
A Microstructural and Damage Investigation into the Low Temperature 

Impact Behavior of an HSLA Steel  

by 

Siyu Wu 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Masters of Applied Science 

in 

Engineering 

Guelph, Ontario, Canada 

© Siyu Wu, July, 2019  



ABSTRACT 

 

A MICROSTRUCTURAL AND DAMAGE INVESTIGATION INTO THE LOW 

TEMPERATURE IMPACT BEHAVIOR OF AN HSLA STEEL

Siyu Wu 

University of Guelph, 2019

Advisor: 

Dr. Alexander Bardelcik

Stelco, a Canadian steel making company produced a hot rolled coil of a G40.21 50WT High 

Strength Low Alloy (HSLA) steel. The material needed to meet a demanding Drop Weight Tear 

Test (DWTT) specification at -35℃. The coils produced using a coiling temperature of 540℃ 

did not meet the DWTT specification with mixed pass/fail results. A second coil produced using 

a coiling temperature of 500℃ met the DWTT specification, but still with mixed results. To 

investigate this, a two-part study was undertaken. The first part investigated the effect of coiling 

temperature on the microstructure and CVN impact behavior. It was found that 540℃ coiling 

temperature resulted in a coarser grain size but less initial void/inclusion content. Furthermore, 

CVN testing showed that the material coiled at 540℃ had better impact toughness. The second 

part investigated the mixed pass/fail results for the DWTT and CVN tests conducted at -35℃ for 

the material coiled at 500℃. The results showed that there were no obvious differences between 

the pass and failed specimen in terms of microstructure, initial porosity, damage evolution and 

impact testing behavior, which suggests that the test temperature of -35℃ was within the ductile-

brittle transition of this material.   
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1 Introduction 

1.1 Problem Statement 

Stelco Canada is one of the top steel producers in North America, which operates the most 

modern greenfield integrated steel making facility on the continent.  Recently re-established as 

an independent Canadian company, Stelco employs more than 2,200 personnel and produces a 

variety of steels for the automotive, energy and construction sectors.  One of the hot rolled 

grades of steel produced for the construction sector is a High Strength Low Alloy (HSLA) grade 

of CSA G40.21 50WT CAT 3 [1]. 

Recently, Stelco produced the High Strength Low Alloy (HSLA) grade of CSA G40.21 50WT 

grade of steel for a customer that was using the material to construct vehicle impact barriers. Due 

to low winter temperatures, the customer required the material to also meet an additional low 

temperature Drop Weight Tear Test (DWTT) specification [2-4]. Historically, the DWTT was 

developed for, and has been widely used to determine the ability of pipeline steels to arrest crack 

propagation in high pressure applications [5]. In the DWTT, a notched plate specimen is 

impacted in a 3- point bend configuration (at decreasing temperatures) and the brittle/shear % 

area of the fracture surface is quantified to assess the ductile-brittle transition temperature. The 

material is considered to have sufficient toughness when shear% value is 85% or more [6, 7].  

The HSLA material coil was produced using a coiling temperature of 540℃; although the 

material met the CSA specification, it failed the DWTT specification with mixed pass and fail 

results at testing temperature of -35℃, and the entire coil was rejected by the customer, resulting 
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in a loss for Stelco. By changing the rolling process parameters, a second coil of G40.21 50WT 

steel was produced using a coiling temperature of 500℃, which met the DWTT specification, 

but still with mixed pass/fail results. The change in hot rolling process parameters ultimately 

affected the microstructure, which has been linked to improved DWTT/CVN performance for a 

large variety of pipeline steels [8-12]. It is unclear how the modified process parameters affected 

the microstructure and the sporadic low temperature DWTT behavior of the G40.21 50WT steel.  

A better understanding of the effect that coiling temperature has on the resultant microstructure 

and the low temperature impact and fracture behavior is the main motivation for the current 

work. 

1.2 Research Goals 

This research aims to characterize the microstructure and damage accumulation of the pass and 

failed G40.21 50WT variants created using different coiling temperatures. By understanding how 

the optimized process parameters affected the material impact performance, Stelco will be able 

to produce this popular grade of steel (and others) with minimal losses. 

1.3 Research Objectives 

The research conducted in this work is separated into two parts which address the effect of 

coiling temperate on impact performance and the sporadic pass/fail results of a DWTT 

conducted at -35℃ for the 500℃ coiling temperature material. 
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1.3.1 Part 1 

This part of the research investigates the effect of coiling temperature (500℃ and 540℃) on the 

microstructure and resultant impact and damage accumulation behavior.  The following testing 

methods were used to characterize/quantify these two materials: 

 grain size and distribution characterization  

 initial porosity characterization 

 energy absorption utilizing CVN tests  

 damage evolution characterization of CVN test specimens 

1.3.2 Part 2 

This part of the research investigates the sporadic pass/fail behavior of a single DWTT specimen 

tested at a temperature of -35℃ for the 500℃ material only.  The following testing methods 

were used to characterize/quantify these two materials: 

 grain size and distribution characterization  

 SEM microstructure characterization  

 initial porosity quantification  

 inclusion investigation using EDX 

 steel chemistry analysis using ICP 
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 energy absorption of CVN tests  

 damage evolution characterization of CVN test specimens 

 

 

  



 

 

5 

 

2 Background and Literature Review 

2.1 Hot Rolling Process 

Steels for thin sheet product applications are first cast and rolled in an intermediate mill to create 

slabs. The slabs are then sent to hot rolling facilities to convert to thin sheets with desired size 

and microstructures. A hot rolling facility consists of a reheat furnace, roughing mill, finish mill, 

water cooling, and a coiler, as shown in Figure 1. The slabs are reheated to above the 

austenitization temperature (AC3 temperature) of the material at this step. After reheating, the 

slabs are sent into a reversing rough mill where the thickness of the slabs are reduced to a 

predetermined transfer bar thickness, and austenite grain size is refined at this step. In the 

finishing mill process, the steel sheets are reduced to the desired thickness, and austenite grain 

size gets further refined. Since the grains deformed and refined during rolling process at the 

temperature above austenite to ferrite transformation, the slabs need to enter the water cooling 

station to make the grains recrystallize and generate refined ferrite. Finally, the steel sheets get 

coiled at the coiler [13].  

It is crucial to control the homogeneity of the microstructure from head to tail of the steel strip to 

promote consistent mechanical properties. Therefore, some steel makers deploy a unique coil 

box between their roughing mill and finish mill to ensure homogeneous austenite grain 

microstructure through the entire hot rolled strip after the roughing mill step [13]. 
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Figure 1 Hot rolling process 

 

 

  

2.2 The Effect of Hot Rolling Parameters on Microstructure 

In hot rolled steels, both strength and toughness are the first priority because high strength 

contributes to the lower cost by reducing the amount of material used, and high toughness is 

another significant factor to ensure the structural integrity of steel parts over a long period of 

time. These properties are strongly dependent on the microstructure of the steel [14]. The 

microstructure of hot rolled steel is affected by microalloying addition and thermo-mechanical 

controlled processing (TMCP), such as slab reheating temperature (RT), reheating time, finish-

rolling temperature (FRT), and coiling temperature (CT). The goal of TMCP is to maximize the 

grain boundary area per unit volume before ferrite transformation in order to increase the density 

of nucleation sites when ferrite transformed. In other words, fine-grained microstructure needs to 

be developed in order to obtain the combination of high strength and toughness [15, 16]. 

2.2.1 The Effect of Microalloying Additions 

Microalloying additions have significant effects on the recrystallization of deformed austenite, 

precipitation hardening, and phase transformation of hot rolled HSLA steels. Particularly, 
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dissolved microalloying elements help the formation of strain induced precipitation, which 

promotes pancaked austenite and refined ferrite in subsequent steps. The typical microalloying 

additions added into HSLA steels are Nb, V, and Ti in the 0.01 to 0.1 wt pct range [17-20]. 

2.2.1.1 The Effect of Ti 

Typical HSLA steels normally contain both Ti and Nb, and the percentage of Ti is relatively 

higher. Since N is removed from solid solution when TiN is formed, excess Ti is available to 

enhance the precipitation strengthening of fine carbides which formed by the microalloying 

additions [18]. Panigrahi [21] also indicated that Ti rapidly reacts with N by forming TiN, and 

this reaction helps to prevent the austenite grain coarsening during the slab reheating process. 

Finally, Ti in solid solution is used to retard the austenite-ferrite transformation. 

2.2.1.2 The Effect of Nb 

Nb plays an important role in the retardation of austenite recrystallization for HSLA steels during 

finish mill reduction, which contributes to the formation of pancaked austenite microstructure, 

and promotes ferrite grain refinement [18, 22]. On the other hand, Nb in solid solution behaves 

like Ti, which is also retards the austenite-to-ferrite transformation [23]. Yoshie et al. [24] 

reported that solute Nb retards ferrite transformation; however, they indicated Nb precipitates 

which are generated during rolling process increase the non-recrystallization temperature region. 

During the cooling process, strain induced Nb precipitates help ferrite transformed by increasing 

intragranular nucleation sites, which promote a refined ferrite grain microstructure. 
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2.2.1.3 The Effect of V 

V is a less common microalloying addition compare to Ti and Nb. The retardation ability of V is 

not as strong as Ti or Nb. Maruyama et al. [25] compared the retardation ability for Ti, Nb, an V. 

They concluded that the retardation ability to recrystallization of these microalloy is in the order 

of V<Ti<Nb. 

2.2.2 The Effect of Slab Reheating Temperature 

Steel slabs need to be reheated and soaked at above 1150℃ to homogenize the microstructure 

before hot rolling.  The reheating process also soften the steel slabs in order to facilitate the hot 

rolling process. The reheating temperature needs to reach a compromised point which maximum 

amount of microalloying precipitates are dissolved without growing excess austenite grains [26]. 

Roy et al. [27] characterized the microstructure of as cast slab under different reheating 

temperature from 950℃ to 1250℃ which perfectly simulated the condition of steel slabs before 

entering hot rolling. Figure 2 shows the austenite grain microstructure under heating temperature 

of 950℃, 1000℃, 1200℃, and 1250℃ respectively. Austenite grain size increase as the 

reheating temperature increases. Grain size variation was rare to observed under reheating 

temperature of 950℃ and 1000℃ (Figure 2a and b), and a unimodal grain size distribution was 

observed at relatively low temperature (1075℃) (Figure 3a). Relatively large grain size variation 

was observed at 1200℃ (Figure 2c), and this resulting in a bimodal grain size distribution 

(Figure 3b). Uniform coarse grains appeared at 1250℃ (Figure 2d), and grain size distribution 

became unimodal again (Figure 3c). 
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Figure 2 Austenite grain microstructure after reheating to (a) 950℃, (b) 1000℃, (c) 1200℃ and 

(d) 1250℃ [27] 

 

 

 

 

 

 

 

 

Figure 3  Grain size distribution after reheating to (a) 1075℃, (b) 1200℃, and (c)1250℃ [27] 
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Chakrabarti et al. [28] also indicated that slab reheating temperature has a significant effect on 

the grain size and grain size bimodality. Unimodal and less bimodal distributions were observed 

at high reheating temperature (1225℃) and low reheating temperature (1075℃). The 

microstructures exhibited the strong bimodal grain size distributions at mid reheating 

temperatures (1150℃-1180℃). They indicated suggested that bimodal distributions of grain size 

were caused by microalloying precipitates. At low reheating temperatures, there were enough 

undissolved precipitates everywhere to provide pinning force to austenite grain boundaries. At 

high reheating temperatures, most precipitates were dissolved, so the pinning force cannot be 

provided to the austenite grain boundaries. At mid reheating temperature, there were notable 

amounts of precipitates undissolved, and they were not homogeneously distributed, so it 

provided uneven pinning force on austenite grain boundaries resulting in the bimodal 

distributions. 

Austenite grain growth during slab reheating process is divided into two modes: normal grain 

growth and abnormal grain growth [27-29]. Abnormal grain growth was characterized by the 

rapid increase in the size of the larger grains at a rate much faster than normal grain growth. 

Undissolved microalloying precipitates provide a pining force to grain boundaries to prevent 

grain growth; however, coarsening or dissolution of those precipitates could have resulted in the 

abnormal growth in hot rolled HSLA steels [27].  

The principle of grain coarsening temperature (the temperature at which abnormal or 

discontinuous growth occurs) was developed and analyzed by Cuddy and Raley [30] in order to 

acquire the refined unimodal grain size distributions. They concluded that the type and 

concentration of microalloying elements affect the grain coarsening temperature, and the grain 
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coarsening temperature increases when the temperature for dissolution of the microalloying 

additions increases. 

2.2.3 The Effect of Finishing Rolling Temperature 

The finishing rolling temperature (FRT) affects the ferrite grain size of hot rolled steels. FRT for 

each material is normally fixed depending on the chemical composition and the desired 

mechanical properties of the material.  

When FRT is in the recrystallized austenite region, a fully recrystallized austenite microstructure 

is generated, and it transforms to a recrystallized ferrite in subsequent step. Since ferrite 

nucleates from austenite grain boundaries, the grain size of ferrite microstructure depends on the 

grain size of recrystallized austenite, and FRT does not have a strong effect on the grain size of 

ferrite [21]. This is consistent with the results from Zajac et al. [31], they indicated that the FRT 

has a weak effect on grain refinement when it is above recrystallization temperature since 

austenite is recrystallized and uniform before transformation. 

When FRT is below recrystallized austenite region, elongated austenite structure containing 

deformation bands are produced since austenite cannot recrystallize after rolling [31]. Ferrite 

nucleates on both austenite grain boundaries and deformation bands, and a refined ferrite 

microstructure is obtained [32]. 

When FRT is on the boundary of the recrystallization and unrecrystallization region, an 

inhomogeneous austenite microstructure is generated since partial austenite is recrystallized after 
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rolling, and it results in a mixed ferrite grain sizes [33]. Furthermore, mixed ferrite grain sizes is 

one of the reason of poor toughness [34]. 

2.2.4 The Effect of Coiling Temperature 

Coiling temperature can be controlled by changing the finish rolling temperatures and water 

cooling rates. The control of coiling temperature plays a significant role in the hot rolling process 

since it affects the grain size of ferrite microstructure, and the size and distribution of 

microalloying precipitates [35, 36].  

Park et al. [37] characterized the microstructures of HSLA steels with different microalloying 

additions at different coiling temperatures of 500, 620, and 700℃. As shown in Figure 4, 

average grain size increased as coiling temperature increases. Only ferrite grains were observed 

for all materials. Equiaxed ferrite grains were observed under the coiling temperature of 700℃, 

and elongated ferrite grains observed under 500℃, which indicates low temperature ferrite 

formation; moreover, in steels TiW and NbW, larger precipitates existed on grain boundaries 

under the coiling temperature of 700℃ (Figure 5). Zhao et al. [38] also found the microstructure 

containing elongated ferrite grains at low coiling temperatures, and polygonal ferrite grains were 

observed at high coiling temperatures, which are consistent with the results obtained by Park et 

al. [37]. 
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Figure 4 Average grain size of the steels as a function of coiling temperatures [37] 

 

 

 

 

Figure 5 SEM micrographs of steels with different microalloying additions under coiling 

temperature of 500℃ and 700℃ [37] 
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Coiling temperature has more significant effect on the precipitation of microalloying elements 

when compared to other hot rolling parameters [39, 40]. Park et al. [37] found that lower coiling 

temperature resulted in smaller precipitates due to the following reasons: (1) more microalloying 

precipitations nucleated due to higher thermodynamic driving force, (2) low precipitate growth at 

lower temperature and (3) ferrite matrix has higher dislocation density that can act as 

heterogeneous nucleation sites for the carbides. Challa et al. [41] approved that the size of 

precipitates decreases for lower coiling temperatures. They compared the precipitation behavior 

at the coiling temperatures of 579℃ and 621℃. The precipitates formed at 579℃ were more 

refined and uniformly distributed when compare to 621℃. Moreover, the finer precipitates 

nucleated during coiling process helped the strengthening in steels, and uniform distribution of 

precipitates improved the impact toughness. Therefore, they concluded that lower coiling 

temperature helped to achieve the best combination of strength and toughness, and this was a 

result of the refinement and uniform distribution of precipitates. 

2.2.5 Different Types of Precipitates Generated at Different Steps 

The precipitates in most Ti-Nb HSLA steels can be classified into three types. Type 1 

precipitates are relatively coarse, and in spherical and ellipsoidal shape, and their sizes are in the 

range of 230-400 nm. They are undissolved Ti and Nb additions during the slab reheating 

process. Type 2 precipitates size range from 80-140 nm, which is relatively small. These 

precipitates are separated during rolling process, and helps the grain refinement. Smallest type 3 

precipitates are in spherical shape, and their sizes range from 15-30 nm, and they have strong 

effect on precipitation strengthening [42-45].        
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2.3 The Effects of Microstructure on Mechanical Properties. 

The effect of microstructure on the strength of hot rolled HSLA steel is not direct. They are 

delivered by the following strengthening mechanisms: grain size refinement, precipitation 

hardening effect, and dislocation hardening. 

The grain size of ferrite microstructure, and the sizes and distributions of precipitates have 

significant influence on the mechanical performance of HSLA steels.  

Zajac et al. [31] indicated that the yield stress of HSLA steels increased as ferrite grain size 

decreases. The mechanism is divided into two parts. First, grain boundaries can prevent and 

delay dislocation motion when deformation occur, and smaller grains have greater ratio of grain 

boundary to dislocations. Therefore, the stress required to generate dislocation is increased. 

Moreover, the atom in each grain has its own preferred to glide plane. When the stress coincide 

with the slip plane, dislocation motion will be facilitated. So, yield strength is increased with 

more refined grains due to the different orientation of grains, and discontinuity of slip planes 

from one grain to another [46,47]. 

Microalloying precipitation strengthening plays an important role on the mechanical properties 

of HSLA steels. Smaller precipitate size generally raises the strength of HSLA steels by 

increasing the distribution density of the precipitation. Moreover, the uniform distribution of 

precipitates also helps to enhance impact toughness [41]. A similar conclusion was obtained by 

Park et al. [37], where they found that the strength decreased as the size of precipitations 

increase because of the increase in the mean distance between the precipitates. 
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The effect of phosphorus (P) on mechanical performance is also studied since the main 

difference between the CT500 and CT540 materials from chemical analysis is the percentage of 

P. several studies on different type of steels all indicated that higher percentage of P significantly 

increases yield strength because of the strengthening effect of P. However, because of the 

embrittling effect of P, the brittleness of ferrite increases with increasing phosphorus percentage 

and resulting in the decrease of toughness during the impact testing [48-50]. 

2.4 Low Temperature Impact Testing 

When a material is intended to be used under high pressure and cold weather, superior low 

temperature toughness becomes crucial in order to maintain structural integrity at low 

temperatures. Therefore, several types of impact tests have been developed, such as the Charpy 

V-Notch (CVN) test and drop weight tear test (DWTT). Impact testing measures the amount of 

energy absorbed by the specimen during fracture which can be used to evaluate the ductile-brittle 

transition temperature and resistance to propagation of brittle fracture of the material [51].  

2.4.1 Charpy V-Notch Test 

The Charpy test is named after Georges Charpy, a French engineer and scientist who developed 

and standardized the test method in the early 1900s. In a Charpy test, a fixed weight pendulum 

swings from a preset height and impacts a notched bar from the opposite side of the notched 

location according to the ASTM E2298 (Standard Test Method for Instrumented Impact Testing 

of Metallic Materials) standard. The test specimen should be kept in a temperature-controlled 

bath for several minutes until it reaches the designated test temperature when testing is 
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conducted below room temperature. The standard Charpy-V notch (CVN) specimen is 55 mm in 

length and 10 mm square in cross section. The size and shape of the CVN specimen notch is 

standardized. The machined notch should be 2 mm in depth, and has a tip radius of 0.25 mm 

(Figure 6). The purpose of V shaped notch is to concentrate the stress to initiate the fracture start 

from the notch. There is also a smaller size Charpy specimen available. However, the energy 

absorption evaluation is dependent on the size of specimens since smaller specimen will absorb 

less energy for the same material. The energy absorption during the impact is also referred as the 

impact toughness of the material.  CVN test are conducted within a range of temperatures that 

capture the ductile fracture behavior of the material (high energy absorption) at higher 

temperatures to the brittle fracture (low energy absorption) at low temperatures.  The region 

between the fully ductile and brittle temperatures is referred to as the ductile-brittle transition 

zone across a set of temperatures in which both ductile and brittle fracture occurs as shown in 

Figure 8. 
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Figure 6 Schematic of Charpy test specimen [51] 

 

For rolled steels, the orientation of the specimens should be considered since specimens notched 

parallel or transverse to the rolling direction could lead to a difference in impact toughness [52-

54].  The orientations of CVN specimens can be parallel or perpendicular to the rolling direction, 

as shown in Figure 7 [55]. Specimen T-L is perpendicular to the rolling direction and its notch 

points in the rolling direction. Specimen L-T is parallel to the rolling direction and the notch 

points perpendicular to the rolling direction. The results obtained by Haskel et al. [55] for an 

HSLA grade of pipeline steel (API-X70) showed a notable dispersion of energy absorption 

values for the L-T specimens when compared to the T-L specimens, and the dispersion is more 

pronounced at low temperatures. The specimens in the L-T direction have higher absorbed 

energy at all temperatures compare to T-L specimen. Moreover, Specimens L-T showed lower 

values of transitions temperature from -36°C to -57°C, while the specimens T-L showed a higher 
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range of the transition temperature values from -8°C to -36°C (Figure 8). This is consistent with 

the results obtained by Salimi et al [56]. They also found that the specimens in the L-T direction 

absorbed more energy than the specimen in T-L direction. Furthermore, as the index of banding 

increases, the impact energy decreased for L-T specimen, while it increased for T-L specimen. 

 

Figure 7 Schematic drawing of the orientation notch specimens [55] 

 

Figure 8 Charpy impact testing in different orientations as a function of temperature [55] 

2.4.2 Drop Weight Tear Test 

The drop-weight tear test (DWTT) was developed by the Battelle Institute of the United States in 

the mid-1960s [57] and is standardized as ASTM E436 (Standard Test Method for Drop-Weight 

Tear Tests of Ferritic Steels). The DWTT is conducted by dropping a known weight vertically.  
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The hammer at the end of the weight impacts a notched specimen as shown in Figure 9 and 

completely fractures the specimen. The specimen is 76.2 mm in height, and 305 mm in length, as 

shown in Figure 9 [3]. The main difference between the CVN and DWTT is that CVN specimen 

has a standardized geometry, while the DWTT uses specimens that are directly cut from a steel 

coil and the thickness is not reduced.  DWTT specimens are also significantly larger and require 

considerably more energy to fracture a specimen. Unlike the CVN test, where the absorbed 

energy is measured, the DWTT is quantified by measuring the percent shear area of the specimen 

fracture surface according the ASTM E436.  If the specimen fracture surface exhibits a 100% 

shear fracture, it is considered to have fractured in a fully ductile manner.  As the testing 

temperature reduces to 0% shear, the appearance of the fracture surface will be bright and 

crystalline in appearance.  Much like the CVN test, there is a ductile-brittle transition zone where 

the percent shear will be less than 100% and greater than 0%.  It is obvious that this method of 

characterizing the % shear of the fracture surface is subjective and operator dependent. 

 

Figure 9 Schematic of DWTT Specimen [3]. 
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It has been reported that the ductile-brittle transition temperature of the CVN specimen is lower 

than the original full size pipeline steel which results in a non-conservative prediction. Therefore, 

the DWTT can evaluate full scale ductile-brittle transition temperature and the resistance to 

brittle fracture more accurately [58,59]. Moreover, DWTT specimens have been used for fracture 

propagation behavior evaluation since the specimen provides a longer fracture path compare to 

CVN specimens [51]. Resistance to propagation of ductile fracture is evaluated by the shear area 

fraction of DWTT specimen. The specimen is considered to have sufficient toughness when 

shear area fraction value is more than 85%. Cleavage fracture must be initiated at the notch tip 

since DWTT is used to evaluate the resistance to brittle fracture propagation. Brittle fracture 

should be observed at the tip of notch for valid specimens except those specimens that shown 

ductile fracture through the entire fracture surface (100% shear). Specimens are considered to be 

invalid if ductile fracture is observed at notch tip, and then changes to brittle fracture. This type 

of phenomenon is called abnormal fracture. As the increase in toughness of pipeline steel, the 

pressed notch DWTT specimen is recommended only for low toughness steel, so the specimen 

with a chevron notch is developed for high toughness steel. However, abnormal fracture cannot 

be completely eliminated with chevron notched specimens [60,61,62]. Therefore, it is important 

to recognize abnormal fracture to avoid any invalid specimens and test results. 
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3 Experimental Methods 

In this chapter, the material, experimental equipment and methodology used to conduct the 

microstructural characterization, impact testing and damage evolution studies is outlined. 

3.1 Materials and Equipment 

All of the materials and equipment used to conduct the experimental work are described below 

for completeness. 

3.1.1 Materials 

The steel chemistry and equipment/methods used to prepare the metallographic specimens are 

included in this section. 

3.1.1.1 HSLA Steel  

The material investigated in this work was a hot rolled HSLA steel which conforms to the CSA 

grade of 350WT from the G40.20-13 / G40.21-13 material specifications.   The nominal 

thickness of the plate material was 12 mm. Multiple coils were produced, using different heats 

and consistent reheating and finish rolling temperatures. The only difference between two of the 

coils is the coiling temperature, which was 540℃ and 500℃. The nominal chemical composition 

of the HSLA steels is given in Table 1. Mn in the table can form sulfide (Mns) with sulfur, which 

will be talked about in EDX chemical analysis section, Moreover, Mn can also increase the 

strength of the steel. The purpose of adding Al is to remove the oxygen in the steel since some 

oxide dissolved in the steel could affect the mechanical performance. 
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Table 1 CSA G40.21 50WT steel Chemistry (wt.%) 

 C Mn P S Si Cu Ni Cr Mo V Cb Ti Al Sn N 

Aim 0.06 0.90         0.025  0.030   

Min 0.05 0.80         0.015  0.020   

Max 0.07 1.00 0.018 0.008 0.05 0.08 0.08 0.08 0.05 0.08 0.035 0.005 0.060 0.03 0.008 

 

3.1.1.2 HSLA Steel Specimens used in this Study 

It must be made clear at this point that all of the characterization and testing conducted in this 

work for the 500℃ coiling temperature material conditions was based on a fractured DWTT 

specimen that was tested by Stelco prior to the initiation of this project.  The tested DWTT 

specimens are shown in Figure 10 and the identifications written on the specimens refer to the 

two different coil numbers (#1 and #2). From coil #1, there was a 100% shear and 0% shear 

specimen that are referred to as Coil 1_100% and Coil 1_0%, respectively. These two 

specimens will be the focus of Part 2 of this study. It is also worth noting that these two 

specimens were cut from the same strip that was extracted from the coil, therefore the DWTT 

results were expected to be consistent, rather than what was observed during testing (0% and 

100% shear). The tested DWTT specimen from coil #2 exhibited 100% shear and will be 

referred to as Coil 2_100%.  

A single untested DWTT specimen was supplied for the CT540 material condition.  Since this is 

the only material condition which represents a different coiling temperature, it will be simply 

referred to as CT540 and will be the focus of Part 1 of the study as it will be compared against 

the 500℃ coiling temperature specimen Coil 1_100%. 
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Tensile testing of these materials was conducted by Stelco during coil production.  The tensile 

properties of these steels is shown in Table 2 and represent an average value across a number of 

repeat tests.  In general, the average yield, tensile strength and elongation of the 500C coiling 

temperature materials was greater than the 540C material condition, which would be expected if 

the microstructure was refined for the lower coiling temperature materials as discussed in section 

2.2.4.  It must be noted that the tensile testing specimens that resulted in the data presented in 

Table 2 were not extracted from the same location as the specimens that will be examined in this 

work, therefore the precise tensile properties of the specimens that will examined are unknown.  

The limited material availability from the tested DWTT specimens did not allow for tensile 

specimens to be extracted from the tested DWTT specimens. 

 

Figure 10 A photograph of the specimens received for evaluation of the 500C coiling 

temperature material condition. 

Coil 2_100%

Coil 1_100%

Coil 1_0%
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Table 2 Tensile testing results provided by Stelco 

Material Condition 

Coiling 

Temperature 

(C) 

Yield Strength 

(MPa) 

Tensile Strength 

(MPa) 

Total 

Elongation (%) 

Coil 2_100% (mat 4) 

500 

446 532 31 

Coil 1_0% (mat 1) 
401 514 32 

Coil 1_100% (mat 2) 

CT540  (mat 3) 540 425 510 19 

 

3.1.1.3 ICP Chemical Analysis 

Inductively Coupled Plasma (ICP) analysis, is a chemical analysis method which is used to 

identify both trace amounts and major concentrations of most elements related to metallic 

samples.  The techniques require the steel specimens to be dissolved in acid and then vaporized 

using a plasma torch.  Atomic emission spectroscopy is then used to identify the elemental 

composition of the steel. This chemical analysis was conducted according to ASTM standards 

(D1976-18Mod and E1019-18) on the Coil 1_0%, Coil 1_100%, and CT540 specimens by 

Element Materials Technology in Cambridge Ontario.  This was a bulk material analysis that 

was conducted at the 4x location of these three materials as discussed by in the proceeding 

section 3.2.1 and shown schematically in Figure 12. The results of the analysis are shown in 

Table 3 below.  

Table 3 -  ICP chemical analysis results 

 

Coil 1_0% (mat 1_4x)

Coil 1_100% (mat 2_4x)

CT540 (mat 3_4x)

Coil 1_0% (mat 1_4x)

Coil 1_100% (mat 2_4x)

CT540 (mat 3_4x)

Material Name
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3.1.1.4 DiaPro Suspension 

Struers DiaPro diamond suspension solutions were used for different polishing steps of specimen 

preparation. These water-based suspension solutions contain diamond particles. Three different 

suspension solutions (9 µm, 3 µm and 1 µm) were used for the three different polishing steps 

used in this work. 

3.1.1.5 Etchant Nital 

An etchant needs to be used in order to identify the microstructure and phase composition of 

each hot rolled HSLA steel. The etchant nital was used as described in the ASTM standard 

E407-07 Etchant #74a procedure for Iron based steels [63]. A 3% nital solution was produced by 

mixing 97% ethanol and 3% nitric acid. The nital was applied on the specimen for 8-10 second 

to reveal the grain boundaries. The ability of nital to attack iron more than the carbon rich steel 

constituents made this etchant suitable for the optical and scanning electron microscopy (SEM) 

that was used in this work. 

3.1.2 Equipment 

3.1.2.1 Digital Optical Microscope 

The optical microscope used in this work was a Keyence VHX-5000 digital microscope. The 

digital microscope can reach up to 2500x magnification, which is sufficient for the quantification 

work in subsequent image processing steps. Moreover, this digital microscope has a built-in 

software which was used to draw measure lines in order to measure the grain size for intercept 

method in this work. 
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3.1.2.2   Field Emission Scanning Electron Microscope (FE-SEM) 

An FEI Quanta 250 FE-SEM was used to generate high-resolution micrographs of the material 

conditions used in this work. These micrographs were used to identify the inclusions and 

different phases (ferrite, pearlite, and possible cementite) within the hot rolled HSLA steels. 

3.1.2.3 EDX Chemical Analysis 

A Joel JSM 6460 SEM with an Oxford Instruments Energy Dispersive X-Ray (EDX) 

Spectroscopy unit was used to conduct chemical analysis on inclusions that were observed in the 

HSLA steels studied in this work. 

3.1.2.4 Wet Cut Saw 

A Struers wet cut saw was used to cut the steel strips into small pieces without overheating the 

cutting surface. 

3.1.2.5 Hot Mounting 

A Struers hot mounting machine was used to hot mount the specimens using Polyfast, which is 

the Struers conductive phenolic mounting resin. 

3.1.2.6 Polishing System 

A Struers LabPol-20 specimen polisher, with a LaboForce 50 semi-automatic polishing head was 

used to grind and polish the specimens. The polisher can polish multiple specimens at the same 

time, and RPM and applied pressure on specimens are adjustable. 
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3.1.2.7  Ultrasonic Bath 

A Fischer Scientific M1800 1.9L Ultrasonic Bath was used to clean the specimens after each 

polishing step. The specimens were submerged in 99% ethanol contained in a beaker and cleaned 

in the bath in order to shake the coarser polishing suspension particles off the polished surface to 

prevent the contamination of subsequent polishing steps. 

3.2 Experimental Procedure 

In this section, the experimental procedure used to prepare and characterize the metallographic 

specimens is outlined. 

3.2.1 Specimen Preparation for Metallography  

Based on the CT540 and CT500 specimens discussed in section 3.1.1.2 , the four different 

material conditions will be referred to the simplified shorthand (mat 1 to mat 4) throughout the 

remainder of this these as shown in Table 4. 

Table 4 Material Condition Naming Legend 

Specimen Name used in Thesis mat 1 mat 2 mat 3 mat 4 

Original Specimen Name Coil 1_0% Coil 1_100% CT540 Coil 2_100% 

Coiling Temp. (C) 500 500 540 500 

%Shear 0 100 NA 100 

 

The tested DWTT specimens (and untested mat 3) were divided into 7 equal sections from 

bottom to top (Figure 11). The bottom is where the notch is located, and the top is where the 

specimen was impacted. The specimens were cut into strips using the wet cold cut-off saw, and 
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then a precision wet cut saw was used to cut the strips into 7 equal sections along the marked 

lines.  

 

Figure 11 DWTT Specimens for Coil 1_0% (mat 1) and Coil 1_100% (mat 2). 

 

Figure 11 schematic illustrates the specimens cut from the fracture surface strip were named 1 to 

7 from bottom to top respectively. These specimens contained a portion of the fracture surface.  

Smaller specimens were prepared from a section behind the fracture surface and denoted as 

specimens 1x to 7x from bottom to top respectively.  These specimens represented the 

undeformed material condition and were used to quantify and characterize the microstructure.  

The mounted surface used for metallographic examination is indicated for all of these specimens 

in Figure 12.  Moving forward, these specimen locations (1  7 and 1x  7x) will be added to 

the material condition naming designations as outlined in Table 4.  For example, when 

discussing the microstructure of mat 3 at location 4x, a reference to mat 3_4x will be made. 

Coil 1_0%

Coil 1_100%
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Figure 12 A schematic of the tested DWTT specimens that were sectioned for metallographic 

examination. 

 

The cut pieces were first hot mounted and then ground using a Struers 80 grit MD-Piano abrasive 

pad. After this the specimens were polished in 3 subsequent steps: 

• 5 min polish using 9 µm diamond suspension at 200 RPM polishing speed and 10 N polishing 

force 

• 3 min polish using 3 µm diamond suspension at 200 RPM polishing speed and 10 N polishing 

force 
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• 1 min polish using 1 µm diamond suspension at 200 RPM polishing speed and 5 N polishing 

force 

Between each polishing step, the specimens were cleaned by 99% ethanol and then ultrasonically 

cleaned within an ethanol bath at least 5 minutes to prevent subsequent contamination. 

After the specimens were polished, the steel needed to be etched in order to make the grain size 

measurements. The specimens were then etched and immediately rinsed with 99% ethanol to 

prevent over etching.  

3.2.2 Grain Size Investigation 

For the grain size investigation, specimen location 1x, 4x, and 7x were examined for mat 1, mat 

2, and mat 4.  This was done to check the grain size distribution along the width of the DWTT 

specimens.  Only specimen location 4x was observed for mat 3.  It should be noted that each of 

these specimens were examined at the top, middle, and bottom sections through its thickness, 

and each section is ~1000 um as depicted in the figure 13 inset. High resolution (2500x zoom) 

optical micrographs were created using the Keyence VHX-5000 digital microscope. Large areas 

were examined using the stitching feature of the microscope.  

Once the micrographs were obtained, the simple intercept method was applied to measure the 

grain size distribution from the top, middle and bottom of the specimen. The microscope features 

a built-in measurement software that was used to draw lines of a known distance at 20 µm 

location intervals for the top and bottom sections. For the middle sections, the intercept method 

was applied for 100 µm intervals because the grain size variation is less pronounced in the bulk 
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(middle) of the materials. At every location interval, the average grain diameter was calculated 

by dividing the known length of the intercepting line (~350 m) by the number of intercepts. An 

example of the average grain diameter distribution for specimen mat 1_1x is shown in Figure 13. 

A simple polynomial/linear function is fit to the data at each section for conversational purposes. 

 

Figure 13 The average grain diameter distribution for mat 1_1x. 

 

Individual grain size variations were measured in middle section of 1x, 4x and 7x specimens for 

all materials and the micrographs were post processed using the Clemex image processing 

software (Clemex Vision Lite) in order to obtain the ASTM grain size variation. The optical 

images were first processed in GIMP which is an image processing software. GIMP can generate 

an additional transparent layer over the original optical image, and the grain boundaries were 

draw manually on the layer. Although this is a manual exercise, it was necessary in order to 

accurately reproduce the grain boundaries since thresholding techniques were unable to detect 
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for the entire micrographs.  These post processed micrographs provided a clearer and high 

quality image that resulted in excellent individual ASTM grain size measurements using the 

Clemex software. Figure 14 is an example of a manually post processed micrograph that was 

used to measure the individual ASTM grain size variation for that particular microstructure using 

the Clemex software.    

  

Figure 14 Original micrograph and post processed image for ASTM grain size measurement 

3.2.3 SEM Microstructure Characterization 

The etched specimens from mat 1 and mat 2 were taken to SEM for microstructure 

characterization. Points of interested were selected and characterized under the magnification 

ranged from 4000x to 16000x. 
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3.2.4 Initial Porosity Measurement 

Once the grain size and microstructure investigations were finished, the 1x, 4x, and 7x 

specimens were re-polished without etching in order to measure the initial porosity due to voids 

and inclusions. It should be noted here that in this work, the term initial porosity refers to three 

distinct features that were indistinguishable using the available optical microscopy methods.  The 

three features include (1) the initial voids created by the steel making process (2) the inclusions 

which remained after polishing and (3) the voids that were created by pulled out inclusions 

during the polishing process. Having said that, it is assumed that the initial porosity measurement 

most likely represents the inclusion content of each specimen that was analyzed. 

Using the carefully as-polished surface, the digital optical microscope was used to create a large 

stitched image. The images were then post processed using GIMP to calculate the initial porosity 

area fraction for the top, middle, and bottom sections. The pores were darkened, while the rest of 

the surface area remained white by adjusting the brightness and contrast settings in GIMP. Next, 

the pores were assigned the RGB red colour, while the rest of the area was filled in RGB green. 

The software was then used to count the number of red pixels and divided by the total pixels in 

that image to obtain the initial porosity area fraction value. An example of the initial and post 

process porosity images are shown in Figure 15. 
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Figure 15 The comparison between original image and post processed GIMP image that was 

used to quantify porosity 

3.2.5 Fracture Surface and Damage/Void Characterization 

The fracture specimens (mat 1_1 and mat 2_1) which is at the notch of the tested DWTT 

specimen was cut into two equal pieces through the mid-thickness and the bottom surface was 

mounted and polished for metallography (see Figure 12). The initial porosity away from the 

notches was measured.  

The fracture specimens (mat_1_4 and mat 2_4) which is at the mid-width of the tested DWTT 

specimen was mounted and polished as shown in Figure 12. These specimens were first observed 

using the digital optical microscopy for initial porosity and then they were etched for SEM 

void/damage characterization. 

200um
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3.2.6 Instrumented Charpy V-Notch (CVN) Testing 

Instrumented Charpy V-notch (CVN) testing was conducted by the Natural Resources Canada – 

Canmet MATERIALS research facility in Hamilton, Ontario. A total of 10 CVN specimens were 

machined from the CT500 specimens (mat 1 and mat 2) and 15 CT540 (mat 3) specimens were 

machined from the tested DWTT specimens as indicated in the figure 11 schematic.  It should be 

noted that these specimens were all cut in the transverse direction (T-L) as shown in Figure 7. 

The specimens met the standard CVN specimen size of 55 mm in length and 10 mm x 10 mm 

cross section and were machined at the University of Guelph, and then tested at Canmet. The 

CVN testing apparatus and the specimen cooling system are shown in Figure 16 and 17. This 

particular apparatus is capable of measuring the impact load vs. displacement during the test. 

The CVN test temperatures for all of the materials are presented in Table 5. Also presented in the 

table are the total number of repeat tests that were conducted for each of the materials.  Due to 

limited material supply and project budget, the mat 1 and mat 2 materials could only be tested 

down to -45C, while there was sufficient material to test mat 3 down to -60C. The total and 

initial (up to 5 mm of displacement) impact energy absorption were quantified to characterize the 

impact behavior.  



 

 

37 

 

 

Figure 16 Instrumented CVN apparatus at Canmet 

 

 

Figure 17 Specimen cooling system at Canmet 
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Table 5  Number of CVN repeat tests 

 

 

3.2.7 Void Accumulation Measurements 

In an effort to quantify the ductile damage evolution for mat 1, mat 2 and mat 4, the CVN 

specimens tested at 0℃ of which all failed in a ductile manner were examined using optical 

microscopy. The reduced (necked) region of each tested CVN specimen was mounted and 

polished. A high resolution tiled optical image was then generated of the specimen and divided 

into four sections, each having a width of about 1000 m. By calculating the average thickness 

strain for each of the sections, the void accumulation with respect to thickness strain can be 

determined.  Void area fractions were quantified for each section with GIMP as described for the 

initial porosity measurement in section 3.2.4. Moreover, the void density (# of voids/mm2) was 

also quantified for each section using the image processing software ImageJ. 

  

Test Temp. 0 C -15 C -35 C -45 C -60 C

mat 1 2 2 3 3 0

mat 2 2 2 3 3 0

mat 3 3 3 3 3 3
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4 Results and Discussion 

The objectives of this thesis were separated into two parts. The Part 1 objective was to 

characterize the effect of the coiling temperature (500 and 540C) on the microstructural, impact 

and damage behavior of the HSLA steel provided for this work.  Part 2 focused on investigating 

the low temperature (-35C) sporadic DWTT fracture behavior of the HSLA steel for a material 

produced using a coiling temperature of 500C.  A summary of the characterization work 

conducted to complete these two parts is presented in Table 6.  The proceeding sections will be 

separated into the two major project parts as described above. 

Table 6 The summary of characterization work 

Characterization Part mat 1 mat 2 mat 3 mat 4 

Optical Average Grain Size Distribution  1 & 2     

Optical ASTM Grain Size Variation 

(Clemex) 
1 & 2     

Optical Initial Porosity Measurements 1 & 2     

EDX Chemical Analysis of Inclusion 2   x  x 

SEM Microstructure Characterization for 

Non-Deformation Region 
2   x x 

SEM Notch Microstructure 

Characterization 
2   x x 

SEM Void Characterization 2   x x 

Instrumented Charpy V-Notch Testing 1 & 2    x 

Void Accumulation (CVN specimens) 1 & 2    x 
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4.1 Part 1 - The Effect of Coiling Temperature 

In this part, mat 2 (500C coil temp.) and mat 3 (540C coil temp.) will be examined. First, the 

average grain size distribution (intercept method) and grain size variation (Clemex) were 

characterized. Second, the initial void area fraction was quantified with GIMP. Third, the total 

energy absorption and initial (0 - 5mm displacement) energy absorption of the CVN test were 

analyzed, and then void accumulation was discussed.  

4.1.1 Average Grain Size Distribution 

An optical micrograph of the top and mid surfaces for both mat 2_4x and mat 3_4x specimens is 

shown Figure 18. As expected, this grade of low carbon HSLA steel consists of primarily ferrite 

(white phase) and pearlite (dark phase).  The dark phase can also represent some form of 

carbides that will be discussed in Part 2, where SEM microscopy was used to characterize the 

specimens. Qualitatively, there appears to be a refinement in the grain size for both specimens at 

the top surface of the specimens.  The grain size increases as the location moves away from the 

top surface, towards the middle location.  At the mid location of the specimen thickness, the 

grain size appears to remain consistent for both materials and consists of primarily polygonal 

ferrite. 

The average grain size distributions were quantified using the intercept method, as shown in 

Figure 19.  Refer to the Figure 13 schematic for additional information on top, middle and 

bottom location details. An increase in grain size is observed for the first ~1000 m away from 

the top and bottom surfaces for both mat 2_4x and mat 3_4x. Grain refinement at the top and 
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bottom surface is caused by higher cooling rates on the surfaces when compare to the middle of 

the plate thickness during water cooling; furthermore, the difference in grain size between the 

inner and outer layers becomes greater for higher gauge products [64, 65]. The average grain 

diameter for mat 2_4x is ~7.5 µm at the mid location and ~5 µm at the top and bottom surfaces 

of the steel. The average grain diameter for mat 3_4x is ~10 µm at the mid location and ~7 µm 

at the top and bottom surfaces of the steel.  This difference in grain size is a direct result of the 

coiling temperatures used to produce these two steels as reviewed in section 2.2.4.  The higher 

coiling temperature of 540C for mat 3 results in a lower overall cooling rate of the entire coil 

after production.  This lower cooling rate promotes ferrite grain growth. 
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Figure 18 Optical image comparing grain refinement of mat 2 and mat 3 
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Figure 19 Average grain size distribution for mat 2_4x and mat 3_4x 

 

4.1.2 Average Grain Size Variation 

Grain size variations were investigated at the middle of the plate thickness for the mat 2_4x and 

mat 3_4x specimens to confirm if there is a bimodal grain size distribution. Figure 20 shows the 

post processed images of mat 2_4x and mat 3_4x specimen at middle location under 2500x 

magnification and Figure 21 shows the quantified ASTM grain size distribution. Since a smaller 

ASTM number represents the larger grain size, the number of mid to large-size grains (ASTM# < 

14.5) are consistent between mat 2 and mat 3, while the mat 2 specimen consists of more small-

size grains when compare to mat 3 for ASTM grain sizes greater than 14. Overall, mat 2 contain 

more grains when compare to mat 3 for an equivalent area of interest. This means that the 
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average grain size of mat 2 is smaller than mat 3, which is consistent with the results obtained 

from intercept method.  

 

Figure 20 Post processed grain size variation images of the middle section for mat 2_4x and 

mat 3_4x 

 

Figure 21 Grain size variation of mat 2_4x and mat 3_4x 
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The grain size variation measurements do not show any strong evidence of a bimodal grain size 

distribution for either of the two materials. This unimodal distribution could be attributed to the 

low slab reheating temperature of ~1030℃ for both mat 2 and mat 3. This is consistent with the 

results obtained by Roy et al. [27] and Chakrabarti et al. [28]. There are enough undissolved 

precipitates distributed throughout to provide uniformly distributed pinning force to austenite 

grain boundaries at the reheating temperature of ~1030℃.  

 

4.1.3 Initial Porosity Quantification  

Initial void area fraction was measured at the top, middle, and bottom locations of mat 2_4x, and 

mat 3_4x. The reader should be reminded that these porosity measurements refer to the initial 

void count and the inclusion content of these material conditions as discussed in section 3.2.4. 

The pores were identified with GIMP, and the red color represented the initial porosity, as shown 

in figure 22 for the middle location only. Qualitatively, it can be seen that mat 2 has more and 

larger pores compare to mat 3. This is consistent across the thickness of the DWTT specimens 

from which the top, middle and bottom measurements were made.  The quantified initial 

porosities are shown in Figure 23 and reveal that the average initial porosity (for three locations) 

for mat 2_4x was 0.046 and 0.016 for mat 3_4x. Both material conditions show the same trends 

along their thickness, in which the middle location had the lowest porosity area fraction value 

compare to the top and bottom locations. The average initial porosity density (/mm2) for mat 2 

and mat 3 was 40 and 11, respectively.  When considering pores greater than 15 um2, mat 2 and 

mat 3 consisted of 6 and 1 of these large pores per mm2, respectively. This suggests that mat 2 
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consisted of more and larger voids/inclusions than mat 3. However, it is counter to the results 

obtained by Challa et al. [41], where they indicated that the size of precipitates decreases for 

decreased coiling temperature. Since the voids could be caused by precipitates and inclusions, 

mat 2 should have had lower void size and area fraction compare to mat 3 due to the low coiling 

temperature.  

These large pores/inclusions could influence the mechanical properties of mat 2 because ductile 

fracture (which is driven by void nucleation, growth and coalescence at hard particles) is 

strongly influenced by the effect of particle-matrix micromechanical interactions. The lower 

initial porosity of mat 3 could allow it to potentially resist fracture (and deform more) when 

compared to mat 2 [66,67]. 

 

 

 Figure 22 Post processed initial porosity images of mat 2_4x and mat 3_4x 
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Figure 23 Initial porosity measurement for mat 2 and mat 3 at the top, mid, and bottom 

locations 

4.1.4 CVN Impact Testing 

4.1.4.1  CVN Impact Results 

In order to characterize the effect of coiling temperature on impact behavior, the total and initial 

(up to 5 mm) impact energy absorption were quantified for mat 2 and mat 3. The results of total 

energy absorption were generated automatically by the testing equipment. As shown in figure 24 

and 25, each open symbol represents the result of a repeat test, and the solid symbols represent 

the average of these repeat tests.  
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Figure 24 Total energy absorption of mat 2 

 

Figure 25 Total energy absorption of mat 3 

The tests for mat 2 were more repeatable at the higher temperature range of 0 and -15C, as 

shown in the resultant impact test force-displacement (F-D) curves in Figure 26 and Figure 27.  
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The two tests conducted at 0C were fully ductile (upper shelf) as shown by the continuous F-D 

curves, while the -15C tests were split between fully ductile test and mixed ductile-brittle 

behavior (transition region) test as indicated by the continuous F-D that exhibited a sudden drop 

in force at approximately 8 mm of displacement.  At -35C, which is the DWTT temperature of 

importance, the three repeat tests resulted in a fully ductile failure, a ductile-brittle test and a 

fully brittle (lower shelf) test which is indicated as a sudden rise and drop in the F-D curve 

shown in Figure 28.  Based on the limited testing conducted in this work, the three tests 

conducted at -35C resulted in a very sporadic impact behavior, which matches with the 

observed and sporadic DWTT results that were conducted for this material by Stelco. At -45C, 

one test failed in a ductile-brittle manner, while two tests exhibited brittle failure.   

The repeatability of the mat 3 tests was excellent for all of the temperature ranges tested as 

shown in figure 25. Fully ductile (upper shelf) fracture was observed for all of the tests 

conducted at 0C and -15C as shown by the continuous F-D curved in Figure 26 and Figure 27. 

Ductile-brittle (transition region) failure was observed for all of the -35C tests as shown Figure 

28, while ductile-brittle and fully brittle (lower shelf) results were observed at -45C as shown in 

Figure 29. The excellent repeat ability of the -35C transition region tests does not match with 

the observed DWTT results, in which fully ductile (100% shear) and fully brittle (0% shear) 

results were observed. 
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Figure 26 Force vs displacement for mat 2 and mat 3 at 0℃ 

 

Figure 27 Force vs displacement for mat 2 and mat 3 at -15℃ 
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Figure 28 Force vs displacement for mat 2 and mat 3 at -35℃ 

 

 

Figure 29 Force vs displacement for mat 2 and mat 3 at -45℃ 
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Figure 30 shows the total energy absorption comparison at different temperatures, and each data 

point is the average value of repeat tests (2 or 3) for mat 2 and mat 3. As can be seen from the 

plots, the total energy absorptions decrease as the testing temperature decreases, which shows the 

expected ductile-brittle transition region for both materials. Mat 3 appears to absorb more energy 

at each testing temperature compare to mat 2 and although there were only limited CVN tests 

conducted in this study, the F-D curves indicate that the transition from ductile to brittle 

behavior, or the start of the transition region, occurs at a lower temperature for mat 3, resulting 

in better impact performance. Since both mat 2 and mat 3 specimens were prepared 

perpendicular to the rolling direction and their notches were parallel to the rolling direction, the 

only variable is the coiling temperature and the differences in microstructure. However, this 

result conflicts with the results from Challa et al. [41]. They found that the impact toughness 

(impact energy absorption) is superior for lower coiling temperature processed materials, which 

results in a refined microstructure that absorbs more energy. Our materials do in fact show that 

mat 2 (500C coil temp.) has a more refined microstructure than mat 3 (540C coil temp.) and 

the initial impact energy is consistently greater for the mat 2 as observed from the CVN F-D 

results.  It is the transition from ductile to brittle fracture which consistently reduces the total 

energy absorption of mat 2.  Therefore, another micromechanical mechanism may play a role in 

the resultant impact results observed for these materials. One suggestion is that the high initial 

porosity (void/inclusion content) of mat 2 may have reduced the impact performance of the 

lower coiling temperature mat 2.  This will be explored by quantifying the damage accumulation 

of these fractured CVN specimens in the proceeding section. 
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Figure 30 Total energy absorption comparison of mat 2 and mat 3 

 

The initial (up to 5 mm of displacement) impact energy absorption was also calculated for all of 

the CVN impact tests conducted between 0 and -45C.  This measurement was made because all 

of the tests displayed ductile behaviour (no sudden reduction in force) up to 5 mm of 

displacement for these temperatures. This energy was calculated by quantifying the area under 

the force-displacement curve for the range of data as shown in figure 31.  The initial energy 

absorption results are plotted in figure 32. The average energy absorption of mat 2 is greater 

than mat 3, which is expected based on the refined microstructure of mat 2 and the higher 

strength of this material as shown by the nominal tensile properties in Table 2. Both materials 

exhibit a decrease in energy absorption for increasing testing temperature, which is a result of the 

thermal softening behaviour of steels that reduces strength for increasing testing temperature.  

Compared to the total energy absorption behaviour of these two materials, it can conclude that 
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although mat 3 absorbed a lower initial energy than mat 2, the total energy absorption 

throughout the entire test was greater for mat 3. This is due to the fact that mat 3 was able to 

resist fracture at the higher impact displacements when compared to mat 2 as show in figure 26-

29. The high initial porosity of the mat 2 most likely contributed to this observation and will be 

discussed in the next section.  

 

Figure 31 Force vs displacement impact test data showing the initial 5 mm of displacement used 

to quantify the initial energy absorption. 

 

 

 

For 0 to 5 mm of impact 

displacement, the initial 

energy absorption is 

calculated by quantifying 
the area under force vs 

displacement curve. 
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Figure 32 Initial energy absorption for mat 2 and mat 3 

4.1.4.2 Void Accumulations for Tested CVN Specimens 

In addition to the CVN energy absorption measurements, void accumulation measurements were 

conducted on the deformed/necked region of the 0℃ CVN specimens. These measurements were 

made to assess the damage behavior of mat 2 and mat 3 for the 0℃ specimens, which resulted 

in fully ductile fracture. For each of the two materials, three fractured specimens were examined.  

Half of a tested CVN specimen was cut at the mid-plane, mounted and polished using a 1 m 

diamond suspension.  A high resolution tiled digital optical microscope was used to generate the 

as-polished micrograph for mat 2 and mat 3 as shown in figure 33 and 34 respectively.  Each of 

these images was then divided into 4 separate areas away from the fracture surface of the 
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specimen as shown in Figure 35. Each section corresponded to a different average thickness 

strain, and it was calculated using equation [1],  

ɛ𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =
𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑡𝑐𝑢𝑟𝑟𝑒𝑛𝑡
                                      [1] 

where t represents the initial and current average thickness for each section [68]. For the three 

repeat specimens that were examined for mat 2 and mat 3, void area fraction (%) and void 

density (#/mm2) were quantified for each thickness strain.  

 

 

 

Figure 33 Optical images of 3 repeated measurements for mat 2 
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The void area fraction and density for mat 2 are presented in Figure 36 and Figure 37, 

respectively.  A simple exponential trendline was fit to each of the repeat tests as shown in the 

figures.  The void area fraction values for mat 2 range from 0.1% to 0.18% near the fracture 

surface (at ~0.16 strain) and drop to 0.03% at low strains. The void density of mat 2 ranges from 

Figure 34 Optical images of 3 repeated measurements for mat 3 

 

Figure 35 Neck region dissection 
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about 35 to 80 voids/mm². In general, the repeatability of the void area fraction and density 

measurements was excellent at the lower strain and less repeatable near the fracture surface.  

The void area fraction and density measurements are presented for mat 3 in Figure 38 and Figure 

39, respectively.  The void area fraction values for mat 3 range from 0.08% to 0.12% near the 

fracture surface (at ~0.20 strain) and drop to 0.01% at low strains. The void density of mat 3 

ranges from about 5 to 25 voids/mm². The repeatability of the mat 3 measurements was 

excellent for both the void are fraction and void density.  

 

Figure 36 Void area fraction measurements for mat 2 
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Figure 37 Void density measurements for mat 2 

 

 

Figure 38 Void area fraction measurements for mat 3 
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Figure 39 Void density measurements for mat 3 

Using the trendline equation constants that were fit to each repeat specimen measurement in 

Figure 36 to Figure 39, a single exponential curve (where constants of repeat tests were 

averaged) was generated to represent the nominal void area fraction (Figure 40) and void density 

(Figure 41) behavior for both materials.  The curves were extrapolated to 0.3 strain, which is 

beyond what was observed in the tests and shown for discussion purposes. The void area fraction 

value at the low strain level for mat 2 is about 0.03% and 0.01% for mat 3, which are consistent 

with initial porosity values obtained from section 4.1.3. The data shows that mat 3 has a lower 

void area fraction and void density with respect to thickness strain when compared to mat 2.  

This result suggests that mat 3 is more resistant to damage when compared to mat 2.  The 

noticeably higher void density of mat 2 indicates that the higher void area fraction is driven by a 

void nucleation (or formation) mechanism for this particular material, while the microstructure 

of mat 3 resists the nucleation of voids. Elevated void nucleation is an indication that new voids 
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are nucleated during plastic deformation, which typically is a result of a microstructure that 

consists of hard particles within a softer matrix.  Hard particles can consist of either inclusions or 

a microstructural phase such as martensite within a dual phase steel.  Considering that the 

microstructural composition of this HSLA steel is predominantly ferrite, it can be argued that the 

higher void nucleation observed for mat 2 may be a result of a higher inclusion content, which is 

consistent with the higher initial porosity (related to higher inclusion count) measurements that 

were observed for mat 2. This theory is also supported by the CVN F-D curves at 0C as shown 

in figure 26. In these plots, the drop force for mat 2 after ~8 mm displacement, indicates that this 

material softens more when compared to mat 3, which can be an indication of a higher void 

content.  It is also understandable that the refined microstructure of mat 2 plays a role in this 

behaviour. Although it was not quantified in this work, the distribution of the small volume 

fraction of pearlite (and/or carbides) within these materials may have influenced the observed 

result.   
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Figure 40 Average void area fraction comparison of mat 2 and mat 3 

 

Figure 41 Average void density value comparison of mat 2 and mat 3 
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4.2 Part 2 - Investigation into the Sporadic DWTT Behavior at -35C for a 

Coiling Temperature of 500C 

In this part of the work, the sporadic DWTT fracture behavior that was observed by Stelco for 

this material that was produced using a coiling temperature of 500C will be investigated using 

similar methods as those utilized in Part 1.  As presented in section 3.1.1.2 and Table 4, this 

section will focus on specimens from mat 1 (0% shear DWTT) and mat 2 (100% shear DWTT), 

which were cut from the same coil strip and resulted in opposite DWTT fracture behavior at -

35C. Additionally, mat 4 (100% shear DWTT) will also be examined and represents material 

from a different coil which was made under the same coiling temperature conditions. The 1x, 4x, 

and 7x locations (see Figure 12) of each material were investigated in order to characterize the 

microstructure of these different DWTT fractures specimens, in an attempt to identify 

microstructural variations that may have contributed to the observed sporadic DWTT fracture 

behavior at -35C. First, the average grain size distribution (intercept method) and ASTM grain 

size variation (Clemex) were characterized. Second, the initial porosity area fraction was 

quantified with GIMP. Third, inclusions were analyzed using SEM and EDX chemical analysis. 

Fourth, SEM micrographs were generated of the microstructure and voids within a deformed 

material condition. Fifth, the total energy absorption and initial (0 to 5 mm displacement) energy 

absorption of the CVN test were analyzed, and void accumulation quantified. 
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4.2.1 Average Grain Size Distribution 

Figure 42 to Figure 44 are the optical micrographs showing the microstructure and grain size 

distribution at top and middle locations for mat 1, mat 2, and mat 4. The grain refinement at the 

surface can be observed for all of the materials at the 1x, 4x, and 7x locations. The grain size 

increases as the location moves away from the top surface, towards the middle location.  At the 

middle location of the specimen thickness, the grain size appears to remain consistent for all of 

the materials and equivalent locations.  All of the materials consist of polygonal ferrite and a 

small volume fraction of pearlite, which will be examined in more detail. There is no notable 

difference observed between mat 1 and mat 2, while mat 4 has relatively course grain observed 

at the 4x location. The grain size distributions was quantified to investigate the difference 

between each specimen and each location more precisely. 

 

Figure 42 optical images showing grain refinement of mat 1 
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Figure 43 optical images showing grain refinement of mat 2 

 

 

 

Figure 44 optical images showing grain refinement of mat 4 
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The average grain size distributions were quantified using the intercept method, as shown in 

Figure 45 to Figure 47 for all three material conditions. Refer to the Figure 13 schematic for 

additional information on top, middle and bottom location details. Polynomial and linear 

trendlines were fit to the data for conversational purposes. Unlike Part 1 of this work, where only 

the 4x location was examined, additional measurements at the 1x and 7x locations were made in 

order to assess if the grain size distributions were consistent within the width of the fractures 

DWTT specimens as shown in the Figure 12 schematic. For all 3 material conditions, an increase 

in grain size is observed for the first ~1000 m away from the top and bottom surfaces. As 

discussed in Part 1, grain refinement at the top and bottom surface is caused by higher cooling 

rates on the surfaces when compare to the middle of the plate thickness during water cooling.  

Figure 45 shows that a slight increase in grain size was observed for mat 1 at the 7x middle and 

bottom locations, but overall the grain size is relatively consistent for this material condition. The 

grain size distributions for mat 2 are similar at the 1x, 4x, and 7x locations, as shown in Figure 

46. mat 4 has similar grain size distributions at 1x, 4x, and 7x locations, with a slight grain size 

refinement at the top (as observed in Figure 44) and bottom surfaces at 1x location (Figure 47). 

Moreover, it can be observed the several data points for mat 4 at 7x bottom location increased up 

to about 8.5 µm, which is noticeably higher (grain coarsening) than the neighboring data points.  
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Figure 45 Grain size distribution of mat 1 

 

  

Figure 46 Grain size distribution of mat 2 
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Figure 47 Grain size distribution of mat 4 

By averaging the grain diameter across the 1x, 4x and 7x locations, a single average grain size 

distribution curve was generated for each of the material conditions as shown in Figure 48. The 

only exception was the data for mat 1_7x at the middle and bottom, which was not included in 

the average due to a slightly higher grain size that was considered an outlier. For all intensive 

purposes, the average grain diameter distributions are consistent for mat 1 and mat 2, which is to 

be expected because these fractured DWTT specimens were extracted from the same strip 

location within the coil. This observation does not provide any evidence into the sporadic DWTT 

fracture behaviour observed for mat 1 (0% shear) and mat 2 (100% shear).  For comparison, the 

mat 4 grain size distributions are similar for the bottom location, but indicate a slight grain 

refinement at the top and middle (bulk material) locations through the thickness.  This grain size 

refinement most likely resulted in the slightly elevated mechanical properties of mat 4 as shown 

in Table 2. 
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Figure 48 Average grain size distribution for mat 1, mat 2, and mat 4 

4.2.2 Average Grain Size Variation 

Grain size variations were investigated at the middle of the plate thickness for the 1x, 4x and 7x 

locations of mat 1, mat 2 and mat 4 specimens to confirm if there is a bimodal grain size 

distribution. Figure 49 shows the post processed images of these microstructures. The resultant 

ASTM grain size distributions that were measured from these images are presented in Figure 50. 
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Figure 49 Post processed images of mat 1, mat 2, and mat 4 
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As shown in Figure 50, the mat 1 and mat 2 specimens have similar ASTM grain size 

distributions across the 1x, 4x, and 7x locations. The grain size variation measurements do not 

suggest any evidence of a strong bimodal grain size distribution for any of these materials. 

Again, these results do not indicate any evidence into the sporadic DWTT fracture behaviour of 

these two specimens.  There is a notable difference in the mat 4 grain size distributions for the 

1x, 4x and 7x locations.  On average, this material exhibits more grains from ASTM number 12 

to 16, which means the mid and small size grains are dominant, which can be observed in the 

Figure 50 ASTM grain size variation for mat 1, mat 2, and mat 4 



 

 

72 

 

post-processed micrographs in Figure 49 and the average grain diameter distributions presented 

in Figure 48.  

4.2.3 Initial Porosity Measurement 

For this part of the work, initial porosity measurements were made (a) within the vicinity of the 

pressed notch of the DWTT specimens and (b) along the width of the DWTT specimens at 

locations 1x, 4x and 7x, for the top, middle and bottom plate thickness locations. 

Initial porosities were measured at the DWTT specimen notches (mat 1_1 and mat 2_1). These 

specimens were cut in the middle through its thickness and the bottom surface was polished for 

metallography (see Figure 12). Figure 51 (a) and (b) indicate the undeformed area next to the 

fracture surface where the measurement was made. The initial porosity area fraction for mat 1_1 

was 0.07% and 0.04% for mat 2_1. This suggests that there could have been a slightly higher 

inclusions count for mat 1, which resulted in a 0% shear DWTT fracture.  

For the more comprehensive initial porosity measurements, the mat 1 and mat 2 measurements 

are shown in Figure 52 and Figure 53, respectively. For both materials the void area fraction at 

1x and 7x locations (and through the thickness) are similar at approximately 0.05% at location 1x 

and 0.04% at location 7x. However, the initial porosity is approximately 0.09% for mat 1_4x, 

which is about two times of mat 2_4x. The distribution through the thickness of the mat 1 and 

mat 2 specimens shown some variation, but is consistent across location 1x, 4x and 7x. The 

initial porosity area fraction was only measured at the mat 4_4x location and the results are 

shown in Figure 54. The initial porosities for mat 4 were in line with those measured for mat 1 

and mat 2 with exception to the high mat 1_4x initial porosity.  
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Figure 52 Initial porosity measurement for mat 1 at 1x, 4x, and 7x locations 

 

Figure 51(a) Optical image of mat 1_1 (b) mat 2_1, the area in blue square was included for 

porosity measurement 
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Figure 53 Initial porosity measurement for mat 2 at 1x, 4x, and 7x locations 

 

 

Figure 54 Initial porosity measurement for mat 4 middle (Mid) location at 1x, 4x, and 7x   

location 
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Due to the outlying initial porosity results for mat 1_4x, the mat 1 and mat 2 specimens were 

ground (~2 mm) and polished for a second set of repeat measurements that are shown in Figure 

55 and Figure 56 for mat 1 and mat 2, respectively. For the mat 1 repeat measurements, the 

mat 1_4x location now falls in line with the 1x and 7x locations. The first set of measurements 

(Figure 52) and repeat measurements (Figure 55) for the 1x and 7x locations are nearly identical 

for mat 1.  The mat 2 repeat measurements (Figure 56) also align with the initial measurements 

(Figure 53).   

All of the initial and repeat measurements are summarized in Figure 57, where the average of the 

top, bottom and middle thickness was determined for locations 1x, 4x and 7x.  The error bars 

represent the individual repeat data. Based on these results, it can be concluded that the initial 

porosity is consistent between mat 1 and mat 2, with exception to the high initial porosity that 

was observed for the initial set of measurement conducted on the mat 1_4x specimen.  Although 

this may seem like an outlying result, it should be noted the initial porosity measurements made 

at the notch region also agreed with this result, as the initial porosity for mat 1_1 was 0.07% and 

0.04% for mat 2_1.  This suggests that there may exist localized regions within this material that 

consist of a higher initial porosity (or inclusion) content, which aligns with the 0% shear DWTT 

results for mat 1 and 100% shear results for mat 2, since higher inclusion content is related to 

reduced low temperature impact (DWTT and CVN) behavior.  It should be noted that the ICP 

chemical analysis (Table 3) conducted at mat 1_4x and mat 2_4x did not reveal any alloying 

discrepancies (such as high Mn for MnS inclusions) between the two materials.  An investigation 

into this theory of non-homogeneous inclusion distribution requires a more in-depth 

characterization which is outside the scope of this project. 
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Figure 55 Repeat initial porosity measurement for mat 1 

 

 

Figure 56 Repeat initial porosity measurement for mat 2 
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Figure 57 Porosity measurement summary represents the average values for top, middle, and 

bottom areas 

4.2.4 EDX Inclusion Analysis 

In this part of the investigation, the chemical composition of the inclusions in both mat 1 and 

mat 2 were analyzed by EDX chemical analysis. Due to the scope of this study, the extent of this 

inclusion analysis was limited to identifying the types of possible inclusions found in these 

materials, rather than quantifying the number and types of inclusions for mat 1 and mat 2. 

The analysis of mat 1 is shown in Figure 58 to Figure 61. The two voids shown in Figure 58 

contain predominantly Fe and a small amount of Mn. The size of these voids is approximately 5 

µm in diameter and since there is no intermetallic formed between Fe and Mn, it is suspected 

that MnS inclusions may have occupied these locations prior to being pulled out during 

polishing. This strengthens our assumption that large pores actually represent inclusions when 



 

 

78 

 

the initial porosity (section 3.2.4) was measured for all of the materials examined in this work.  

The inclusion shown in Figure 59 could be identified as a complex oxide FeO•Al2O3 since the 

major elements in it are O, Al, and Fe, and it has a faceted structure. Figure 60 shows an 

inclusion containing C, Mn, and S, which could be the carbide particle surrounded by sulfides 

(MnS). The inclusion shown in Figure 61 are identified as sulfides as well because it contains 

large weight% of Mn and S, and the small percentage of Ca and Al can form sulfides as well 

[69]. 

 

 

Figure 58 EDX analysis (void from possible MnS particles) for mat 1 
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Figure 60 EDX analysis (carbide particle& MnS) for mat 1 

Figure 59 EDX analysis (FeO•Al2O3) for mat 1 
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The EDX analysis of mat 2 is shown in Figure 62 and Figure 63. For Figure 62, the analysis in 

the center of the inclusion shows that O, Al, and Ca are dominant, so the center of the inclusion 

may contain calcium aluminate (CaO-Al2O3) and it could be surrounded by calcium sulphide 

(CaS) or manganese sulphide (MnS) because there are large percentage of S shown in spectrum 

2. The small inclusion shown in Figure 63 could contain different types of sulfides since it 

contains Mn, Ca, Al, and Fe, and they can form sulfides with S. 

 

Figure 62 EDX analysis (calcium aluminate) for mat 2 

 

Figure 61 EDX analysis (MnS) for mat 1 
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Figure 63 EDX analysis (different type of sulfides) for mat 2 

 

4.2.5 SEM Microstructure Characterization for Non-Deformation Region 

The microstructure of mat 1_4x and mat 2_4x were characterized in detail using a field 

emission scanning electron microscope (FE-SEM).  The microstructural characteristics were for 

both of these material conditions, which is expected since they were extracted from the same 

strip within the coil.  As observed in the optical micrographs for both of these materials, the 

dominated phase is polygonal ferrite (F) and some pearlite (P), as shown in Figure 64a-b and 

Figure 65a-b. Some precipitates (could be carbides) were found inside the grains (Figure 65c) 

and evidence of cementite or carbide precipitates were observed along grain boundaries as 

shown in Figure 64c.  
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4.2.6 SEM Fracture Surface Microstructure Characterization 

The fracture surface specimens mat 1_4 and mat 2_4 were used to characterization the 

micromechanical fracture mechanisms from the tested DWTT specimens. The FE-SEM was used 

to generate the micrographs. 

Four locations were observed on the mat 1_4 specimen, as shown in Figure 66a.  This specimen 

was extracted for the 0% shear DWTT specimen and therefore minimal plastic deformation was 

imposed on the microstructure.  It is shown in Figure 66b, that intragranular fracture occurs at 

Figure 64 SEM image of mat 1_4x mid (a) under 4000x magnification (b) under 16000x 

magnification showing ferrite and pearlite (c) under 16000x magnification showing carbides.  

Figure 65 SEM image of mat 2_4x mid (a) under 4000x magnification (b) under 16000x 

magnification showing ferrite and pearlite (c) under 16000x magnification showing carbides 
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grain boundaries and through the ferrite grains near the fracture surface.  A fine grained 

microstructure is observed at top (location 2) and bottom (location 3) of the specimen, while a 

coarse grain microstructure is observed at the middle of the specimen (Figure 66e). The 

centerline inclusion stringer was found at location 4 of mat 1_4 and is similar to the one 

observed in mat 2_4 in Figure 66e-g. It was observed that these centerline inclusion stringers 

were distributed throughout the mid-plane of both specimens.  

Three locations were observed on the mat 2_4 specimen as shown in Figure 67a. This specimen 

was extracted from the 100% shear DWTT specimen and represents the ductile micromechanical 

mechanisms at play for these materials. In location 1 (Figure 67b-c), where the highest plastic 

strains were observed, it appears that pores created by inclusions have experienced void growth 

that was followed by void coalescence just prior to catastrophic fracture. Moreover, in Figure 

67d, which is a closer look at location 1, it appears that voids nucleate at pearlite-ferrite 

interface. It is observed that initial voids appear to have grown in the tensile direction at location 

2 which is away from the fracture surface, as shown in Figure 67e. At location 3, centerline void 

stringer due to inclusions were observed through the mid-plane of the specimen (Figure 67f); 

Furthermore, it appears that hard particles nucleate voids at the ferrite interface of the stringer 

inclusions due to a low cohesive strength between these constituents as shown in Figure 67g. 
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Figure 66(a) Optical image showing four selected locations on mat 1_4 specimen (the 

loading direction is horizontal) (b) SEM image at location 1 (c) SEM image at location 2 

(top)(d) SEM image at location 3 (bottom) (e) SEM image at middle(location 1) (f) SEM 

image at location 4 (g) Higher magnification SEM image at location 4  



 

 

85 

 

 

                                                                            

 

 

  

 

Figure 67(a) Three selected locations on mat 2_4 specimen (the loading direction is horizontal) 

(b) SEM image at location 1 (c) Higher magnification SEM image at location 1 (d) SEM image 

at location 1 showing pearlite crack and/or separate to nucleate voids (e) SEM image at location 

2 (f) SEM image at location 3 (g) SEM image which is a closer look at location 3 
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4.2.7 CVN Impact Testing 

4.2.7.1 The Energy Absorption of CVN Testing 

The total and initial (up to 5 mm) CVN impact energy absorption for mat 1 and mat 2 were 

measured at a variety of temperatures in an attempt to reproduce the observed sporadic DWTT 

fracture behavior of mat 1 (0% shear) and mat 2 (100% shear). The total energy absorption is 

plotted in Figure 68, where the open data points represent the individual repeat tests and the solid 

data points represent the average of the repeat test data. The tests were relatively repeatable at 0 

and -15C, but more sporadic at -35 and -45C.  This is especially true at -35C, where both mat 

1 and mat 2 resulted in repeat tests that were both fully ductile and brittle.  Considering these 

results and the limited scope of testing due to material availability, it can be concluded that there 

is little (to no) difference in CVN impact behavior for mat 1 and mat 2. Specifically at -35C, 

the CVN testing reproduced the sporadic DWTT testing results that were observed by Stelco for 

this material.  This result is not surprising, considering that -35C is within the ductile-brittle 

transition zone for this material. 
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Figure 68 Energy absorption comparison between mat 1 and mat 2 

 

Stelco conducted CVN tests on different coils of the same steel that was produced using a coiling 

temperature of 500C. The specimens prepared by Stelco were parallel to the rolling direction 

and the notch is normal to the rolling direction, which is perpendicular to the specimens prepared 

at the University of Guelph for mat 1 and mat 2. There are three repeat tests for each material at 

each temperature, the average values of the repeat tests are shown in Figure 69. It can be seen 

that the ductile-brittle temperature region occurs at a lower temperature range for the tests 

conducted by Stelco. The energy absorptions at 0℃ are consistent with mat 1 and mat 2. 

Overall, the specimens prepared by Stelco displayed better low temperature impact performance. 

This is most likely a result of the CVN specimen orientation as observed by Haskel et al [55].  
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Figure 69 Average energy absorption comparison between the specimen prepared at University 

of Guelph and Stelco 

 

It can be seen in Figure 70, the initial energy absorption (0 to 5 mm displacement) increases as 

testing temperature decreases for both mat 1 and mat 2. Both materials absorb similar amounts 

of initial energy and no conclusions can be made with these results regarding the sporadic 

DWTT fracture behaviour at -35C. 
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Figure 70 Initial energy absorption for mat 1 and mat 2 

4.2.7.2 Void Accumulation for Tested CVN Specimens 

Similar to Part 1, void accumulation was quantified and compared for mat 1 and mat 2 in an 

attempt to understand if fracture mechanisms at the micromechanical level are different for both 

of these material conditions. It should be noted that the void area fraction and density was 

already quantified for mat 2 in Part 1 of this work and will be repeated. The optical images of 

three measurements for mat 1 are shown in Figure 71, and the optical images for mat 2 can be 

found in Figure 33. 
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Mat 1 achieves a maximum thickness strain of approximately 0.17 and a void density between 

30 to approximately 90 /mm² as shown in Figure 72.  Measurement 3 appears to be a low outlier 

from the 3 repeat tests.  This result is very similar to what was observed for mat 2 in Figure 37. 

The mat 1 repeat void area fraction measurements were relatively consistent and at 

approximately 0.16% at the highest thickness strain, and decreases to 0.03% for low strains as 

shown in Figure 73. Again, the mat 1 void area fraction results are very similar to those 

observed for mat 2 in Figure 36. 

Figure 71 Optical images of 3 repeated measurements for mat 1 
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Figure 72 Void density measurements for mat 1 

 

Figure 73 Void area fraction measurements for mat 1 
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Once again, the average exponential trendlines were fit to the repeat tests and are plotted in 

Figure 74 and Figure 75 for the void density and area fraction comparison of mat 1 and mat 2. 

The nearly identical void density and area fracture curves for these two materials indicate that 

there is a negligible difference between these two materials in terms of damage evolution.  This 

would suggest that there is no difference in the ductile fracture response of these two material 

conditions and as a result, there should be no lower temperature performance variation for mat 1 

and mat 2 as well.  This is consistent with the grain size distribution, initial porosity and CVN 

impact testing findings which show no difference between mat 1 and mat 2. 

 

Figure 74 Average void density comparison of mat 1 and mat 2 
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Figure 75 Average void area fraction comparison of mat 1 and mat 2 
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5 Conclusions 

The objective of this research was divided into two parts. The first was to characterize the 

microstructure, impact performance (CVN tests) and damage accumulations of a common 

structural grade of 350WT HSLA steel that was produced at coiling temperatures of 540℃ and 

500℃. The second objective was to investigate the low temperature (-35C) sporadic DWTT 

pass/fail behavior of the same HSLA steel that was coiled at 500℃. By understanding how the 

process parameters affected the microstructure and impact performance of the material, Stelco 

should be able to produce this popular grade of steel (and others) with minimal losses. These two 

objectives were successfully achieved and summarized in the following section. 

5.1 Summary 

5.1.1 Part 1 - The Effect of Coiling Temperature 

In Part 1 of this work, mat 2 (500℃ coiling temperature) and mat 3 (540℃ coiling temperature) 

were produced and examined to quantify their differences in microstructure, impact behavior and 

damage accumulation. The following conclusions can be made: 

 Grain refinement was observed at the top and bottom surfaces of the plate thickness for 

both mat 2 and mat 3. This was a result of the inhomogeneous temperature distribution 

during cooling process. Because of the higher cooling rate that mat 2 was exposed to, the 

top/bottom surface average grain diameter (intercept method) was ~5 µm, while the mat 

3 top/bottom surface average grain diameter was ~7 µm. 
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 Throughout the bulk of the 12 mm plate thickness, the middle location measurements 

resulted in an average grain diameter of ~7.5 and ~10 µm for mat 2 and mat 3, 

respectively.  This is again a result of higher cooling rate that mat 2 was exposed to at the 

lower coiling temperature of 500C.  The variation in ASTM grain size was also 

measured and it was shown that mat 2 consisted of more small grain for ASTM grain 

sizes greater than 14.  It was also shown that bimodal grain size distribution was not 

observed for either mat 2 or mat 3.  

 The initial porosity area fraction and density was measured for these materials and 

revealed that mat 2 contained an initial porosity of 0.046% and a density of 40 

pores/mm2. Mat 3 on the other hand contained an initial porosity of 0.016% and a density 

of 11 pores/mm2. Since it was argued that the initial porosity is more representative of the 

inclusion content rather than initial void content, it can be said that mat 2 may contain a 

higher inclusion content than mat 3. 

 CVN testing revealed that the low temperature impact performance of mat 3 was better 

than mat 2.  Although we expected the performance of mat 2 to exceed that of mat 3 due 

to a more refined grain size, the instrumented Charpy tests confirmed that the start of the 

ductile-brittle transition occurred at a lower temperature for mat 2.   

 The void area fraction and void density was quantified from fractured CVN specimens 

that failed via ductile fracture at 0C. It was shown that the void area fraction and void 

density behavior of mat 2 was greater than mat 3. Therefore, it can be argued that the 

higher initial porosity of the mat 2 may have contributed to the less desirable (compared 

to mat 3) damage accumulation behavior of this material.  This theory helps to explain 
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the reduced impact performance of mat 2, which was expected to have increased impact 

performance due to the refined microstructure that resulted from the lower coiling 

temperature of 500C.  

5.1.2 Part 2 - Investigation into the Sporadic DWTT Behavior at -35C for a Coiling 

Temperature of 500C 

In Part 2 of this work, the sporadic DWTT pass/fail behavior of the HSLA material was 

examined for material produced with a 500C coiling temperature only. The steel producer 

conducted DWTT tests at -35C and found that from the same coil strip, DWTT specimens 

fractured in a brittle (mat 1 - 0% shear) and fully ductile (mat 2 – 100% shear. Differences in the 

microstructure, initial porosity, inclusion type, impact behavior and damage accumulation were 

quantified for these two materials in order to assess if a variation in microstructure resulted in the 

observed sporadic DWTT behavior at -35C. A second tested DWTT material (mat 4 – 100% 

shear) from another coil was also examined. Based on the findings, the following conclusions 

can be made: 

 The difference in grain size distribution (average grain diameter and ASTM grain size 

variation) was negligible between mat 1 and mat 2. There was no evidence of a bimodal 

grain size distribution for either of these materials as well. Mat 4 presented as more 

refined grainsize distribution, which indicates that there is some coil to coil variation. 

 With the exception of one outlying measurement made for the mat 1_4x specimen, the 

initial porosity area fraction was similar for mat 1 and mat 2.  The initial porosity for 
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mat 4 was slightly less for this material, which again highlights some coil to coil 

variation. 

 Limited CVN testing revealed that the low temperature impact performance of mat 1 and 

mat 2 was similar.  In particular, the sporadic behavior that was observed for the DWTT 

tests conducted at -35C was also observed at this temperature for the CVN tests (both 

materials).  

 The void area fraction and void density was quantified from fractured CVN specimens 

that failed via ductile fracture at 0C. It was shown that the void area fraction and void 

density behavior of mat 1 and mat 2 was similar. Therefore, based on the similarities in 

microstructural composition, initial porosity, impact and damage accumulation behavior, 

the sporadic DWTT pass/fail results that were observed by Stelco for mat 1 and mat 2 

were due to the fact that -35℃ represents a temperature well within the ductile-brittle 

transition zone for this particular material. This sporadic behavior is normal within the 

ductile-brittle transition zone temperatures. 

5.2 Future Work 

Besides investigating the effect of hot rolling parameters and material properties on low 

temperature DWTT results. The preparation of DWTT coupons and the testing procedure should 

also be investigated since it may introduce some variation in the results. Therefore, a parametric 

study needs to be conducted to compare the low temperature DWTT performance due to the 

variants in coupon preparation such as notch geometry (notch vs. chevron), plate thickness and 

drop height (impact velocity).  Also, the comparisons of DWTT and CVN testing for the same 
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material may provide some insight into comparative results of these testing methods.  A more 

thorough quantification of the inclusion content should also be conducted for both coiling 

temperature materials.  The number of repeat CVN test was limited for this work, therefore an 

expanded CVN study with more repeat test would improve the confidence in some of the 

findings in this work. 
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