/30 min aging 

treatment. 

  

 

Figure 57. Mechanical properties of steel B before and after 100 °C/30 min aging 

treatment. 

The results of the aging index determination of EN 1.4003 ferritic stainless steel are 

shown in Figure 58. The result is very similar to that of low carbon steels that the 

100 °C/30 min aging treatment produced no significant influence on the properties. 
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Figure 58. Mechanical properties of steel C (1.4003 ferritic stainless steel) before and 

after 100 °C/30 min aging treatment. 

During the heat treatment of 100 °C/30min, the dislocations are recovered to some extent, 

which in a general level reduces strengths and improves ductility. On the other hand, the 

dislocations on the grain boundaries are pinned when the carbon migrates towards 

dislocations, which strengthens the material and decreases the ductility. These processes 

compete, and the result determines the final effect of aging treatment on the properties. It 

is most probably that in the ferritic stainless steel, higher temperature and higher 

activation energy are needed to activate carbon, the 100℃ heat treatment is not sufficient 

to migrate lots of carbon towards dislocation, M. Palosaari et al. [3] also found that 

activation energies for similar ferritic stainless steels are higher than that for ultra-low 

carbon bake hardenable steels.  

In can be concluded that the aging temperature 100 °C was too low to cause significant 

aging. The slight increase of the total elongation is most probably aroused by natural 

scatter in material properties and tensile testing. 100 °C heat treatment is probably not 

sufficient to provide sufficient energy to activate the free carbon and nitrogen atoms to 

move. Thus, it suggests that the investigated low carbon steels and ferritic stainless steel 

are not susceptible to room temperature during storage. 
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4.4 Discussion of Errors and Future Work 

4.4.1 Possible Sources of Errors 

First of all, the small differences in the dimensions, compositions, mechanical properties 

exist among the specimens of the same material. However, the effects on the mechanical 

properties of the heat treatment and aging treatment are based on different specimens. For 

example, in Figure 55, the initial properties of C material were determined from two 

specimens of C material, whereas the properties after aging treatment are from another 

two C specimens. There can be small difference between these specimens. This error 

source has also been reported by Gabauer [107], who suggested that the shape and size 

of specimen and dimensional compliance all produce error in the tensile testing. But in 

this case, it is not practical to use the same specimen for both experiments. Thus, taking 

the average value of the results of two specimens has decreased the influence due to 

scattering.  

Secondly, the influence on the data accuracy can also be from the testing data, which can 

be caused by the extensometer measurement. For example, the vibration of tensile testing 

machine generated noise to the measured data, which produces scattering curve and 

reduces the accuracy of the yield strength determination. In addition, the rubber band was 

used for fixing the extensometer on the specimen surface. However, the stainless steel 

specimens had very smooth surface and sharp edges. Therefore, to prevent the 

extensometer slipping in the testing and to prevent the rubber band being broken by the 

sharp edge, the tape was used between the extensometer and specimen surface. However, 

this can also reduce the accuracy of the result, especially when the rupture happens to or 

near the tape.  

Some specimens did not exhibit ideal behavior during the tensile tests, as indicated in 

Figure 36. The backward straining and discontinuous yielding occurred in some tensile 

tests, which make it difficult to determine the properties. Scattering also happened when 

some test pieces were subjected to the tensile tests, which influences the accuracy of the 

data. Some errors also occur in the operation. For example, the sample cutting and 

grinding can cause stretches on the specimen surface, etching can all influence the surface 

condition, which consequently influence the microstructure. Errors can also come from 

the operation of heat treatment and tensile tests, which all influence the material behavior 

and properties. The errors can be reduced by using repeated experiments, while they 

cannot be avoided completely.      
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4.4.2 Further Work 

In this study, the static strain aging behavior of selected ferritic steels was investigated by 

as a function of aging temperature and the amount of pre-strain. Further studies could 

address, for example, investigating the influence of aging time on the strain aging 

behavior and properties of the material, Palosaari, et al. [3], De, et al. [104], Vasilyev, et 

al. [108] have done the research in this field. They found that the strength increases with 

the increase of aging time within certain limit, while the further increase of aging time 

does not increase the strength more, or even leads to a decrease of strength. In order to 

understand the SSA phenomena in general, the influence of aging time on the material 

behavior can be investigated. 

In addition, the effect of individual alloying elements on the bake hardening behavior 

could be investigated. Pereloma, et al [109] reported that the addition of chromium 

produced significant influence on the aging process. Similar research can be done to gain 

further understanding on how some specific elements affect the aging process and 

properties of the materials, and it would also give suggestion on the control of strain aging 

process. 
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5 CONCLUSIONS  

Bake hardening behavior of two low carbon steels and a ferritic stainless steel (EN 1.4003) 

were investigated. The most important findings are summarized as below. 

(1) It is necessary to reduce the width of the specimens after pre-straining and baking, 

before final tensile tests, in order to avoid the localization of the necking occurring 

at the softer areas outside the gauge section, i.e. areas between the grip sections 

and gauge section of the specimen. 

(2) For the two low carbon steels, the strength was increased significantly with the 

increase of and baking temperature from 170 °C to 230 °C. However, the increase 

of pre-strain level from 0% to 10% also led to smaller strength increment.  

(3) For EN 1.4003 ferritic stainless steel, 170 °C/20min and 230 °C/20min heat 

treatments led to slight strength increase. However, the increase of pre-strain level 

from 0% to 10% led to significant strength increase. 

(4) Two low carbon steels exhibited very similar BH indexes in all cases. With the 

increase of pre-strain level from 0% to 10%, the BH indexes of two low carbon 

steels increased steadily and significantly from around 19 MPa to 54 MPa when 

baked at 170 °C, while they decreased steadily from around 70 MPa to 58 MPa 

when baked at 230 °C.  

(5) With the increase of pre-strain level from 0% to 10%, the BH index of EN 1.4003 

ferritic stainless steel increased not significantly when baked at 170 °C, but it 

increased steadily from 8 MPa to 32 MPa when baked at 230 °C. The BH index 

of two low carbon steels were significantly greater than that of EN 1.4003 

stainless steel, which is due to the higher activation energy of EN 1.4003 ferritic 

stainless steel than the low carbon steels. 

(6) 100 °C/30min aging treatment did not produce significant influence on the 

properties of three investigated ferritic steels. 
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APPENDICES  

Appendix A: Dimensions of the Experimental Specimens 

Specimen Thickness 

 

Width Specimen Thickness 

 

Width  

 A1 

 

0.560 19.293 B1 0.533 19.411 

A2 0.553 19.279 B2 0.552 19.403 

A3 0.560 19.316 B3 0.549 19.39 

A4 0.561 19.364 B4 0.551 19.388 

A5 0.557 19.361 B5 0.545 19.406 

A6 0.553 19.339 B6 0.554 19.366 

A7 0.557 16.007 B7 0.546 16.110 

A8 0.549 16.055 B8 0.547 16.102 

A9 0.555 15.995 B9 0.547 16.030 

A10 0.552 15.996 B10 0.554 16.158 

A11 0.549 16.010 B11 0.551 15.980 

A12 0.551 15.988 B12 0.553 15.926 

A13 0.559 15.995 B13 0.55 15.974 

A14 0.555 15.916 B14 0.552 15.892 

A15 0.557 15.868 B15 0.549 9.950 

A16 0.556 15.832 B16 0.547 9.882 

A17 0.56 15.895 B17 0.551 9.958 

A18 0.557 15.921 B18 0.556 12.302 

Specimen Thickness Width[1] Specimen Thickness 

 

Width  

 C1 

 

1.982 15.9825 C10 1.985 15.9825 

C2 1.976 15.9825 C11 1.976 15.9825 

C3 1.971 15.9825 C12 1.982 15.9825 

C4 1.977 15.9825 C13 1.968 15.9825 

C5 1.975 15.9825 C14 1.971 15.9825 

C6 1.968 15.9825 C15 1.969 15.9825 

C7 1.971 15.9825 C16 1.973 15.9825 

C8 1.965 15.9825 C17 1.969 15.9825 

C9 1.970 15.9825 C18 1.966 15.9825 

N.B: [1] The average value of width was used.  

    [2] The unit of the values is mm. 

    [3] Specimens A7-A18, B7-B18, and C1-C18 were re-machined. 

    [4] The initial dimensions (before re-machining) were used to determine pre-strain 

curves, the original dimension of the re-machined specimens are presented below. 



 

Original Dimensions of the Re-machined Specimens 

Specimen Thickness 

 

Width 

 

Specimen Thickness 

 

Width  

 A7 0.557 19.355 B7 0.546 19.404 

A8 0.549 19.391 B8 0.547 19.423 

A9 0.555 19.406 B9 0.547 19.392 

A10 0.552 19.377 B10 0.554 19.224 

A11 0.549 19.409 B11 0.551 19.323 

A12 0.551 19.387 B12 0.553 19.296 

A13 0.559 19.417 B13 0.55 19.364 

A14 0.555 19.456 B14 0.552 19.402 

A15 0.557 19.417 B15 0.549 19.405 

A16 0.556 19.408 B16 0.547 19.397 

A17 0.56 19.418 B17 0.551 19.306 

A18 0.557 19.489 B18 0.556 19.28 

Specimen Thickness Width 

 

Specimen Thickness 

 

Width  

 C1 

 

1.982 20.061 C10 1.985 20.142 

C2 1.976 20.073 C11 1.976 19.95 

C3 1.971 20.06 C12 1.982 20.085 

C4 1.977 19.945 C13 1.968 20.129 

C5 1.975 19.982 C14 1.971 20.11 

C6 1.968 20.038 C15 1.969 20.056 

C7 1.971 20.112 C16 1.973 20.083 

C8 1.965 20.12 C17 1.969 20.044 

C9 1.970 20.071 C18 1.966 20.121 

 

 

 

 

 

 



 

Appendix B: Representative Engineering Stress-strain Curves 

for Materials Tested in Initial Condition and After Bake 

Hardening Heat Treatments, No Pre-strain  

 

Figure 1. Engineering stress-strain curves for specimens A1 (initial steel A), A4 (after 

170 °C/20min), and A6 (after 230 °C/20min). 

 

Figure 2. Engineering stress-strain curves for specimens B6 (initial steel B), B1 (after 

170 °C/20min), and B4 (after 230 °C/20min). 
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Figure 3. Engineering stress-strain curves for specimens C1 (initial steel C), C4 (after 

170 °C/20min), and C6 (after 230 °C/20min). 

N.B: C1 curve was made by editing the data of the ending part, since the strain 

measured from extensometer did not follow the variation with the piston, the edition 

tried to remove the error from vibration. 
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Appendix C: Representative Engineering Stress-strain Curves 

Describing the Effects of Pre-straining and Bake Hardening Heat 

Treatments 

 

Figure 1. Engineering stress-strain curves for specimens A4 (170 °C/20min), A8 (2% 

pre-strain, 170 °C/20min), A12 (6% pre-strain, 170 °C/20min), A15 (10% pre-strain, 

170 °C/20min).  

 

Figure 2. Engineering stress-strain curves for specimens A6 (230 °C/20min), A10 (2% 

pre-strain, 230 °C/20min), A14 (6% pre-strain, 230 °C/20min), A18 (10% pre-strain, 

230 °C/20min).  
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Figure 3. Engineering stress-strain curves for specimens B1 (170℃/20min), B8 (2% 

pre-strain, 170 °C/20min), B11 (6% pre-strain, 170 °C/20min), B16 (10% pre-strain, 

170°C/20min). 

 

Figure 4. Engineering stress-strain curves for specimens B4 (230 °C/20min), B9 (2% 

pre-strain, 230 °C/20min), B13 (6% pre-strain, 230 °C/20min), B17 (10% pre-strain, 

230 °C/20min). 
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Figure 5. Engineering stress-strain curves for specimens C4 (170 °C/20min), C8 (2% 

pre-strain, 170 °C/20min), C12 (6% pre-strain, 170 °C/20min), C16 (10% pre-strain, 

170 °C/20min). 

 

Figure 6. Engineering stress-strain curves for specimens C6 (230 °C/20min), C9 (2% 

pre-strain, 230 °C/20min), C13 (6% pre-strain, 230 °C/20min), C18 (10% pre-strain, 

230 °C/20min).  
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Appendix D: Bake Hardening Indexes of Investigated Steels 

BH Indexes of Steel A 

Heat 

Treatment 

BH Specimens BH Index 

1 (MPa) 

Specimens BH Index 

2 (MPa) 

Average 

BH Index 

(MPa) 

 

170℃

/20min 

BH0 A1-A3 19.1 A1-A4 21.4 20 

BH2 A7 39.6 A8 44.0 42 

BH6 A11 47.4 A12 48.9 48 

BH10 A15 54.4 A16 55.3 55 

 

230℃

/20min 

BH0 A1-A5 73.0 A1-A6 73.8 73 

BH2 A9 69.5 A10 68.7 69 

BH6 A13 65.0 A14 67.9 66 

BH10 A17 50.6 A18 61.5 56 

 

BH Indexes of Steel B 

Heat 

Treatment 

BH Specimens BH Index 

1 (MPa) 

Specimens BH Index 

2 (MPa) 

Average 

BH Index 

(MPa) 

 

170℃

/20min 

BH0 B6-B1 23.8 B6-B2 11.3 18 

BH2 B7 38.0 B8 38.7 38 

BH6 B11 42.7 B12 41.7 42 

BH10 B15 52.8 B16 54.2 54 

 

230℃

/20min 

BH0 B6-B3 68.0 B6-B4 71.5 70 

BH2 B9 74.5 B10 72.4 73 

BH6 B13 58.6 B14 58.0 58 

BH10 B17 63.5 B18 58.0 61 

 

 



 

BH Indexes of Steel C 

Heat 

Treatment 

BH Specimens BH Index 

1 (MPa) 

Specimens BH Index 

2 (MPa) 

Average 

BH Index 

(MPa) 

 

170℃

/20min 

BH0 C1-C3 38.8 C1-C4 12.8 26 

BH2 C7 15.2 C8 15.1 15 

BH6 C11 15.5 C12 16.0 16 

BH10 C15 26.0 C16 26.3 26 

 

230℃

/20min 

BH0 C1-C5 16.2 C1-C6 0.2 8 

BH2 C9 21.1 C10 20.2 21 

BH6 C13 26.8 C14 26.5 27 

BH10 C17 32.3 C18 32.7 33 

 

N.B: Since there are two repeated tests in each case, BH index 1 and 2 are for two tested 

results, and their average value is taken as the BH index of the steel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Appendix E: Representative Engineering Stress-strain Curves of 

the Specimens Before and After Aging Treatment 

 

Figure 1. Comparison of the engineering stress-strain curves for steel A before (A1) 

and after (AI-A2) 100 °C/30min aging treatment. 

  

Figure 2. Comparison of the engineering stress-strain curves for steel B before (B6) 

and after (AI-B1) 100 °C/30min aging treatment. 
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Figure 3. Comparison of the engineering stress-strain curves for steel C before (C1) 

and after (AI-C1) 100 °C/30min aging treatment. 
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