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Abstract 

 Recently, a new heat treatment process (flash processing) has been shown to take 

low-alloy steel and create steels with advanced high strength steel (AHSS) level 

properties (ultimate tensile strength> 1600MPa and ductility>8%) that are better than 

most available martensitic AHSS.  This steel has also shown better ballistic protection 

capability than currently available high hard, rolled homogenous, and titanium armors.   

The unique process works by rapid induction heating into the austenite phase field and 

subsequent quenching in less than ten seconds.  The resultant mixture of carbides, bainite, 

and martensite allows for the mechanical properties it achieves.  However, the steel has 

not been evaluated for its weldability, which could limit both the ballistic and mechanical 

property advantages that it has over currently used materials.  A well documented 

decrease in strength, ductility, and toughness in the welds occurs when the heat-affected 

zone (HAZ) becomes softer compared to its initial state.  This has been well documented 

for AHSS, armor materials, and other thermo-mechanically processed steels.   

 The goal of this research is to examine the effect of different welding conditions 

on flash processed steel microstructure and resultant mechanical properties.  Low heat 

input gas metal arc welding (GMAW) was performed as an initial process that is typically 

done for joining armor steels.  A comparison to a currently used high hard armor steel 

showed lower hardness and a larger softened region softening in the flash process HAZ.  

 To further understand the microstructure evolution for both steels, HAZ physical 
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simulations were conducted to examine the effect specific peak temperatures for a given 

heating and cooling rate.  It was found that flash processed steel softened to 170HVN 

(from base metal hardness of 540HVN) when intercritically heated close to the Ac3 

temperature.  High hard steel softened to 290HVN (from base metal hardness of 

530HVN) when heated below the Ac1.  The reasoning was found that flash process steel 

transforms to the soft ferrite microstructure when intercritically heated with more ferrite 

forming as the more of the initial material is transformed to austenite.  High hard 

transforms only to martensite when heated above the Ac1, therefore softening only when 

the original martensitic microstructure is tempered.  The main difference between these 

effects is the initial microstructure and initial alloying additions in the composition 

(3.5wt% for high hard compared to 1.8wt% for flash process) that stabilized austenite for 

the high hard material.   

 To reduce the softening that is deleterious to ballistic properties, high power laser 

welding was used to reduce the heat input from 19kJ/in with GMAW to 4kJ/in.  This 

resulted in the increase of the softest hardness in flash processed steel to 300HVN and 

340HVN for high hard steel.  The width of the softened region was also reduced from 

over 25mm using GMAW to 6mm.   The softened microstructure was that of tempered 

initial microstructure for both steels.   

 To examine the effect of these welding conditions, tensile testing was performed.  

It was found that the tensile strength for flash process reduced from 260ksi in the as-

received material to 120ksi when using GMAW and 215ksi when laser welding.  The 

ductility also showed a decrease from 14.8% in the base metal to 9.8% when using 
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GMAW and 6.9% when laser welded.  Similar reductions in strength and ductility were 

seen in high hard armor.  The failure of both welding conditions occurred in the softened 

region and fractography showed the presence of quasi cleave and small ductile dimples in 

the fracture surface with deeper ductile dimples present in the GMAW.   

 Preliminary ballistics testing showed a successful protection from a NIJ level III 

threat 10mm from either side of the laser weld centerline, while this distance was 22mm 

from either side of the gas metal arc weld centerline (i.e. failure of the test occurred 

within a 20mm window of the laser weld centerline and within a 44mm window of the 

GMAW centerline).     
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1. Chapter 1:  Introduction  and Motivation 

 With the increasing concern over energy efficiency, the transportation industry is 

trying to find ways to reduce energy consumption to make transportation more 

economical and environmentally friendly.  One solution involves the lightweighting of 

materials.  The automotive industry has been active in this regard for over the last decade 

[1, 2].  A consortium entitled Ultra-Light Steel Automotive Body-Advanced Vehicle 

Concept (ULSAB-AVC) Consortium has set their main task to lightweighting through 

the development of Advanced High Strength Steels (AHSS).   

 Along similar circumstances, the military has also been trying to reduce weight to 

improve survivability, expense, and maneuverability.  Recent reports published by the 

National Research Council have shown developments in this regard for land, air, and sea 

based vehicles [3, 4].  While lower density materials such as titanium and aluminum are 

often used in aircraft, steel is still the predominant usage material in both ships and land-

based vehicles such as tanks, trucks, and infantry fighting vehicles.  The extensive 

knowledge of steel fabrication, availability  of material, and material cost are among the 

main reasons for using steel in armor applications [5].  In addition, the ballistic 

worthiness extends to a wide range of threat levels that alternative materials have not 

matched [6].   
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 Recently, a new heat treatment process has been developed to create AHSS level 

properties from low-carbon and low-alloy steel [7-9].  The process uses a rapid heat 

treatment by continuously feeding steel sheet through an induction or flame heating unit 

to heat the steel above the A3 temperature and rapidly quenching with a quench bath.  

The result is an unconventional microstructure of carbides, martensite and bainite.  The 

properties achieved in flash process are displayed on a plot developed by Zrnik and 

modified by Lolla et al. [8, 10]  in Figure 1.1.  This process has also shown ballistic 

properties that exceed those of currently available armor materials.   
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Figure 1.1:  Elongation versus Tensile Strength of AHSS developed by Zrnik [10]  and 

modified by Lolla et al. [8]  

 

 The development of better armor steels in recent history has shown the increasing 

difficulty to form and weld [11].  This results in the armor materials being unusable for 

structural applications and being added on for protection, adding to the weight of the 

overall vehicle.  An effort to incorporate the weldability of these steels is of importance 

to be able to reduce the weight and cost of the overall vehicle.  The ability to retain 

strength, ballistic worthiness, and toughness after welding will allow considerable 

advances in armor design [3] .    

 Since the deployment of future AHSS, armor steel, and in particular, flash 

processed steels is highly dependent upon the effect of welding, it is crucial that these 
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steels be weldable and all regions affected by welding meet the properties necessary for 

their applications.  One particular deficiency occurring during welding is the effect of 

softening in the heat-affected zone (HAZ), as seen in pipeline, armor, automotive, and 

other thermo-mechanically controlled processed (TMCP) steels [12-20] .  The softening 

usually corresponds with decreased strength, toughness, and ductility.  In addition, 

softening results in a decrease in ballistic properties [11, 21, 22].  Published research has 

not been performed on weldingôs effect on flash processed steels.  Thus, this document 

will present the various welding processes and simulations used to determine the effect of 

welding on this material.  This includes baseline fusion welding processes that are 

currently used in addition to physical simulations concurrent with the conditions seen in 

these typical welding conditions.  In addition, other welding processes will be explored 

for their potential to try and maintain base metal properties during welding.   

 The layout of this thesis will include a background literature review that discusses 

important topics that pertain to the research performed.  The objectives for the research 

are discussed in chapter three while the experimental procedures are emphasized in 

chapter four.  Chapter five contains all of the results and discussions of the research.  

First, the base metal properties for the two steels are discussed in terms of hardness, 

microstructure characterization, and mechanical properties measured by tensile testing.  

Second, the baseline gas metal arc welding conditions are discussed in similar terms as 

the base material properties along with fractography of the tensile tested samples.  The 

third part of this section goes into depth on the phase transformation analysis of single-

pass heat-affected zone physical simulations.  Dilatometry, hardness, and characterization 
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efforts are the primary focus of this section to describe the effect of different HAZ 

thermal cycles on both materials examined.  The fourth section of the fifth chapter 

discusses the use of high energy density (HED) laser welding and the subsequent effect 

on the hardness and microstructure of the base materials.  The same analysis techniques 

used in the GMAW are used with the HED testing conditions.  Finally, a summary of the 

results and primary conclusions are featured in chapter six.  The seventh chapter 

discusses the potential for future work.  This includes areas that have some preliminary 

results including multi-pass HAZ physical simulations and ballistic testing.  Further 

testing to verify HED welding effect on HAZ properties is proposed using similar 

techniques to the single and multi-pass HAZ physical simulations.  In addition, toughness 

evaluation has been proposed to understand its role in these steelsô applications.    
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2. Chapter 2: Background 

2.1. Flash Processed Steel 

 Initial development of flash process steels looked at a wide range of low carbon 

and low alloys steels such as 1020, 1040, 8620, and 4130.   Initial data showed 

improvement in strength and ductility compared to as-quenched and quenched and 

tempered conditions with similar composition.  

2.1.1. Process Set-Up 

 A schematic setup of the process is seen in Figure 2.1 [8].  The steel sheet is fed at 

a constant rate through either vertically or horizontally through guide rollers.  The rollers 

direct the steel into the heating element that is either made of several oxy-propane flames 

or an induction heating element where the steel is heated above the A3 temperature.  A 

few millimeters below the heating element, an agitated and chilled water quench bath 

cools the sample rapidly.  To avoid steam from rising in the vertical position and creating 

heating discrepancies, a graphite separator film is used between the heat source and 

quench bath.  Infrared pyrometers are used within the assembly both for temperature 

monitoring and control.  The distance between the heating element and quench bath can 

be changed in addition to the feed rate to better control heating and cooling rates, peak 

temperature, and time at peak temperature [9].   
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Figure 2.1: Schematic setup of Flash Process [8]  

 

2.1.2. Thermal Cycle Analysis 

 Cola first used pyrometers to measure the temperature at fixed points for the 

primary reason of process control [7].  In order to monitor the thermal cycles better, Lolla 

et al. used type K thermocouples attached to the inner diameter a pipe to monitor the 

thermal cycle during processing [8].  The heating and cooling rates are seen in Figure 

2.2a and the recorded thermal cycle in Figure 2.2b.   The heating rate maximum of 

410°C/s is reached near 780°C between the A1 and A3 temperatures.  The peak 

temperature is near 1100°C, well into the austenite phase field.  The close proximity of 

the quench bath allows the cooling rate to be over 3000°C/s.   The thermocouple data 

agrees with normal steel phase transformation analysis that the microstructure fully 
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austenitized and was quenched fast to avoid any reconstructive transformation and create 

a fully martensitic microstructure. 
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Figure 2.2:  Thermal Profiles from 8620 flash processed steel.  (a) heating and cooling 

rates achieved (b) Temperature vs. time plot [8]  

 

 In order to determine if the sample was completely austenitized, the thermocouple 

data was processed using a technique called Single-Sensor Differential Thermal Analysis 



10 

 

(SSDTA) [23, 24].  In this technique, a calculated reference curve is used to analyze 

against the measured thermal profile of the sample in question.  The process uses a 

reference sample that is made by analytical heat flow conditions similar to that of the 

sample and contains no enthalpy changes.  Deviations from this curve will mark phase 

transformation phenomena on-heating and cooling based on the enthalpy change.  In the 

work by Lolla [9], they investigated AISI 4130 pipe with these conditions.  The result on-

cooling showed two separate deviations from the reference curve, marking two phase 

transformations as seen in Figure 2.3.  The temperatures and resultant microstructure 

evaluation agree that martensite and bainite are both present.  On heating data presented 

for 8620 steel showed an increase of both Ac1 and Ac3 temperatures.  The increase was 

over 200°C compared to equilibrium calculations.  This increase in critical temperatures 

has shown to be in agreement with Gaussian process modeling and neural network 

analysis [25, 26].   
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Figure 2.3:  Results of SSDTA showing two separate phase transformations of bainite 

(648.9°C) and martensite (358.8°C) during flash processing of AISI 4130 steel [9]  

 

2.1.3. Initial Composition and Microstructure Before and After Flash Processing 

 Lolla et al. report using both AISI 8620 and AISI 4130 as the initial 

microstructure in their in-depth research of the process [8, 9].  The initial 8620 

microstructure obtained had significant amount of spheroidized carbides as seen in Figure 

2.4a-b.  The composition of the 8620 material is seen in Table 2.1 with low alloying 

additions of Cr, Ni, Mn, Si, and Mo.  After flash processing, the presence of the carbides 

remained from the initial microstructure in addition to the creation of martensite and 

bainite when rapidly cooled as seen in Figure 2.4c-d.  The mechanism will be explained 
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shortly, but this goes against common steel metallurgy knowledge of phase 

transformations [27].  Transmission electron microscopy (TEM) was used to identify that 

both bainite and martensite were present after processing as seen in both Figure 2.5 and 

Figure 2.6.  Sheaves of ferrite subunits with cementite between these subunits were 

observed that are characteristic of upper bainite [28].  Lower bainite, characteristic with 

carbides present within the ferrite where also observed during TEM observation.  When 

energy dispersive x-ray spectroscopy was performed on the matrix and carbides, it was 

found that the carbides in both conditions where enriched with chromium.   
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Figure 2.4: (a) Optical microscopy picture of 8620 before flash processed (b) SEM image 

of 8620 before flash processed (c) Optical microscopy of 8620 after flash processed (d) 

SEM image of 8620 after flash processing  (adapted from [1, 2]) 

 

Table 2.1: Composition of 8620 [9]  
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Figure 2.5:  Austenite-Austenite grain boundary with martensite formed in one grain, and 

parallel sheaves of bainite growing from the other [8]  
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Figure 2.6:  TEM micrograph with three bainitic sheaves growing from an austenite 

grain boundary and corresponding diffraction pattern for ferrite [8]  

 

2.1.4. Mechanism 

 The explanation for the observed bainite when well-established principles dictate 

there should only be martensite is explained by a couple reasons.  First, the initial Cr-

enriched carbides are not fully dissolved when heated to the peak temperature in the 

austenite phase field as the equilibrium thermodynamics dictates.  In addition, the time 

spent in the austenite phase field is not long enough for full partitioning of the carbon 

homogenously throughout the material.  The sluggish dissolution of the Cr-enriched M3C 

carbide limits the austenite Cr and C content.  Recent simulation work [29]  confirms the 
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sluggish dissolution and predicts the ability for bainite to form from regions of austenite 

near these carbides.  However, these results have not been experimentally proven besides 

the end result seen after flash processing.  A schematic of the microstructure evolution 

developed by Lolla et al. is seen in Figure 2.7 and described here.  Initially in region 1 

(a), there is the initial microstructure of ferrite and carbides that is starting to be heated by 

conduction from the steel closer to the heating source.  In region two (b), the formation of 

austenite begins at carbide-ferrite interfaces and rapidly grows toward the ferrite as 

opposed to the cementite that is seen in pearlitic steels [25, 30].  In region three (c), full 

austenization is realized for a short duration with carbides not decomposing fully as 

would be expected.  Finally after the quenching in region 4 (d), the microstructures of 

bainite and martensite are seen along with the carbides that were initially present.   

 



17 

 

 

Figure 2.7: Schematic of Microstructure Evolution in flash processed steel [8]  

 

2.1.5. Mechanical Properties 

2.1.5.1. Tensile Strength and Ductility 

 The strength and ductility of flash processed 8620 from Cola and Lolla et al. is 

listed in Table 2.2 and the 8620 flash processed samples are plotted on Figure 1.1.  The 

strength and ductility are consistently higher than those presented by Zrnik.  However, 

there has been considerable debate between testing methods and accuracy of reporting of 

this data that uses ASTM standards and those used in other countries [31].  However, the 

experiment shows results that have FP material with better strength and ductility 

compared to the quenched and tempered (QT) samples.   
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Table 2.2: Tensile Test Results of FP 8620 and quenched and tempered 8620[8] Ref-FP 

are from Cola [7]  

 

 

 From Lollaôs Thesis [9], they justify this strength using strengthening models 

developed by Tomita and Okabayshi [32] and Young and Bhadeshia [33].  The trend 

Tomita and Okabayshi found showed the increase in strength of steel as the volume of 

bainite increases against the simple rule of mixtures in Figure 2.8.  The main reasons for 

this increase in strength differ between Tomita and Young slightly, but they agree that 

there is a plastic restraining effect of the martensite on the bainite.  The difference 

between the two models is that Young and Bhadeshia attributed much of the 

strengthening to carbon portioning between the bainite and martensite with the bainite 

rejecting carbon making the martensite stronger with increased carbon content.  Tomita 

and Okabayashi stated that there was refinement of the austenite grain size due to the 

growth of the bainite making the martensite stronger due to a Hall-Petch type 

relationship.  These considerations allow the ability for flash process to obtain the 
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strength and ductility that is seen from characterization, thermal analysis and tensile 

testing.   

 

 

Figure 2.8:  Lolla compares Okabayashi and Tomita data to the rule of mixtures method 

showing increased strength from increasing bainite fraction in martensitic steel [9]  

 

2.1.5.2. Hardness 

 The hardness of flash processed steels shows a bimodal and trimodal distribution 

in 4130 and 8620  steels, respectively (Figure 2.9) [9].  The distribution of the hardness is 

attributed to the microstructure of softer bainite and harder martensite that correlate with 

equations based on composition seen in the thesis by Lolla [9].  Back-calculating the 

carbon content and assuming uniform concentration showed good correlation with 
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expected bulk concentration giving another confirmation of the mixed bainite and 

martensite microstructure. 

 

 

Figure 2.9:  Hardness Histograms for FP 8620 (top) showing trimodal distribution in 

hardness and 4130 showing bimodal distribution in hardness (bottom) 

  

2.2. Armor Steel 

 As mentioned in the introduction, armor steel has been the traditional material for 

land and sea based vehicles because of its well known protection against multiple threats, 
















































































































































































































































































































































