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 ABSTRACT 

Austempering and Quenching & Partitioning steels are two processing approaches that may produce 

third generation advanced high strength steel properties, which are attractive to the automotive industry. 

Three 0.25C-2Mn-(1.5, 0.6, and 0.1)Si steels were austenitized and subsequently isothermally held at 

temperatures of 200-450 °C for 10-300 s.  Significant fractions of retained austenite with differing 

morphologies, namely blocky retained austenite following austempering and fine film-like austenite 

following one-step Q&P were observed with X-ray diffraction, Magnetic Saturation, Secondary Electron 

Imaging, and Electron Backscatter Diffraction. Tensile and hole expansion tests were conducted and 

correlated to strain hardening and microstructure rotation angle in the shear affected zone adjacent the 

sheared edge. At a given strength level, one-step Q&P produced superior hole expansion properties 

when compared to bainitic and mixed bainite/martensite microstructures.  
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CHAPTER 1 : INTRODUCTION 

1.1 Project Purpose 

The goals of this project were industrially motivated and have two main foci: (1) determine the 

effect of Silicon (Si) alloying on microstructure and mechanical properties of 0.2C-2Mn-(1.5Si, 0.6Si, and 

0.1Si) steel and (2) further the understanding of retained austenite effects on hole expansion behavior. To 

work toward completion of these goals three alloys, with varying Si levels were designed. These alloys 

were then fully annealed and isothermally held for temperatures and times to capture a range of 

microstructures that include austempered, isothermally held above the martensite start (MS) temperature, 

and one-step Q&P, isothermally held below the martensite start temperature, resulting in diverse austenite 

morphologies and fractions along with different matrix constituents.  XRD, MS, and EBSD were used to 

characterize the volume fractions of the retained austenite produced in the heat treated alloys. Hole 

expansion testing was performed on the 1.5Si and 0.1Si alloys on selected conditions based on austenite 

fractions and tensile properties.  

1.2 Industrial Relevance  

A significant research effort is underway by the automotive industry to produce advanced high 

strength steels (AHSS) with increased strength in combination with significant ductility. In the 

automotive industry, mass avoidance is a paramount goal, which can lead to increased fuel economy. 

Weight savings are to be achieved without sacrificing passenger safety, and both goals are challenging 

since they typically adversely affect each other. These improvements in weight loss and safety are in 

response to increased regulatory pressure and consumer expectations with regard to fuel economy and 

passenger safety [1–5]. When compared to the conventional high strength steels, shown in Figure 1.1, 

advanced high strength steels (AHSS), particularly transformation induced plasticity (TRIP) and the 

relatively higher strength Q&P steels, offer high strengths and significant ductility [6].  To produce 

austempered TRIP steels and Q&P steels, Si is usually added to prevent cementite formation thereby 

allowing carbon (C) enrichment and stabilization of significant amounts of retained austenite. Matlock 

and Speer illustrated, using a straight forward modeling approach, the importance of retained austenite in 

creating significant ductilities without reducing strength [6]. The retained austenite, which allows for the 

tensile ductility enhancement due to the TRIP effect, in combination with significant amounts of 

martensite may produce significant strengths and ductilities.  Greater understanding of the effects of Si 

alloying and each individual microstructural constituent’s contribution to the overall mechanical 
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properties of the steel would be beneficial. With this deeper understanding, processing routes may be 

optimized to produce improved properties.   

 
Figure 1.1  Total elongation versus tensile strength of commercially produced sheet steel grades and 

third generation AHSS grades. Prediced tensile strengths and elongations are plotted for 

microstructures with varying fractions of ferrite or austenite with martensite [6]. 
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CHAPTER 2 : BACKGROUND 

2.1 Austempered Steels 

Austempered steels are fully austenitized or intercritically annealed and isothermally held at a 

temperature below the bainite start temperature and above the martensite start (MS) temperature to 

promote bainite formation. This isothermal hold is followed by either slow cooling or quenching to room 

temperature. The bainite consists of bainitic ferrite and either carbides or retained austenite [7, 8]. It is 

considered that a displacive shear structural change accompanies the austenite to bainitic ferrite 

transformation, which is then followed by diffusion of C to precipitate carbides or retained austenite.  As 

discussed in Section 2.2, the alloying of the steel can be designed to inhibit formation of cementite 

through the additions of Si, Al, or P [9]. The bainite reaction can be stopped at an intermediate state in 

which the parent austenite has not been completely transformed. Upon quenching to room temperature, 

the remaining austenite can partially transform into regions of martensite if not sufficiently carbon 

stabilized.  In a study by Jun and Fonstein, blocky austenite was observed through the use of electron 

backscattering diffraction (EBSD) [10]. The steel composition for this study was 0.2C-1.71Mn-1.48Si 

with an MS temperature of 380 °C. The material was austenitized at 900 °C for 180 s then quenched to an 

isothermal hold temperature before being quenched to room temperature. EBSD performed on a sample 

isothermally held at 400 °C for 100 s shown in Figure 2.1a revealed blocky retained austenite grains. The 

light yellow regions in the phase map were indexed as austenite and dark red grains were indexed as 

ferrite/martensite.  This blocky retained austenite morphology was also observed in the EBSD phase maps  

  
(a) (b) 

Figure 2.1 EBSD phase map overlaid on top of an image quality map of a steel 

(0.2C-1.71Mn-1.48Si) held at 400 °C for 100 s (a) and another steel 

(0.2C-1.71Mn-1.54Si) held at 450 °C for 200 s (b) following full austenitization [10, 11]. 

(color image - see PDF copy) 
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produced by Sugimoto et al. displayed in Figure 2.1b [11]. This study used a 0.2C-1.71Mn-1.54Si steel 

composition with a MS temperature of 423 °C. The phase map of the microstructure developed by an 

isothermal hold at 450 °C for 200 s reveals blocky and thick film austenite. 

2.2 Quenched and Partitioned Steels 

In designing the processing parameters of Q&P steels, constrained C equilibrium, proposed by 

Speer et al. is used and one step and two step Q&P processing can be performed [12]. An important 

assumption of the constrained carbon equilibrium is the absence of carbide precipitation. Following 

soaking, which can be in the intercritical region or above the AC3 temperature, the steel is quenched to an 

intermediate temperature below the MS temperature, called the quench temperature (QT). The QT is 

designed to develop the desired amount of initial martensite predicted by the Koistinen-Marburger 

relationship: 

 
      

         (  ) 

 
(2.1) 

where,    is the fraction of martensite, and    is the undercooling below the MS temperature [13]. Next, 

the temperature is either held constant for an extended time, one step Q&P, or elevated to a Partitioning 

Temperature (PT), two step Q&P, which allows C to partition from the martensite into untransformed  

 
Figure 2.2 Predicted phase fractions of initial martensite  at the QT (MQT), austenite at QT (γQT), 

fraction of γQT that will transform to martensite after C partitioning during final 

quenching, and the final austenite fraction retained during final quenching (γFINAL) [14]. 

austenite. The higher C content of the austenite allows for significant amounts of austenite to be retained 

at room temperature following final quenching. Selecting the optimum quench temperature is a balance 

between retaining as much austenite as possible and increasing the martensite fraction to increase the 
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amount of C in the austenite. This is demonstrated by Figure 2.2, which plots the austenite phase fraction 

predicted as a function of quench temperature.  

One step Q&P produces significantly different retained austenite morphologies when compared 

to austempered microstructures. Inspection of the phase map shown in Figure 2.3 of the sample 

isothermally held at 325 °C for 200 s shows no coarse retained austenite grains are observed [11]. The 

phase map also revealed two different ferritic constituent morphologies: coarser laths identified as bainite 

(αBF) and finer grains which were martensite (αM).  TEM work of Jun and Fonstein observed film 

austenite less than 0.1 μm thick in microstructures produced with isothermal holding at 300 °C for 100 s. 

It can be observed that the retained austenite grain size is significantly decreased when the lower 

isothermal hold temperature is reduced below the MS temperature. 

 

 Figure 2.3 EBSD phase map of a 0.2C-1.71Mn-1.54Si steel sample that was isothermally held for 

200 s at 325 °C following full austenitization. Green was indexed as ferrite/martensite 

and red as austenite [11] (color image - see PDF copy). 

2.3 Effects of Si on Carbide Precipitation 

Alloying of austempered and Q&P steels is generally done with two goals: the development of 

“carbide-free” microstructures and generation of high strength levels [15]. The microstructures of these 

steels consist of one or more ferritic constituents and retained austenite. Within the ferritic constituent 

carbides can form in some cases while the steel is held at an austempering or partitioning temperature. 

These carbides can be particularly detrimental to the retention of austenite in the microstructure as they 

can act as C sinks. To prevent the formation of cementite, one of the potential carbides that can form, 

additions of Si levels between 1-2 wt pct is usually employed in these steels [16]. 

The effects of Si on carbide formation during tempering were first characterized by Owen, and 

have since been studied in depth [16–23]. At Si levels of 1-2 wt pct, cementite growth retardation is 

considered to be cntrolled by Si diffusion out of cementite [17, 24]. Below these Si levels, cementite 
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growth kinetics is controlled by C diffusion from ferrite to cementite [17]. The buildup of additional Si 

into the surrounding ferrite, which may create a local peak in the Si level within the ferrite, increases the 

local C activity in the ferrite. This slows the diffusion of C towards the growing particle, further slowing 

the growth of the cementite particle [25]. The partitioning of Si into the ferritic constituent may aid the 

prevention of cementite growth, but is not considered to be a rate controlling mechanism at these Si 

levels. It should be noted that many authors have observed paraequilibrium cementite, which has formed 

with Si levels comparable to the nominal Si levels of the steel, at 1-2 wt pct [20, 23, 26–29].   

2.4 Si Effects in Austempered Steels 

Sakuma et al. and Sugimoto et al. as well as others, have examined the effects of Si on 

microstructural development during bainitic isothermal holds and resulting mechanical properties [11, 

30–32]. Sakuma et al. studied the effects of varied Si amounts on intercritically annealed and 

austempered steels with two different Mn contents [30]. Intercritical annealing temperatures were set to 

produce a uniform volume fraction of ferrite and austenite in the different steels. In Figure 2.4a, the 

effects of Si alloying on time to create the maximum amount of retained austenite and uniform elongation 

are shown.  As Si content increases, both the time to achieve the maximum retained austenite fraction and 

the time to reach the maximum elongation increase. It is also important to note that as the Mn content is 

increased, the time to reach these points increases slightly.  Figure 2.4b shows the effects of alloying on 

the time to maximum uniform elongation as a function of austempering temperatures. As the alloying 

increases, the time to reach maximum uniform elongation increases. For each alloying condition these  

  
(a) (b) 

Figure 2.4 Time to reach maximum retained austenite fraction (γR) or uniform elongation (U. El) for 

various Si amounts in steels austempered at 400 °C (a), and the effect of temperature (T) 

on this time for different Si amounts (b) [30].  
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(a) 

 
(b) 

Figure 2.5 Mechanical properties, tensile strength (TS), uniform elongation (U. El), and total 

elongation (T. El) as a function of austemper temperature (a). Each symbol represents a 

different Si level in the steel in wt pct. The product of tensile strength and total 

elongation is plotted as a function of retained austenite for different Si levels and hold 

temperatures at two different Mn contents (b) [30].  
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(a) (b) 

Figure 2.6 Produced volume fractions of retained austenite (fγ0) and the C content in the retained 

austenite (Cγ0) plotted as a function of the austempering temperature (TA), (a). Each 

symbol represents a different Si level in the steel in wt pct.  The calculated and 

measured C contents in the retained austenite (Cγ0) for two different temperatures, one 

above and one below the Ms temperature, (b) [11]. 

times vary linearly until the MS temperature is approached, at which temperature the required time 

decreases and the alloying effects become less pronounced. Kim et al. also observed this increase in 

transformation kinetics, termed “Swing Back”, during isothermal hold temperatures near the Ms 

temperature [33]. This swing back is assumed to be more noticeable in the 0.9 Mn alloys because the hold 

temperatures are closer to the MS temperature than those of the 1.8 Mn alloys.  Figure 2.5a shows various 

mechanical properties plotted as a function of hold temperature for three different Si contents and a 

constant Mn level of 0.9 wt pct. These hold times were designed based on Figure 2.4a and 2.4b to provide 

maximum uniform elongation.  The data indicates that as the Si level increases, the strength of the steel 

also increases for each hold temperature. Interestingly the maximum achievable elongations and retained 

austenite volume fraction also increase as the Si levels increase. Figure 2.5b shows the product of tensile 

strength and total elongation plotted as a function of retained austenite content. While the retained 

austenite in the 0.9 Mn steel shows little sensitivity to Si content, the 1.8 Mn steel exhibits larger 

sensitivity.  The amount of retained austenite increases at each hold temperature as the Si and Mn level is 

increased. For both Mn levels, the product of tensile strength and elongation increases as the Si content 

increases, except for the high Mn-1.2 Si steel at high austempering temperatures. At the austempering 

temperatures of 425 and 450 °C, this steel exhibited better mechanical properties than the higher Si steel 

with more retained austenite. Sugimoto et al. also investigated Si effects in steels annealed by full 

austenitization combined with isothermal holds of 200 s at temperatures above and just below the MS 

temperature which produced initial volume fractions of austenite between 40 and 85 pct based on the MS 
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temperature and the Koistinen-Marburger equation [11, 13]. The chemical compositions of the steels of 

interest in this study were 0.2C-1.5Mn steels with a range of Si levels (1.0-2.5 wt pct). Figure 2.6 

indicates that at all hold temperatures the steel with the least amount of Si creates the least amount of 

retained austenite. The retained austenite volume fractions were similar for steels with more than 1.0 wt 

pct Si. In Figure 2.6a the retained austenite C content of the steel with the least amount of Si increases as 

the temperature increases, whereas the retained austenite C contents of the high Si content steels decrease. 

In Figure 2.6b, the retained austenite C contents, calculated by ThermoCalc® i.e. the compositional locus 

of the TO temperature, are plotted for two temperatures as a function of Si content. Measured C contents 

in the retained austenite are also plotted for each steel in the figure. Unlike the calculated contents, which 

exhibit little sensitivity to the Si level, the measured C content shows a decreasing trend with increasing 

Si content. In fact the measured C content at low Si levels for both temperatures were larger than the 

calculated C contents.  Micrographs of two steels with different Si contents held at two isothermal 

temperatures are shown in Figure 2.7. At the higher temperature there seems to be little difference in the 

observed microstructural features for the two different Si levels. It was observed that as the Si content 

increased the apparent austenite film thickness decreased [11]. Also, as the temperature decreases the size 

of the microstructural features decreases. This was corroborated in a similar study by Jun and Fonstein, 

where a steel with equal amounts of Si and Mn produced the highest C content in retained austenite at low  

 
Figure 2.7 Microstructures produced by isothermal holds at two different austempering temperatures 

held for 200 s in the alloys containing 1.5 and 2.5 wt pct Si. The grey region represents 

ferritic constituents and the lighter regions are interpreted as retained austenite [11].  
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(a) (b) 

Figure 2.8 Tensile strength (TS), (a), and total elongation (TEl), (b) presented as a function of 

austempering temperature (TA) for various Si levels [11]. Each symbol represents a 

different indicated Si level in wt pct. 

and intermediate temperatures [10]. The tensile strength and total elongation are plotted as a function of 

annealing temperature in Figure 2.8. Below the MS temperature there is little sensitivity to Si levels 

except for the 1.5 wt pct steel, which has a lower strength than the rest. Above the MS temperature, the 

strength is largely dependent on the amount of Si in the steel. The total elongation increases as the hold 

temperature increases above the MS temperature. 

MnSi steel grades are commonly used in austempering or Q&P studies with Si levels around 

1-2 wt pct; however, Jacques et al. applied an intercritical annealing and austempering heat treatment to a 

0.19C-1.30Mn-0.38Si steel and produced substantial volume fractions of stabilized austenite albeit at  

 
Figure 2.9 Volume fraction of retained austenite (VγR) and C content of the retained austenite (CγR) 

plotted as a function of bainitic hold time for two different hold temperatures [16]. 
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shorter austempering times [16]. Figure 2.9 shows the volume fraction and C content of retained austenite 

in the resultant microstructures, determined through X-ray diffraction measurements. As the steel is 

austempered for longer times the retained austenite fraction decreases. The C content of the austenite 

initially increases and then decreases. This trend occurs at longer times for the low temperature heat 

treatments. 

2.5 Si Effects in Quenched and Partitioned Steels 

Santofimia et al. investigated Q&P microstructures and mechanical properties developed in a 

0.2C-3.5Mn-1.54Si and a 0.2C-3.5Mn-0.45Si steel using flat specimens with a 4 mm gauge length [34]. 

The steels were intercritically annealed, quenched to 240 °C for 5 s, and partitioned at 350 °C for various 

times.  Figure 2.10 shows the effect of partitioning time on the evolution of the volume fraction of 

retained austenite and C content in retained austenite. The low Si steel is still able to produce significant 

volume fractions of retained austenite, albeit to a lesser extent than the high Si steel. At short times the 

low Si steel has a lower C content, but at the intermediate times it has a higher C content. The longer 

times produced similar C levels. Tensile data is plotted in Figure 2.11 for both steels held for two 

different partitioning times. For both hold times the low Si steel exhibits less strength. The short 

partitioning time performed on the low Si steel produced a larger elongation with similar volume fractions 

of retained austenite but lower C contents. The largest elongation is obtained in the high Si steel for the 

long hold time. While not explicitly evaluating the effect of Si variations, De Moor et al. evaluated the 

effect of Si substitutions by aluminum (Al) and additions of molybdenum (Mo) on Q&P produced 

retained austenite fractions and corresponding mechanical  

  
(a) (b) 

Figure 2.10 Dependence of volume fraction of retained austenite, (a), and retained austenite C 

content, (b), on partitioning time for a 0.2C-3.5Mn-1.5Si (HSi) and 0.2C-3.5Mn-0.45Si 

(LSi) steel [34].  
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Figure 2.11 Tensile engineering stress-strain curves plotted for the HSi and LSi steels for two 

different partitioning times [34]. 

properties [35]. The chemical compositions and quench temperatures selected to produce the maximum 

amount of retained austenite based on the methodology proposed by Speer et al., are displayed in Table 

2.1 [12, 36]. The study showed that substitutions of Si by Al produced decreased volume fractions of 

retained austenite for similar hold times and temperatures. Retained austenite fractions are shown 

Figure 2.12 as a function of time for three partition temperatures for a CMnSi reference and Mo added 

steel.  Mo was shown to increase the volume fraction of retained austenite and this effect becomes more 

significant at higher partitioning temperatures. The study also examined tensile properties and results are 

shown in Figure 2.12b. The addition of 0.3 wt pct Mo produced larger ductilities at a strength level of 

1300 MPa compared to the CMnSi base steel. This increase in mechanical properties was attributed to the 

increased contribution of the transformation induced plasticity effect to the work hardening rate of this 

steel. The MoCMnAl and CMnAlSi steels produced the lowest maximum achievable ductilities. The 

MoCMnSi and CMnSi steels are the closest to the calculations made by using the model proposed by 

Matlock et al.[37].  

Table 2.1 - Steel Chemistries and Quench Temperatures used in [35] 

 

 

 

 

 

wt pct C Mn Si Al Mo Quench Temperature (°C) 

CMnSi 0.20 1.63 1.63 - - 240 

CMnSi 0.24 1.61 1.45 0.30 - 250 

CMnAlSi 0.25 1.70 .5 0.69 - 260 

MoCMnAl 0.24 1.60 0.12 1.41 0.17 270 

MoCMnSi 0.21 1.96 1.49 - 0.25 240 
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(a) (b) 

Figure 2.12 Evolution of the retained austenite volume fraction (fγret) in the MoCMnSi and CMnSi 

steels as a function of partitioning time for three different partitioning temperatures (a). 

Total elongation plotted as a function of tensile strength for each steel along with the 

model calculations proposed by Matlock et al. (b) [6, 35]. 

2.6 Hole Expansion  

AHSS have complex microstructures that combine ferrite, bainite, tempered martensite and/or 

untempered martensite and retained austenite.  When AHSS are formed in industrial applications, the 

steel sheet is often sheared before forming.  During forming operations the sheet edge is often stretched 

and failure, usually characterized by cracking initiated at the sheared edge, can occur in AHSS in 

situations that would not be predicted by forming limit diagrams [38]. Hence, it is important to study the 

“local formability” of AHSS in addition to tensile behaviors. This section presents a review of sheared 

edge failures and factors that can affect the hole expandability (stretch flangeability) of AHSS.  

Sheared edges produced from shearing or punching are characterized by a rollover zone, burnish 

zone, fracture zone, and a shear burr; as illustrated in Figure 2.13 [39]. Rollover occurs near the sheared 

edge and is characterized as the flow of metal that is unconstrained by either a pad, die, or shear blade. 

The burnish zone is characterized as a smooth region with striations that has been deformed into the 

material. It has been reported that rollover and the burnish region are both related to material tensile 

strength and clearance; although rollover can be minimized/eliminated through increased “downholder” 

pressure, the use of stringers and pad placement [40, 41]. The fracture zone is initiated near the end of the 

burnished zone and propagates through the material.  In general, the size of the fracture zone is related to 

the tensile strength of the material and is independent of die clearance [40, 42]. The shear burr is formed 

from the contact between the tool and the fracture zone, which occurs on both sides of the sheet.  

where similar fractions are obtained compared to the CMnAlSi grade.  The fractions decrease 

with increased partitioning time.  Hence, the effect of the replacement of Si by Al is not 

compensated by the Mo additions employed here. 
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Figure 2 Retained austenite fractions (fgret) obtained by Q&P heat treating following full austenitization reflecting 

the effect of: a) carbon content in CMnSi alloys, b) partial replacement of Si by Al c) Mo alloying of a CMnSi grade 

d) Mo addition to a CMnAl grade [8]. 

Tensile Properties Obtained by Quenching and Partitioning 

Tensile Properties obtained for a CMnSi Q&P grade 

The tensile properties obtained after full austenitization and Q&P heat treating of the 

CMnSi grade are given in Figure 3 as a function of partitioning time for three partitioning 

temperatures.  Tensile strengths range from 1100 to 1390 MPa and decrease with increased 

partitioning temperature with a significant drop at short partitioning times (Pt ”  60 s).  Yield 

strengths vary from 860 to 1090 MPa.  The effect of partitioning time on yield strength is less 

pronounced, an increase is apparent with increased holding at the partitioning temperature.  The 

lowest partitioning temperature seems to result in the highest yield strength levels although the 

1557

surprising that the Q&P properties are below the values predicted for aM/g mixtures.  Comparing 

the data shown in Figure 6 with the “third generation AHSS” property field identified in Figure 1 

indicates that properties of the “third generation” can be obtained by the Q&P heat treatment. 
As can be seen from Figures 3-6, an increase in partitioning temperature results in a 

tensile strength decrease and in general in an increased total elongation.  However, the extent of 

these changes seems to be composition dependent.  In this way, increasing the partitioning 

temperature results in a more limited increase in elongation for the MoCMnAl grade in contrast 

to the increase observed for the MoCMnSi and CMnSi samples. 
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Figure 6 Total elongation versus tensile strength diagram obtained via Q&P for different compositions following 

full austenitization.  The dashed line corresponds to calculations according to the model proposed by Matlock [1,2] 

for mixed martensite/austenite microstructures. 

It has been reported previously that the strain hardening of Q&P steels depends on the 

partitioning conditions applied [4,7,9].  The TRIP effect has been shown to operate and 

contribute to strain hardening in Q&P steels [9].  The influence of partitioning conditions on 

strain hardening is likely related to the overall strength level, mechanical stability of the 

austenite, carbon content and thus also strength of the martensite, precipitation in the 

martensite, etc.  Figure 7 shows the stress-strain and instantaneous strain hardening or n-value 

behavior as defined by  
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plotted as a function of true strain for a short (10s) partitioning treatment at a low temperature 

(350 °C) and a longer (300 s) treatment at a higher temperature (450 °C) for the CMnSi, 

MoCMnSi and MoCMnAl grades.   

Clearly different strain hardening is obtained for the two partitioning conditions.  

Partitioning at 350 °C for 10 s results in continuously decreasing strain hardening with increased 

strain.  Fairly similar strain hardening behavior is observed for all grades.  The CMnSi grade has 
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Figure 2.13 Schematic of the zones produced by shearing represented on a side view of a sheared 

edge.  

In order to assess the susceptibility of a sheared edge to cracking, hole expansion tests are 

conducted.  These tests use either a flat punch with rounded edges, a spherical punch, or a conical punch.  

The punch is forced through the center of a punched hole while the sheet is clamped down. As the punch 

is forced up, the hole is expanded. After fracture detection, the test is interrupted and the hole expansion 

ratio (HER), expressed as a percent, defined as: 

 
    (   )  

(               )

        
     

 

(2.2) 

where D is either the final or initial diameter of the hole is determined.  

Literature has shown that there are many controlling factors to a steel’s HER and the size of the 

shear affected zone (SAZ) created upon punching is considered to be one of the more significant factors 

[40, 43]. The SAZ is a region of strain hardened material adjacent the cut edge and its size is considered 

to be related to the material’s edge expandability. The size of the SAZ is related to the strain hardening 

rate of a material with a lower strain hardening producing a smaller SAZ, and greater strain hardening 

producing a larger SAZ [38, 43]. Levy et al. has demonstrated that SAZ controls the limit strain for sheet 

steels in sheared-edge stretching and a narrow SAZ has shown beneficial to HER [39, 40, 44, 45]. The 

rotation of the grains has been used to compare the amount of strain hardening that a microstructure has 

undergone through a shearing process, such as hole punching [43, 46]. It should be noted that the precise 

location to measure the rotation due to shearing was not detailed in this work. Figure 2.14a compares two 

micrographs of punched edges of both low and high strain hardening steels, DP590 and TRIP 590, 

respectively. The black line represents the flow of metal caused by the shearing process. The lower strain 

hardening material has more localized rotation of material near the fracture surface, whereas the high 
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strain hardening material exhibits a more gradual material rotation.  The effect of the different strain 

hardening materials on the resistance to fracture, illustrated in Figure 2.14b, shows that the higher strain 

hardening rate increases the resistance to fracture near the sheared edge. Lee et al. have shown in a study 

on dual-phase (DP) steels, that HER increases with post uniform elongation [47]. This suggests that work 

hardening and post uniform elongation need to be considered. 

  
(a) (b) 

Figure 2.14 Sheared edge microstructures of a (Dual Phase) DP590 and TRIP590 (a) and (b) showing 

fracture resistance profile at the blanked edge [43]. The black lines superimposed on the 

light optical micrographs indicate the directions of metal flow introduced during 

shearing.  The vertical line in (b) gives reference with respect to the blanked edge [43].  

In DP steels, the strength difference between the ferrite and martensite has a significant impact on 

void nucleation and growth [11, 48, 49]. Reducing the strength difference between the ferrite and 

martensite by either increasing the strength of ferrite, through microalloying, or decreasing the strength of 

the martensite, through tempering or reducing the C content, has been reported to be beneficial toward 

void suppression [47, 49, 50]. This difference in the strength of the constituents has also been suggested 

to be the reason for the poor HER of multiphase steels when compared to single phase steels [49]. The 

presence of soft ferrite is not the only microstructural feature that has been reported to be detrimental to 

HER however [47]. Retained austenite pools in “carbide-free” bainitic steels have been suggested to act 

as void nucleation points once the austenite has transformed [11, 51]. This suggests that increased 

retained austenite stability, through increased C content, may prevent the martensitic transformation and 

therefore the nucleation of voids [11]. Previous research has indicated that, for similar strengths, a Q&P 

microstructure produces better hole expansion properties than bainitic microstructures, quenched and 
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tempered steels, and tempered DP steels for holes prepared by machining [51, 52].   Hole expansion was 

also performed on the steels presented in Figure 2.8 and the results are shown in Figure 2.15. It was 

observed that HER increases with increasing hold time and decreasing temperature for steels fully 

austenitized and quenched to 200-450 °C [48].  Additionally, at higher temperatures, lower Si levels 

improved the hole expansion properties.  

 
Figure 2.15 Hole expansion ratio (λ) is presented as a function of austempering temperature (TA) held 

for 200 s at various Si levels [11]. Each symbol represents a different indicated Si level in 

wt pct. 
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CHAPTER 3 : EXPERIMENTAL DESIGN AND METHODS 

3.1 Material 

To examine the effect of Si, three steels with compositions shown in Table 3.1 were 

manufactured. The material was cast, hot and cold rolled at Tata Steel Research, Development, and 

Technology. The three alloys were received in 1 mm thick cold rolled state. The C level was chosen to 

allow significant amounts of retained austenite. Higher C contents were considered, but the C content was 

kept to lower levels to maintain industrially meaningful compositions.  Uniform manganese (Mn) content 

was chosen in order to have the ability to isolate the effects of the intentional variation in Si levels. The 

Mn content of 2.00 wt pct was chosen to allow for sufficient hardenability to prevent the formation of 

ferrite and pearlite during the quench from the austenitization temperature and the isothermal hold 

temperature.  

Table 3.1 - Chemical Composition of Laboratory Heats  
 

wt pct C Mn Si N S P 

1.5Si 0.245 2.05 1.49 0.0019 0.0043 0.001 

0.6Si 0.245 1.99 0.59 0.0024 0.0043 0.001 

0.1Si 0.235 1.98 0.14 0.0022 0.0041 0.001 

       

The critical temperatures of all three steel alloys are presented in Table 3.2. Calculated 

temperatures were based on alloy compositions listed in Table 3.1. The martensite MS and AC3 

temperatures were determined from dilatometer data provided by Tata Steel. The QT was calculated using 

the procedure developed by Speer et al., which assumes full C partitioning from martensite to austenite 

[36, 53]. Calculated volume fractions of retained austenite as a function of quench temperature are shown 

in Figure 3.1. Bainite start (BS) temperature was calculated based on the chemical compositions provided 

in Table 3.1 [54]. Following Thermo-Calc® calculations, an austenitization temperature of 900 °C was 

chosen to ensure full austenitization during soaking. An annealing time of 150 s was chosen to allow full 

austenitization without inducing significant austenite grain growth while also being relevant in a 

continuous annealing context.  

Table 3.2 – AC3, Bainite Start (BS), Martensite Start (MS), and Optimum Quench Temperatures (QT) 
 

wt pct AC3 (°C) BS (°C) MS (°C) QT (°C) 

1.5Si 852 579 380 262 

0.6Si 825 585 390 270 

0.1Si 809 588 390 267 
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Figure 3.1 Calculated final volume fractions of retained austenite plotted as a function of isothermal 

hold temperature. Calculations were made assuming full C partitioning from martensite to 

austenite [36].  

  

3.2 Heat Treating 

All heat treating was performed in salt pots in order to achieve high heat transfer rates. An 

austenitization temperature of 900 °C was chosen because this temperature is significantly above the AC3 

temperature for all alloys. Three rounds of heat treating were performed: (1)  a large range of isothermal 

hold temperatures with four times, performed on coupons; (2) five isothermal hold temperatures with four 

hold times, performed on tensile specimens; (3) select times and temperatures based on austenite fractions 

and tensile results, performed on hole expansion samples. The times and temperatures used for these 

studies will be discussed in detail later. The first round involved the heat treatment of coupons followed 

by microstructural characterization. The goals of this study were to verify the heat treatment to ensure no 

ferrite or pearlite forms, characterize a large number of possible microstructures, and identify 

microstructures of interest for subsequent mechanical properties studies on a reduced number of samples. 

The heat treating matrix for the XRD and MS characterization, with temperatures shown in Table 3.3, 

involves full austenitization followed by rapid cooling to an intermediate isothermal hold temperature and 

finally quenching to room temperature. The isothermal hold temperatures, which follow austenitization, 

have been chosen so that there are two temperatures above the MS and nine below, decreasing in 

increments of 25 °C. Preliminary heat treatments were performed on coupons, approximately 2.5 cm by 

2.5 cm, with thermocouples attached to confirm the thermal profile. The thermal profiles of these coupons 
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Figure 3.2 Thermal histories of four coupons labeled with heat treat designations. 

shown in Figure 3.2 demonstrate the high cooling rates utilized in this work. It should be noted that for 

the 10 s holds, the temperature is not truly isothermal and that the temperature decreases to the selected 

isothermal hold temperature. Using this study as a guide, a truncated experimental matrix was used for the 

second study on tensile properties. This heat treating matrix uses the bold temperatures and times in Table 

3.3. Hole expansion testing heat treating conditions were chosen based on the tensile testing results. Hole 

expansion samples were austenitized and held at secondary isothermal hold conditions shown in Table 

3.4. The rationale for these conditions is discussed in Section 4.5. 

Table 3.3 - Experimental Matrix for Microstructural and Tensile Studies 

Annealing Temperature 

(°C) 
Annealing Time (s) 

Isothermal Hold 

Temperature (°C) 

Isothermal Hold Time 

(s) 

900 150 

450 10, 30, 120, 300 

400 10, 30, 120, 300 

350 10, 30, 120, 300 

325 10, 30, 120, 300 

300 10, 30, 120, 300 

275 10, 30, 120, 300 

250 10, 30, 120, 300 

225 10, 30, 120, 300 

200 10, 30, 120, 300 

*Isothermal hold temperatures and times for tensile testing conditions are shown in bold. 
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Table 3.4 - Experimental Matrix for Hole Expansion Samples 

 1.5-Si Steel 0.1-Si Steel 

Isothermal Hold 

Temperature (°C) 
Isothermal Hold Time (s) Isothermal Hold Time (s) 

450 10, 30, 120, 300 10, 30, 120 

350 300 300 

300 120 & 300 30 & 300 

250 300 10 & 300 

   
 

 

3.3 X-Ray Diffraction 

Sample coupons, approximately 20 by 20 mm, were cut from the as-received sheet.  After heat 

treating, the surface scale was lightly ground off and the coupons were immersed in a solution of 5 parts 

HF, 50 parts H20, and 55 parts H2O2 for 5 minutes. A nickel filtered copper X-ray source, an X’celerator 

detector, a tube current of 40 kA, and a generator voltage of 45 kV were used. Samples were scanned over 

a 2θ range from 40 to 110 ° for a scan time of approximately 22 min. A 1 ° slit size was used. Four 

austenite and four ferrite/martensite peaks {111}γ {200}γ {220}γ {311}γ and {110}α {200}α {211}α 

{220}α were analyzed to determine the volume fraction of retained austenite respectively [55]. The 

austenite C content was determined from the austenite {220} peak position and the relationship with the 

lattice parameter [56]: 

 ao 3.    0.044 xc 
(3.1) 

where ao is the lattice parameter in Å and xc is the C content. Background and Kα2 stripping procedures 

were used to calculate the austenite volume fractions and C contents. 

3.4 Magnetic Saturation 

Magnetic saturation (MS) measurements were performed on the heat treated XRD samples using 

a Metis Instruments & Equipment MSAT 30 MS device. MS determines the ferromagnetic fraction of the 

sample. It is then assumed that the rest of the sample is austenite, which allows the volume fraction of 

austenite to be characterized for each sample. The bulk chemical composition used by the software to 

calculate the theoretical value of the induction for fully ferromagnetic samples is given in Table 3.1. Each 

austenite fraction value is calculated from the average of three ferromagnetic fraction measurements. 

3.5 Secondary Electron Imaging 

Samples for Secondary Electron Imaging (SEI) were ground and polished to 1 μm with a final 

vibratory polishing step using 0.0  μm colloidal silica performed for at least 2 hr to ensure that the 
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retained austenite did not transform during preparation. Samples were etched with 2 pct Nital for 

approximately 10 s. Images were collected using a JEOL-7000F Field Emission Scanning Electron 

Microscope (FESEM) operating at an accelerating voltage of 15 kV and a working distance of 10 mm. 

3.6 Electron Backscatter Diffraction 

EBSD was performed on the 1.5-Si samples selected for hole expansion testing. Samples for 

EBSD were ground and polished to 1 μm and final vibratory polishing using a 0.0  μm colloidal silica 

was performed for at least 12 hrs. In order to prevent charging during scanning, amorphous C was 

deposited on the sample surface. The C appears as black spots in Confidence Index (CI) maps but does 

not affect inverse pole figure maps or phase maps. In CI maps, light regions are associated with a high 

quality pattern that is easily indexed and darker regions are associated with lower quality, or poorly 

diffracting regions. EBSD scans were performed using a JEOL-7000F FESEM operating at an 

accelerating voltage of 25 kV. A step size of 40 nm was used with a hexagonal grid pattern using 8 by 8 

binning. The samples were tilted 70 ° (with respect to the horizontal position) towards the EBSD camera. 

Dynamic focus was used to allow the entire image to be focused during data collection. Data was 

collected and Kikuchi bands were indexed with EDAX-TSL OIM Data Collection 5.1 Software. A rho 

fraction of 80 pct was used. For index analysis, a minimum of three and maximum of seven peaks were 

used to identify each scan point. This information was processed with TSL OIM Data Analysis 5.1 

software. Due to extremely low average scan CI values, the scans of samples held at 450 °C for 10 and 

30 s were collected with this method but the scans were reanalyzed using performance calibration tuning 

of each scan point from Hough Peak data using EDAX-TSL OIM Data Collection 6.1. Use of this 

analysis technique is limited since it extends scan analysis from minutes to at least 24 hrs. All data was 

cleaned using a “CI nearest neighbors” procedure with a minimum CI set to 0.1. 

3.7 Tensile Testing  

Tensile tests were performed at room temperature using MTS-Alliance screw-driven tensile 

testing machines. All tensile tests were performed on ASTM E-8 heat treated tensile samples with a gauge 

length of 50 cm. A 50 cm Shepic extensometer was used to monitor engineering strain. All tests were 

performed at an engineering strain rate of 0.016 s-1 with a data acquisition rate of 50 Hz. All reported 

yield strengths (YS) were calculated using the 0.2 pct offset method. Reported ultimate tensile strength 

(UTS) is the maximum stress reached during the test. The tensile testing matrix, bold conditions of Table 

3.3, was designed over a wide range of the retained austenite results. The goal of the matrix was to be 

able to evaluate the effect of changes in isothermal hold time and temperature on mechanical properties.  
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3.8 Hole Expansion Testing 

Hole expansion testing was performed on an MTS MetalForm Test system at ArcelorMittal 

Global R&D at East Chicago, Indiana. 10 mm holes were punched with a punch die clearance of 

0.0246 mm and were tested in the burr up orientation. Figure 3.3 shows the hole expansion test schematic. 

A conical punch was used with a punch speed of 0.2 mm/min. The test was stopped when a 0.1 mm wide 

through thickness crack was observed via a digital camera system, which provided a magnified real time 

image of the test. Four heat treated samples were punched. No lubricants were used during the punching 

and hole expanding. Three punched samples were used for hole expansion and an additional punched 

sample was used to examine the microstructural rotation angle (MRA). 

 

Figure 3.3 Schematic of hole expansion test: punched and expanded sample (black), expansion 

conical punch (dark grey), sheet sample clamps (light grey). White arrow indicates 

expansion punch direction. 

3.9 Light Optical Microscopy 

Light Optical Microscopy was utilized to characterize the rotation of the microstructure in the 

1.5Si alloy.  Punched samples were sectioned and mounted 45 ° to the rolling direction. Then, mounts 

were ground, polished, and etched with 2 pct Nital. Images for MRA analysis were taken at 

approximately the center of the sheet thickness in the fracture zone. The angle was determined as close to 

the fracture surface as possible. Provided angles represent an average of three measurements made on one 

field of view. 
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CHAPTER 4 : RESULTS AND DISCUSSION 

This chapter presents the results from microstructural and mechanical characterization study 

using FESEM, EBSD, tensile testing and hole expansion testing. In addition, XRD and MS were used to 

determine retained austenite volume fractions and C content. SEI and EBSD were used to detail the 

microstructures of the 1.5Si steel in particular retained austenite morphology and distribution. Mechanical 

behavior was characterized using tensile and hole expansion testing of heat treated samples. Engineering 

stress-strain curves, averaged tensile properties, strain hardening (instantaneous n-value), and hole 

expansion ratios are presented and correlated to the observed microstructural features.  

4.1 X-Ray Diffraction and Magnetic Saturation  

Retained austenite fractions and C contents are plotted as a function of isothermal hold 

temperatures for the 1.5Si, 0.6Si, and 0.1Si alloys in Figures 4.1, 4.2, and 4.3. MS and calculated optimum 

QT are also indicated in the figures. For the 1.5Si alloy, the level of retained austenite stabilized after 10 s 

holding decreased with decreasing holding temperature above the MS temperature.  Below the MS 

temperature, limited austenite fractions are observed at 350 and 375 °C and a slight increase is observed 

as temperatures are further decreased. Maximal austenite stabilization is obtained at 120 s holding above 

the MS temperature and a distinct peak is observed for temperatures below MS at 325 °C.  A peak is again 

observed following 300 s isothermal holding albeit at 300 °C, above the calculated QT shown in Table 

3.2.  At the highest temperature, even though the volume fraction changes as hold time increases, the C 

content does not. For the hold temperatures near the MS temperature, 350 and 375 °C, an initial C 

increase is followed by a decrease with time albeit to a lesser extent as observed for the higher 

temperatures. In general, lower austenite volume fractions were observed for 350 and 375 °C compared to 

400 and 450 °C isothermal holds.  The C content at these temperatures steadily increases and plateaus for 

longer hold times. XRD was also performed on a water quenched sample and a negligible amount of 

austenite was obtained.   

The volume fraction and C content obtained for the 0.6Si alloy are presented in Figure 4.2. In 

general, the stabilized volume fraction of retained austenite is lower than that obtained for the 1.5Si alloy. 

Similar initial retained austenite fractions are observed with MS and XRD for isothermal holds above the 

MS temperature, however the fractions decrease with hold time. At the highest temperature the C contents 

of the 0.6Si again remain the same for all hold times and are similar to the ones obtained for the 1.5Si 

alloy. Retained austenite is observed at short hold times between the MS and QT. Below the QT, longer 

hold times produce significant amounts of retained austenite and greater fractions are observed with 

isothermal hold temperature with MS when compared to XRD. 
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(a) (b) 

 
(c) 

Figure 4.1 Retained austenite fractions retained for the 1.5Si heat treated steel determined with XRD 

a) and MS b) and C content measured by XRD c) plotted as a function of isothermal hold 

temperature for four hold times of 10 s (squares), 30 s (triangles), 120 s (circles) and 

300 s (crosses). Martensite start (MS) and calculated optimum quench temperatures (QT) 

are indicated by vertical lines. 

The retained austenite volume fractions and C content results from XRD measurements of the 

0.1Si samples are shown in Figure 4.3. Above the MS temperature, the initial volume fractions decrease 

with either increasing hold time or decreasing hold temperature. Below the MS temperature, the only 

significant volume fraction of retained austenite observed by XRD was produced just below the QT 
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(300 °C) and at the intermediate hold time of 30 s. Again, MS measurements showed elevated fractions of 

retained austenite when compared to XRD measurements below the QT. 

  
(a) (b) 

 
(c) 

Figure 4.2 Retained austenite fractions retained for the 0.6Si heat treated steel determined with XRD 

a) and MS b) and C contents measured by XRD c) plotted as a function of isothermal 

hold temperature for four hold times of 10 s (squares), 30 s (triangles), 120 s (circles) and 

300 s (crosses). Martensite start (MS) and calculated optimum quench temperatures (QT) 

are indicated by vertical lines. 
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(a) (b) 

 
(c) 

Figure 4.3 Retained austenite fractions retained for the 0.1Si heat treated steel determined with XRD 

a) and MS b) and C contents measured by XRD c) plotted as a function of isothermal 

hold temperature for four hold times of 10 s (squares), 30 s (triangles), 120 s (circles) and 

300 s (crosses). Martensite start (MS) and calculated optimum quench temperatures (QT) 

are indicated by vertical lines. 

The overall reduced retained austenite volume fractions with lower Si contents may be due to the 

precipitation of cementite [17, 26, 57, 58]. Since greater amounts of retained austenite were stabilized in 

the 1.5Si alloy, a greater emphasis is placed on characterizing the microstructures of this alloy (see 

Sections 4.2 and 4.3 for SEI and EBSD characterization). 

Figure 4.4 shows retained austenite fractions measured with MS and XRD for all hold times and 

temperatures. As the hold time increases, the ratio of MS to XRD, i.e. the slope of the linear fits in the 
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plots, increases from 0.4, 1.2, 1.0, to 1.8 for the isothermal hold times of 10, 30, 120, and 300 s, 

respectively. In comparison to literature, Jacques et al. and Samek have shown for TRIP steels that in 

general MS measurements result in greater retained austenite fractions than XRD measurements [9, 59]. 

Limited data by De Moor has shown that Q&P microstructures exhibit a similar behavior [60].    

 
Figure 4.4 Retained austenite fractions measured with MS and XRD for all alloys, hold temperatures 

with time of (squares) 10 s, (triangles) 30 s, (circles) 120 s, and (crosses) 300 s. 

4.2 Scanning Electron Microscopy  

Micrographs of the 1.5Si alloy processed using isothermal hold temperatures of 450, 400, 350, 

300, and 250 °C are shown in Figures 4.5 through 4.7, respectively. Micrographs from isothermal holds 

above the MS show deep etched regions considered to be bainitic sheaves. Elongated un-etched regions 

between the bainitic sheaves as shown in Figures 4.5d, 4.5f, and 4.6f are likely retained austenite. 

Martensitic laths are apparent in lightly etched raised regions of laths which have a finer structure than the 

bainite sheaves. The large martensite containing regions also have areas on the edges that appear smooth, 

such as the center of Figure 4.5d, that are likely retained austenite. Large regions of blocky austenite that 

lack substructure are observed adjacent to bainitic sheaves. As the isothermal hold time is increased for 

the 450 °C samples, the fraction of bainite formed increases and the martensite region size and fraction 

decreases. A similar microstructural evolution shown in Figure 4.6 was observed for the 450 and 400 °C 

isothermal hold samples. Laths at the lower austempering temperature appear to be thinner. Fine features 

are observed in the bainite sheaves for long hold times at the isothermal holds of 400 °C that are likely 

carbides, either transition carbides or cementite. The microstructures produced from isothermal holds 

below the MS temperature, Figures 4.7 and 4.8, show primarily martensitic structures. Two morphologies 

of retained austenite are observed in these microstructures. Fine pools of retained austenite are observed 
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at the 350 °C hold temperature, as seen in Figure 4.7a. The other morphology is a fine film of retained 

austenite between lath boundaries such as the bright films observed between the laths shown in 

Figure 4.7c. Martensite packets can be observed and the higher magnification images show fine flat 

features within the packets, as seen in Figures 4.7b and 4.7c. These features are likely temper carbides 

due to the orientations that they exhibit [61]. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.5 Secondary electron micrographs of the 1.5Si alloy etched with 2 pct nital, isothermally 

held at 450 °C for: 10 s (a and b), 30 s (c and d), and 300 s (e and f). 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.6 Secondary electron micrographs of the 1.5Si samples etched with 2 pct nital, isothermally 

held at 400 °C for:  10 s (a and b), 30 s (c and d), and 300 s (e and f). 
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(a) (b) 

 
(c) 

Figure 4.7 Secondary electron micrographs of the 1.5Si samples etched with 2 pct nital, isothermally 

held at 350 °C for 300 s (a) and 300 °C for 120 s (b), and 300 s (c). 

  
(a) (b) 

Figure 4.8 Secondary electron micrographs of the 1.5Si semples etched with 2 pct nital, isothermally 

held at 250 °C for: 30 s (a) and 120 s (b). 

4.3 Electron Backscatter Diffraction of the 1.5Si Samples  

In order to further characterize retained austenite morphology and distribution, EBSD was conducted on 

the 1.5Si samples. EBSD results from scans performed on the 1.5Si samples for conditions, which were 

selected for hole expansion testing as discussed in Section 4.5, are presented in Figures  4.9 through 4.14 

as well as in Appendix A. EBSD images of the 1.5Si steel sample fully austenitized and isothermally held 
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at 450 °C for 10 s (Figure 4.9) show large elongated regions of retained austenite.  These austenite grains 

(colored yellow in phase maps) are approximately 1 μm wide and have intermediate image quality. The 

matrix surrounding these austenite grains is composed of a mixture of fine grains that indexed as BCC 

and FCC.  

   
(a) (b) (c) 

Figure 4.9 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 450 °C for 10 s. (color 

image - see PDF copy) 

   
(a) (b)  (c) 

Figure 4.10 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 450 °C for 30 s. (color 

image - see PDF copy) 

MA 

B 

B 
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(a) (b) (c) 

Figure 4.11 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 450 °C for 120 s. (color 

image - see PDF copy) 

   
(a) (b) (c) 

Figure 4.12 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 450 °C for 300 s. (color 

image - see PDF copy) 

MA 

B 

B 

MA 
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(a) (b) (c) 

Figure 4.13 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 350 °C for 300 s. Black 

regions in the quality map, that do not show in the inverse pole map, are believed to be 

deposited C. (color image - see PDF copy) 

   
(a) (b) (c) 

Figure 4.14 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 300 °C for 300 s. Black 

regions in the quality map, that do not show in the inverse pole map, are believed to be 

deposited C. (color image - see PDF copy) 

The image quality map shows that the matrix is composed of two different constituents: large wedges 

with high image qualities (light gray shading) suggesting bainite and fine structures with low image 

MA 

MA 
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qualities (indicated by dark gray shading) believed to be fresh martensite and austenite potentially formed 

during the final quench to room temperature. The fresh martensite is composed of fine grains of FCC and 

BCC. In contrast, the regions previously identified as bainite appear to be mostly BCC with high image 

quality.  Examination of the longer hold times, shown in Figures 4.11 and 4.12, reveals that the amount of 

features identified as bainite increases and these constituents become the dominant matrix with only small 

regions of fresh martensite and blocky austenite remaining.  Figures 4.13 and 4.14 show the EBSD results 

for the samples isothermally held below the MS temperature. Small regions of fresh martensite are still 

observed. Retained austenite, which appears as aligned dots, suggests that retained austenite films are 

present even if they were not observed at this condition with SEI. Additionally they are likely smaller 

than the FESEM electron beam which has a diameter of approximately 100 nm. A more homogeneous 

image quality is observed for microstructures produced below the MS when compared to quality maps of 

samples held in the bainitic region suggesting a more martensitic matrix with a higher dislocation density. 

Based on the microstructures observed with SEI and EBSD, several conclusions can be made. 

The retained austenite present after bainitic holds have two main morphologies: large blocks surrounded 

by bainite and a fine distribution in fresh martensite. The blocky retained austenite associated with 

bainitic grains decreases as the isothermal hold temperature decreases. Below the MS temperature, 

retained austenite is present a in a fine film morphology in the martensitic matrix. 

4.4 Tensile Behavior 

Tensile testing was performed on all three alloys and the results are shown in Figures 4.15 

through 4.19.  Additional stress-strain curves, true stress-true strain curves, instantaneous n-value versus  

 
Figure 4.15 Total elongation versus ultimate tensile strength plotted for the indicated alloys. Circled 

region identifies data with total elongations above 15 pct obtained through bainitic 

isothermal holding temperatures.  
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(a) (b) 

  
  

Figure 4.16 Average Ultimate Tensile and Yield Strengths plotted as a function of isothermal hold 

temperature for the 1.5Si (squares), 0.6Si (circles), and 0.1Si (diamonds) alloys. The open 

symbols are 10 s holds and the closed symbols are 300 s hold times.  

true strain curves, and a property summary table are presented in APPENDIX B.  Remarkable 

combinations of high strength and elongation are obtained with bainitic isothermal holds, as shown in 

Figure 4.15. By changing the isothermal hold time and temperature, a wide range of tensile properties 

were developed. The highest strengths were observed at short times for holds at or above the MS 

temperature in the 1.5Si alloy and are shown in Figure 4.16. Based on EBSD results, it is likely that the 

high strength is due to significant fractions of fresh martensite that decrease with increasing hold time, 

similar to the observed strengths. Strength increases at short bainitic holds decrease with Si content, 

demonstrated by the tensile curves of Figures 4.18 and B.1-B.3. Significant tensile elongations (>15 pct)  
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(a) (b) 

Figure 4.17 Total elongations plotted as a function of isothermal hold temperature for the 1.5Si 

(squares), 0.6Si (circles), and 0.1Si (diamonds) alloys. The open symbols are 10 s holds 

and the closed symbols are 300 s hold times. 

shown in Figures 4.18  and 4.17 are obtained for holding in the bainitic transformation region where 

longer holding results in increased elongations. This increase in elongation with hold time is likely related 

to decreasing fractions of fresh martensite and increasing fractions of bainite. The increased strain 

hardening rates, that also contribute to the increases in elongations, of the bainitic samples is likely related 

to significant fractions of blocky retained austenite which can contribute to the TRIP effect. As the Si 

content decreases, measured volume fractions of retained austenite and strain hardening also decrease. 

Additionally at the lower Si levels, the increases in strength at short hold times and increases in 

elongation at long hold times both decrease.  

The martensitic microstructures produced from isothermal holds at 250 and 300 °C produced 

significantly lower elongations (~8 pct). The 1.5Si alloy has similar strain hardening for the different 

times at these temperatures and UTS and YS decrease with increasing isothermal hold time. When the Si 

content decreased, the strain hardening changes with time, and differing strain hardening behaviors were 

observed, as in show Figure 4.19f. 

Yield phenomena can be observed in the engineering stress strain curves presented in Figure 4.18. 

For the 1.5Si steel, yielding is continuous for all times and temperatures, but becomes more distinct at the 

higher bainitic hold temperatures and times. However, the 0.6Si and 0.1Si exhibit discontinuous yielding 

at greater isothermal hold times and temperatures. For given isothermal hold conditions, the UTS 

increases as the Si content of the alloy increases as shown in Figure 4.16. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 4.18 Representative engineering stress-strain curves (a-c) and instantaneous n-value versus true strain (d-f) for the 1.5Si (a and d), 0.6Si 

(b and e), and 0.1Si (c and f) alloys heat treated at 450 °C for the indicated times. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 4.19 Representative engineering stress-strain curves (a-c) and instantaneous n-value versus true strain (d-f) for the 1.5Si (a and d), 0.6Si 

(b and e), and 0.1Si (c and f) alloys heat treated at 300 °C for the indicated times. 
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4.5 Hole Expansion  

Samples for hole expansion testing of the 1.5Si alloy were chosen based on tensile properties and 

retained austenite fractions and morphologies and the selected conditions are shown in Table 4.1. It 

should be noted that differences in retained austenite (size and morphology) and matrix constituents 

(bainite, martensite, and a mixture of the two) is also captured in the experimental design. The 450 °C 

samples with hold times of 10, 30, and 300 s were selected since different strength levels at a constant 

retained austenite fraction were obtained in these conditions.  The 120 s hold time at the 450 °C hold 

temperature was selected since the greatest amount of retained austenite was observed in this condition. 

The 300 s holds at the 350 and 250 °C temperatures were chosen to analyze the effect of increased UTS 

and work hardening, as indicated by the YS/UTS ratios, without significant changes in other tensile 

properties and retained austenite fractions. The two hold times at 300 °C were selected because of similar 

tensile properties combined with different levels of retained austenite of 4 and 9 vol pct. 

Table 4.1 - Heat Treating Conditions and Tensile Properties of the 1.5Si Hole Expansion Samples 

 

Hold Temperature 

and Time 
RA (vol pct) YS (MPa) UTS (MPa) 

  

   
 TE (pct) HER (pct) 

450 °C/10 s 12 974 1732 0.56 10.1 1.8 ± 0.4 

450 °C/30 s 12 765 1373 0.56 17.3 12.0 ± 0.7 

450 °C/120 s 18 699 1140 0.61 23.2 23 ± 2 

450 °C/300 s 12 646 1047 0.62 22.4 27 ± 1 

350 °C/300 s 3 943 1395 0.67 9.1 46 ± 3 

300 °C/120 s 4 905 1581 0.57 8.7 22 ± 1 

300 °C/300 s 9 904 1576 0.57 8.6 35 ± 2 

250 °C/300 s 3 935 1591 0.59 9.5 26 ± 2 

*YS, UTS, and RA are averaged Yield Strength,  Ultimate Tensile Strength, and Retained Austenite 

 The selected conditions and corresponding properties for the 0.1Si alloy are shown in Table 4.2 

and were chosen with a similar goal to that of the 1.5Si alloy conditions. The two processing conditions 

of 450 °C held for 10 s and 300 °C held for 30 s were chosen since these were the only conditions which 

exhibited significant fractions of austenite.  Holds at 450 °C were selected to investigate the effect of 

changing fractions of bainite and martensite in the absence of retained austenite.  All holds for 300 s as 

well as the hold at 250 °C for 10 s were selected since similar tensile properties, YS and elongations, were 

observed, but different UTS. It should also be noted that the 0.1 Si sample held for 10 s at 250 °C has a 

similar UTS, with differing YS and elongations, as the 1.5Si held for 10 s at 450 °C. 

The HER values shown in Table 4.1 and Table 4.2 are plotted in Figure 4.20 as a function of 

isothermal holding temperature for the 1.5Si and 0.1Si alloys, respectively.  Increased holding times for 

both alloys result in greater HER values in particular for the 450 °C conditions where systematic hole  
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Table 4.2 - Heat Treating Conditions and Tensile Properties of the 0.1Si Hole Expansion Samples 

 

Hold Temperature 

and Time 
RA (vol pct) YS (MPa) UTS (MPa) 

  

   
 TE (pct) HER (pct) 

450 °C/10 s 6 643 849 0.76 14.9 26 ± 1 

450 °C/30 s 1 697 801 0.87 14.9 51 ± 2 

450 °C/120 s 1 715 801 0.89 12.9 56 ± 6 

350 °C/300 s - 1000 1145 0.87 6.2 53 ± 9 

300 °C/30 s 5 959 1490 0.64 6.0 19 ± 1 

300 °C/300 s 1 1064 1362 0.78 6.2 30 ± 6 

250 °C/10 s 2 1114 1712 0.65 6.8 13 ± 3 

250 °C/300 s 1 984 1441 0.68 7.4 26 ± 2 

*YS, UTS, and RA are averaged Yield Strength, Ultimate Tensile Strength and Retained Austenite 

expansion studies with time were conducted. The effect of isothermal holding time at 450 °C is captured 

for fixed austenite fractions in the 1.5Si alloy for holds of 10, 30, and 300 s.  The 450 °C/10 s 

sampleperformed poorly compared to the other conditions. It is likely that this is a result of the 

untempered martensite that is formed during final quenching. SEI and EBSD images shown in Figures 4.5 

and 4.9 through 4.12 show that as isothermal hold time increases the fraction of fresh martensite 

decreases. It is likely that a hardness difference may exist between the bainitic and fresh martensite 

regions which could adversely affect HER, similarly to the hardness difference observed in DP steels [47, 

49].  

The 450 °C/120 s and 450 °C/300 s 1.5Si samples exhibit similar tensile ductility, strength 

differences of about 100 MPa UTS and 50 MPa YS and significantly different austenite levels with the 

120 s sample exhibiting the greatest fractions of all conditions considered here.  The sample with the  

  
(a) (b) 

Figure 4.20 Hole expansion ratio as a function of isothermal holding temperature for indicated 

holding times for the 1.5Si (a) and 0.1Si (b) alloys.  
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lower austenite fraction, which also exhibited lower strength, yielded the greatest HER.  It has been 

suggested that the TRIP effect may result in void nucleation as large dislocation densities are observed 

adjacent to strain-induced martensite which could adversely affect HER [11, 62].  In addition, reduced 

fresh martensite constituents were again observed by EBSD following longer holding as shown in 

Figure 4.10 through 4.12. Isothermal holds above the MS produced greater HER for the lower Si alloy as 

shown in Figure 4.20b. Similar to the 1.5Si alloy, increases in austemper hold time produced greater 

HER. The shortest hold times in the 0.1Si alloy produced a larger HER than the value obtained for the 

1.5Si alloy. The 1.5Si samples isothermally held below the MS temperature selected for hole expansion 

exhibit similar tensile properties including similar yield to UTS ratio, albeit at different austenite levels. 

The exception to this, is the 350 °C/300 s condition, at which the greatest hole expansion was obtained. 

This is likely due to the reduced work hardening and UTS, which would reduce the size of the SAZ in the 

punched edge.  Similar tensile properties were obtained using the 300 °C/300 s and 300 °C/120 s 

condition, but less austenite was stabilized at the 120 s hold time and a decreased HER value. This 

suggests perhaps that retained austenite may be beneficial to hole expansion in martensitic matrices and 

Q&P microstructures.  Similar austenite fraction and UTS were obtained for the 250 °C/300 s and 

300 °C/120 s 1.5Si samples. The lower hold temperature has decreased work hardening and increased 

HER. The 0.1Si one-step Q&P sample conditions selected for hole expansion all have similar YS with 

differing UTS. As the UTS of the conditions increases, and therefore the work hardening and SAZ 

increase, the HER decreases. 

Hole expansion is typically not well predicted by tensile ductility as illustrated in Figure 4.21 

where total elongation and hole expansion ratios are plotted as a function of ultimate tensile strength.  It is 

clear that tensile ductility and hole expansion do not correlate well apart from decreasing trends in tensile 

elongation and HER values for the bainitic microstructures held at 450 °C.  It should be recognized that 

reduced fractions of fresh martensite with holding time were observed in addition to reduced UTS in these 

conditions.  Similar HER values are sometimes obtained for bainitic and martensitic (either one-step Q&P 

or mixed bainite/martensite microstructure) at about 20-25 pct for the 1.5Si and 50-55 pct for the 0.1Si 

alloy, albeit at greater strengths and lower tensile elongations for the martensitic steels. In general, 

bainitic microstructures exhibit higher tensile elongations at lower strength levels while the martensitic 

microstructures show greater strength and higher HER. As shown in Figure 4.21c, HER samples 

exhibiting similar UTS levels, namely ~1400 and ~1600 MPa and different microstructures were tested.  

The 1600 MPa levels are all obtained by isothermal holding below MS and these samples have been 

discussed previously.  At 1400 MPa, the HER obtained for the predominantly bainitic microstructure 

shown in Figure 4.10 generated by holding at 450 °C for 30 s is much lower than the value obtained for 
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(a) (b) 

  
(c) (d) 

Figure 4.21 Total elongation (a and b) and hole expansion ratio (c and d) plotted as a function of 

ultimate tensile strengh for the 1.5Si (a and c) and 0.1Si (b and d) alloys. The solid data 

points for the total elongation versus ultimate tensile strength plots are conditions that 

were selected for hole expansion testing. 

the predominantly martensitic matrix obtained for the 350 °C/300 s condition.  The lowest HER value is 

obtained in the austempered condition which contains the most austenite and likely a greater fraction of 

fresh martensite formed during final water quenching.  The 450 °C/30 s condition also exhibits 

significantly greater strain hardening as indicated by the YS/UTS values shown in Table 4.1 and by the 

instantaneous strain hardening (n-value) plotted in Figure 4.19.  The more pronounced strain hardening 

observed for the 450 °C/120 s condition results in increased tensile elongation and is likely resultant from 



43 

a more effective contribution of the TRIP effect due to the larger retained austenite fraction, the softer 

matrix, and lower yield strength. 

Failure during hole expansion is greatly different from tensile failure since the surrounding 

material constraints do not result in necking prior to failure and ductile hole expansion failures result from 

void nucleation, growth and coalescence.  The shearing process strain hardens the material surrounding 

the edge and voids are sometimes observed in the SAZ [63].  However, Levy et al. point out that 

deformation in the SAZ predominantly reduces the failure limit during hole expansion testing whereas 

voids and microcracks play a secondary role [45].  It is challenging to deduce information about void 

growth and coalescence from tensile tests since post uniform elongation is dominated by necking and 

torsional testing has proven more effective in void studies due to the absence of necking [43].  However, 

tensile tests are typically more readily available and it would be of interest to investigate whether 

correlations can be made between tensile properties and HER.  HER values obtained in the current study 

are plotted as a function of YS/UTS in Figure 4.22. In general, decreasing HER is obtained with increased 

strain hardening for both alloys.  A linear fit yielded an R2 value of 0.58 and 0.77 for the 1.5Si and 0.1Si 

alloys, respectively.   

 
Figure 4.22 Hole expansion ratio plotted as a function of YS/UTS (a) for the 1.5Si (black squares) 

and 0.1Si (white squares) alloys. Error bars for HER measurements are one standard 

deviation. 

4.6 Microstructure Rotation Angle 

The rotation of the microstructure produced from the punching process has been suggested to be 

related to the hole expandability of the steel [43]. Figure 4.23 shows representative micrographs in the  
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(a) (b) 

Figure 4.23 Optical micrographs of the 450 °C/120 s and 300 °C/120 s conditions in the punched and 

unexpanded state etched with 2 pct Nital. White lines representing the original 

microstructure (horizontal) and the microstructure at the fracture surface with the angle 

between these two lines defined as the MRA. 

punched and non-expanded condition. White lines representing the original microstructure (horizontal) 

and the microstructure at the fracture surface with the angle between these two lines being the MRA. 

Figure 4.24 shows the relationship between MRA and HER and YS/UTS, respectively. It is interesting to 

note that the R2 correlation between the HER and MRA of Figure 4.24 is larger than the R2 values relating 

the tensile properties to HER for the 1.5Si. This suggests that there is a strong dependence of HER to the  

  
(a) (b) 

Figure 4.24 Hole expansion ratio (a and b) plotted as a function of MRA for the 1.5Si samples. The 

hole expansion data from Lee et al., (squares), is plotted in addition to data from the 

1.5Si alloy [43]. Error bars represent one standard deviation for HER and MRA 

measurements.  
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MRA. When data from Lee et al. is added, the correlation is still quite significant [43]. It should be noted 

that the data from Lee et al. is over a wide range of commercial sheet steels including Low-C, HSLA, 

DP590, TRIP590, TRIP780 and a greater experimental spread of HER values was obtained [43]. The 

increased spread is possibly due to the greater scatter in HER values and/or differences in measuring 

MRA. 
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CHAPTER 5 : CONCLUSIONS 

Three steels of nominal composition 0.25C-2Mn-(1.5Si, 0.6Si, and 0.1Si) were heat treated by 

full austenitization and isothermal holding over a range of temperatures resulting in bainitic, mixed 

bainitic/martensitic, and one-step Q&P microstructures and were characterized by election microscopy, 

tensile, and hole expansion testing. Retained austenite volume fraction and C content was characterized 

using XRD and MS. SEI and EBSD was used to characterize the matrix and austenite morphology and 

distributions in the 1.5Si alloy. Tensile testing was performed to characterize heat treating response in the 

bainitic, a bainite/martensite mix, and Q&P microstructure. Finally, hole expansion testing was performed 

on select conditions in the 1.5Si and 0.1Si alloys. Conditions were chosen based on retained austenite 

fractions and distributions, matrix constituents, and tensile properties. LOM was utilized to characterize 

the microstructure rotation angle in the 1.5Si alloy.  The following conclusions were drawn: 

1) Large volume fractions of retained austenite (10-20 vol pct) can be stabilized with bainitic 

holds in the 1.5Si alloy.  When held below the MS temperature, reduced fractions were 

obtained with greatest fractions above the calculated optimum QT. Diverse retained austenite 

morphologies were observed, namely austenite pools and laths at temperatures in the bainitic 

transformation region, and fine film-like austenite in Q&P microstructures in the 1.5Si alloy. 

The alloys with reduced Si levels produced lower retained austenite levels, up to 10 and 

6 vol pct in the 0.6Si and 0.1Si alloy, respectively.   

2) For the 1.5Si alloy, pronounced strain hardening and significant tensile ductility were 

obtained with holding above the MS temperature likely related to an effective TRIP 

contribution whereas greater strength levels and less tensile elongation were obtained 

following isothermal holding below MS. Reduced tensile ductilities and strain hardening 

values resulting from bainitic holds were obtained with lower Si levels likely associated with 

lower austenite fractions.  

3) Hole expansion testing on punched samples, conducted for select heat treating conditions, 

showed that in general greater strain hardening corresponded to lower HER which is believed 

related to a more detrimental SAZ.  Hole expansion values showed the best correlation to 

MRA and YS/UTS values. 

4) In the 1.5Si alloy, at a fixed UTS level of 1400 MPa, a bainitic microstructure exhibited 

limited HER compared to a one-step Q&P microstructure.  The difference likely relates to 
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pronounced strain hardening disparity impacting SAZ. Additionally, significant fractions 

fresh martensite, produced upon final quenching, are believed to be related to the poor HER 

of bainitic microstructures in the 1.5Si alloy. 
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CHAPTER 6 : FUTURE WORK 

Three directions for future work can be undertaken that would be of particular benefit: a 

fundamental study of carbide formation during Q&P processing, a retained austenite stability study, and 

finally work on exploring punched edge characterization and the formation of damage during hole 

expansion.  

Additions of Si have been shown to allow retention of significant volume fractions of austenite 

through the suppression of cementite formation. Microstructural observations of one-step Q&P have 

shown that retained austenite can still be present when carbides that have formed below the MS 

temperature are present. Additionally, Si effects on temper carbides, other than cementite, are not well 

documented. Characterization of these carbides can be challenging due to the advanced transmission 

electron microscopy. Atom probe tomography, neutron diffraction techniques, and Mössbauer 

spectroscopy could be used to characterize the different carbides. With these techniques, significant 

information could be discovered pertaining to the microstructural evolution during Q&P processing.  

The second study that could be performed is a retained austenite stability study in the 1.5Si alloy 

for the heat treatments resulting in different retained austenite morphologies and matrix constituents. The 

study would use interrupted tensile tests and XRD to characterize the stability of the retained austenite. 

Three differing hold times at 450 °C produced retained austenite fractions of ~12 vol pct with constant C 

content, measured by XRD. This produced a range of matrix constituents and strengths. Additionally, 

holds above the optimum QT, which produced ~9 pct retained austenite, would add another matrix 

strength and retained austenite distribution to characterize.  

The present study has shown that the MRA can be correlated to HER of steels, even with vastly 

differing microstructures. The final project would involve a more detailed characterization of the region 

adjacent the sheared edge formed during the hole punching process and would include detailing the MRA 

with respect to position within the sheet thickness. In addition, this would also work towards a 

standardized method that could be used to characterize the MRA. The third goal of this project would be 

to examine the relationship between MRA and HER in a greater diversity of sheet steel microstructures.  
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 APPENDIX A: SECONDARY ELECTRON AND ELECTRON BACKSCATTER DIFFRACTION 

IMAGES 

SEI are shown for the 1.5Si alloy in Figures A.1 through A.5 isothermally held at 450, 400, 350, 

300, 250 °C for 10, 30, 120, and 300 s. For completeness, all times and temperatures are presented. EBSD 

images (inverse pole maps, phase maps, and image quality maps for a 1.5Si samples for 300 °C/120 s, 

250 °C/10 s, 250 °C/ 300 s conditions are  shown in Figures A.6 through A.8, respectively. 

  
(a) (b) 

  
(c) (d) 

 Figure continued on following page 
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(e) (f) 

  
(g) (h) 

Figure A.1 Secondary electron micrographs of the 1.5Si alloy etched with 2 pct nital, isothermally 

held at 450 °C for: (a and b) 10 s, (c and d) 30 s, (e and f) 120 s, and (g and h) 300 s. 

  
(a) (b) 

 Figure continued on following page. 
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure A.2 Secondary electron micrographs of the 1.5Si alloy etched with 2 pct nital, isothermally 

held at 400 °C for: (a and b) 10 s, (c and d) 30 s, (e and f) 120 s, and (g and h) 300 s. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

 Figure continued on following page. 
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(g) (h) 

Figure A.3 Secondary electron micrographs of the 1.5Si alloy etched with 2 pct nital, isothermally 

held at 350 °C for: (a and b) 10 s, (c and d) 30 s, (e and f) 120 s, and (g and h) 300 s. 

  
(a) (b) 

  
(c) (d) 

 Figure continued on following page. 
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(e) (f) 

  
(g) (h) 

Figure A.4 Secondary electron micrographs of the 1.5Si alloy etched with 2 pct nital, isothermally 

held at 300 °C for: (a and b) 10 s, (c and d) 30 s, (e and f) 120 s, and (g and h) 300 s. 

  
(a) (b) 

 Figure continued on following page. 
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure A.5 Secondary electron micrographs of the 1.5Si alloy etched with 2 pct nital, isothermally 

held at 250 °C for: (a and b) 10 s, (c and d) 30 s, (e and f) 120 s, and (g and h) 300 s. 
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(a) (b) (c) 

Figure A.6 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 300 °C for 120 s. Black 

regions in the quality map, that do not show in the inverse pole map, are believed to be 

deposited C. (color image - see PDF copy) 

 

   
(a) (b) (c) 

Figure A.7 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 250 °C for 10 s. Black 

regions in the quality map, that do not show in the inverse pole map, are believed to be 

deposited C. (color image - see PDF copy) 

 

MA 
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(a) (b) (c) 

Figure A.8 Inverse pole map (a), phase map (b), yellow indexed as FCC and red as BCC, and image 

quality map (c) for a 1.5Si sample that was isothermally held at 250 °C for 300 s. (color 

image - see PDF copy) 
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 APPENDIX B: TENSILE BEHAVIOR 

Tensile properties and hole expansion properties for the 1.5Si, 0.6Si, and 0.1Si alloys, are 

presented in Tables B.1 through B.3, respectively. Engineering stress-strain, true stress-strain, and 

instantaneous n-value versus true strain curves are presented for these alloys in Figures B.1 through B.9. 

Table B.1 – Summary of Tensile and Hole Expansion Properties of the 1.5Si Alloy 

Time (s) Temperature (°C)  UTS YS UE TE YS/UTS HER StDev 

10 s 

250 
1601 1018 5.8 8.2 0.57     

1610 1040 5.4 8.0 0.55     

300 
1602 1013 6.4 8.4 0.58     

1590 1017 5.7 7.9 0.56     

350 
1955 1298 4.5 6.2 0.51     

2008 1366 5.3 7.3 0.47     

400 
1690 1137 4.9 6.5 0.49     

1735 1058 5.9 7.9 0.64     

450 
1739 1000 7.8 10.1 0.74 

1.8 0.4 
1725 948 8.1 10.0 0.82 

30 s 

250 
1623 1030 5.5 8.1 0.58     

1610 1013 5.7 8.4 0.59     

300 
1574 978 7.1 9.6 0.61     

1478 918 7.0 9.5 0.61     

350 
1845 1227 4.6 6.4 0.50     

1872 1255 5.4 7.1 0.49     

400 
1574 977 7.1 9.6 0.61     

1478 917 7.0 9.5 0.61     

450 
1357 763 13.9 17.6 0.78 

12.0 0.7 
1389 767 13.7 17.0 0.81 

120 s 

250 
1586 932 6.3 8.9 0.70     

1591 1001 5.8 8.2 0.59     

300 
1574 870 5.8 8.2 0.81 

21.7 1.2 
1589 940 6.3 9.2 0.69 

350 
1427 931 6.0 9.4 0.53     

1440 942 5.7 8.6 0.53     

400 
1190 968 6.5 10.1 0.23     

1188 793 9.2 10.6 0.50     

450 
1145 707 17.8 22.4 0.62 

23.0 1.9 
1136 692 18.5 23.9 0.64 

300 s 

250 
1538 874 6.8 9.1 0.76 

26.1 2.0 
1645 996 6.9 9.9 0.65 

300 
1550 877 5.6 8.0 0.77 

35.1 2.2 
1602 930 6.6 9.2 0.72 

350 
1405 949 7.0 8.7 0.48 

46.3 3.0 
1386 936 6.2 9.6 0.48 

400 
1129 930 12.0 17.0 0.21   

  
1117 929 12.0 17.0 0.20   

450 
1049 651 17.3 22.2 0.61 

27.4 1.4 
1045 642 17.6 22.5 0.63 
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Table B.2 – Summary of Tensile Properties of the 0.6Si Alloy 

Time (s) Temperature (°C)  UTS YS UE TE YS/UTS 

10 s 

250 
1684 1057 5.4 7.5 0.59 

1678 1069 5.2 7.3 0.57 

300 
1684 1088 4.8 6.5 0.55 

1714 1097 5.1 6.9 0.56 

350 
1538 950 5.4 7.2 0.62 

1592 995 5.7 7.4 0.60 

400 
1338 831 8.5 10.0 0.61 

1414 831 7.4 9.8 0.70 

450 
1135 654 13.5 17.0 0.74 

1128 628 13.7 17.5 0.79 

30 s 

250 
1617 992 6.1 8.4 0.63 

1593 995 5.2 7.3 0.60 

300 
1642 1010 5.6 7.7 0.63 

1660 1026 5.9 8.0 0.62 

350 
1691 1045 5.8 8.2 0.62 

1619 1040 5.4 7.9 0.56 

400 
1142 751 7.9 10.3 0.52 

1155 727 8.3 10.3 0.59 

450 
949 659 14.0 19.1 0.44 

949 658 13.6 19.6 0.44 

120 s 

250 
1521 855 6.3 9.0 0.78 

1492 855 5.6 7.9 0.75 

300 
1520 864 6.1 8.6 0.76 

1544 868 6.2 8.5 0.78 

350 
1331 910 5.6 8.2 0.46 

1355 932 5.6 8.5 0.45 

400 
1032 816 8.1 11.0 0.26 

1038 828 7.7 11.1 0.25 

450 
1135 644 13.5 16.8 0.76 

1128 628 13.7 17.3 0.79 

300 s 

250 
1484 873 6.5 8.9 0.70 

1479 850 5.9 8.2 0.74 

300 
1436 893 6.4 9.7 0.61 

1445 911 6.2 8.7 0.59 

350 
1279 1008 5.2 8.1 0.27 

1308 1042 5.1 8.3 0.26 

400 
868 764 8.6 14.2 0.14 

870 754 8.3 12.9 0.15 

450 
868 767 7.1 10.7 0.13 

870 754 8.2 12.9 0.15 
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Table B.3 – Summary of Tensile and Hole Expansion Properties of the 0.1Si Alloy 

Time (s) Temperature (°C)  UTS YS UE TE YS/UTS HER StDev 

10 s 

250 
1525 1006 4.9 6.8 0.52 

12.9 3.3 
1517 963 5.1 7.1 0.58 

300 
1579 1016 5.0 6.7 0.55     

1595 1018 5.4 7.4 0.57     

350 
1438 1039 4.3 4.7 0.38     

1379 874 4.4 4.7 0.58     

400 
1042 735 5.4 8.1 0.42     

1073 742 5.3 7.4 0.45     

450 
848 636 9.4 14.4 0.33 

26.2 1.0 
850 649 9.9 15.4 0.31 

30 s 

250 
1592 998 5.3 7.2 0.60     

1621 1026 5.4 7.5 0.58     

300 
1504 978 4.9 6.6 0.54 

19.2 1.2 
1475 940 4.1 5.6 0.57 

350 
1294 891 3.9 5.9 0.45     

1311 926 4.4 6.4 0.42     

400 
932 751 6.0 8.3 0.24     

945 760 6.3 9.6 0.24     

450 
797 692 9.1 14.7 0.15 

50.5 2.3 
804 703 8.4 15.0 0.14 

120 s 

250 
1481 902 5.4 7.3 0.64     

1555 917 6.2 8.7 0.70     

300 
1478 860 5.8 8.0 0.72     

1347 853 4.9 6.8 0.58     

350 
1151 912 4.1 6.8 0.26     

1203 976 3.6 4.0 0.23     

400 
929 822 6.0 9.1 0.13     

929 818 5.6 8.5 0.14     

450 
800 716 7.7 13.4 0.12 

55.6 5.8 
801 715 7.8 12.3 0.12 

300 s 

250 
1633 942 6.6 9.1 0.73 

25.8 1.9 
1632 944 6.4 8.7 0.73 

300 
1361 1066 4.2 6.3 0.28 

29.6 6.0 
1364 1062 4.0 6.1 0.28 

350 
1135 985 4.2 6.5 0.15 

52.9 9.0 
1156 1015 4.0 5.9 0.14 

400 
895 807 6.4 9.7 0.11     

905 815 5.9 9.4 0.11     

450 
787 706 8.2 13.8 0.12     

783 691 8.3 14.4 0.13     
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(a) (b) (c) 

  

 

(d) (e)  

Figure B.1 Representative engineering stress-strain curves for the 1.5Si alloy heat treated using the indicated times and isothermal hold temperatures: 

(a) 450 °C, (b) 400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. 
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(a) (b) (c) 

  

 

(d) (e)  

Figure B.2 Representative engineering stress-strain curves for the 0.6Si alloy heat treated using the indicated times and isothermal hold temperatures: 

(a) 450 °C, (b) 400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. 
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(a) (b) (c) 

  

 

(d) (e)  

Figure B.3 Representative engineering stress-strain curves for the 0.1Si alloy heat treated using the indicated times and temperatures: (a) 450 °C, (b) 

400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. It should be noted that all samples of the 350 °C/10 s condition failed outside the extensometer. 

 



69 

   
(a) (b) (c) 

  

 

(d) (e)  

 Figure B.4 Representative true stress-strain curves for the 1.5Si alloy heat treated using the indicated times and isothermal hold temperatures: (a) 

450 °C, (b) 400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. 
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(a) (b) (c) 

  

 

(d) (e)  

Figure B.5 Representative true stress-strain curves for the 0.6Si alloy heat treated using the indicated times and isothermal hold temperatures: (a) 

450 °C, (b) 400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. 
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(a) (b) (c) 

  

 

(d) (e)  

Figure B.6 Representative true stress-strain curves for the 0.1Si alloy heat treated using the indicated times and isothermal hold temperatures: (a) 

450 °C, (b) 400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. 
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(a) (b) (c) 

  

 

(d) (e)  

Figure B.7 Representative instantaneous n-value stress-strain curves for the 1.5Si alloy heat treated using the indicated times and isothermal hold 

temperatures: (a) 450 °C, (b) 400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. 
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(a) (b) (c) 

  

 

(d) (e)  

Figure B.8 Representative instantaneous n-value stress-strain curves for the 0.6Si alloy heat treated using the indicated times and isothermal hold 

temperatures: (a) 450 °C, (b) 400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. 
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(a) (b) (c) 

  

 

(d) (e)  

Figure B.9 Representative instantaneous n-value stress-strain curves for the 0.1Si alloy heat treated using the indicated times and isothermal hold 

temperatures: (a) 450 °C, (b) 400 °C, (c) 350 °C (d) 300 °C, (e) 250 °C. 
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 APPENDIX C: RETAINED AUSTENITE 

Retained austenite fractions are summarized in Table C.1 and C.3 for X-ray diffraction and 

Magnetic Saturation techniques for all three alloys. Table C.2 contains retained austenite C contents for 

all three alloys. 

Table C.1 – Retained Austenite volume fractions obtained from X-ray Diffraction (vol pct) 

Alloy 
Temperature 

(°C) 

Isothermal Hold Time (s) 

10 30 120 300 

1.5Si 

200 2.1 2.4 1.8 2.9 

225 1.0 1.2 1.2 0.5 

250 2.2 1.7 1.6 2.6 

275 1.0 1.7 2.0 3.7 

300 2.4 2.4 3.7 8.5 

325 1.1 2.9 10.6 2.2 

350 0.8 2.0 4.7 3.1 

375 0.7 4.9 4.1 2.6 

400 3.7 7.4 14.1 7.3 

425 7.4 5.0 12.3 8.2 

450 12.0 12.2 18.2 12.4 

0.6Si 

200 0.5 1.8 0.4 2.0 

225 0.8 1.6 0.9 1.1 

250 1.4 2.9 4.8 1.2 

275 0.6 2.2 4.9 1.1 

300 1.1 1.2 5.3 0.6 

325 1.1 4.6 1.1 1.2 

350 1.4 1.3 4.5 0.9 

375 8.4 4.3 1.0 2.2 

400 8.8 1.6 1.5 0.5 

425 4.1 5.7 0.9 1.1 

450 8.4 6.6 3.6 3.1 

0.1Si 

200 1.0 0.9 1.5 1.5 

225 1.5 0.9 1.0 1.1 

250 1.5 1.4 1.3 1.0 

275 0.7 0.4 0.8 0.1 

300 0.6 4.8 0.7 0.7 

325 0.5 1.5 0.1 0.3 

350 1.1 1.2 0.6 0.2 

375 1.5 1.2 0.6 0.8 

400 2.0 1.1 0.7 0.2 

425 1.0 1.0 0.7 0.3 

450 5.5 1.0 2.5 0.2 
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Table C.2 – Retained Austenite C contents obtained from X-ray Diffraction (wt pct) 

Alloy 
Temperature 

(°C) 

Isothermal Hold Time (s) 

10 30 120 10 

1.5Si 

200 0.89 0.72 1.09 0.81 

225 0.92 1.21 1.19 1.28 

250 0.99 0.80 0.99 0.79 

275 0.60 0.69 1.00 0.71 

300 0.95 1.07 1.03 0.97 

325 0.78 0.89 1.23 1.28 

350 1.11 0.66 1.31 1.31 

375 0.86 1.06 1.22 0.66 

400 1.19 1.31 1.51 1.43 

425 1.11 1.11 0.72 1.20 

450 1.23 1.25 1.26 1.29 

0.6Si 

200 1.16 0.92 1.15 0.86 

225 0.59 0.87 1.13 0.82 

250 0.87 1.08 0.71 0.75 

275 1.22 0.83 1.26 0.83 

300 0.87 0.58 0.79 1.27 

325 1.07 1.11 0.91 1.01 

350 1.15 0.96 0.81 1.16 

375 1.23 1.07 0.87 1.32 

400 1.23 1.07 1.01 1.19 

425 1.08 1.26 0.91 0.92 

450 1.22 1.21 1.22 1.17 

0.1Si 

200 0.90 0.88 0.84 0.77 

225 0.48 0.79 0.90 0.91 

250 0.87 0.92 0.95 1.06 

275 1.26 1.21 0.96 1.28 

300 0.57 0.74 0.24 1.10 

325 0.61 1.00 1.14 1.07 

350 1.13 0.66 1.96 0.90 

375 0.90 1.17 0.80 0.94 

400 1.03 1.11 0.88 0.31 

425 1.19 1.00 0.91 1.12 

450 1.01 1.01 1.10 0.93 
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Table C.3 – Retained Austenite volume fractions obtained from Magnetic Saturation (vol pct) 

Alloy 
Temperature 

(°C) 

Isothermal Hold Time (s) 

10 30 120 10 

1.5Si 

200 7.4 5.4 7 8.4 

225 5.9 6 7.5 9.5 

250 5.9 6.1 7.9 9.7 

275 5.7 6.9 10.2 14.4 

300 8.5 9.7 11.7 18.1 

325 1.7 9.3 12.4 11.8 

350 3.7 6.4 14.1 11 

375 1.8 4.8 11.6 7.4 

400 4.7 12.6 15.9 18.3 

425 4.2 11.7 17.9 19.8 

450 8.1 17 26.7 27.1 

0.6Si 

200 4.2 5.1 6.9 8.7 

225 5.1 4.3 6.3 7.7 

250 5.3 6.4 8.7 11.3 

275 4.5 6.4 9.1 10.6 

300 4.7 5.6 9.3 9.6 

325 3.2 7.8 7.3 4.8 

350 4.4 5.3 6.4 4.7 

375 4.9 7.5 7 4.8 

400 4.1 3.6 2.8 1.8 

425 11.5 12.9 9.3 6.6 

450 13.2 14.1 9.6 6 

0.1Si 

200 5.1 4.5 6.4 8.4 

225 4.3 4.6 6.4 8.2 

250 4.2 5.2 6.8 7.8 

275 4.2 5.5 6.7 6 

300 3.6 4.8 7 6.5 

325 2.9 4.8 3.2 1.7 

350 3.9 3.4 3.6 1.8 

375 2.9 3.3 1.7 2.8 

400 4.6 4 2.7 4.6 

425 5.6 4 2.8 2.4 

450 8 6 4.5 2.7 

 




