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Project Objective:  The major objectives of this program were to investigate the bake 

hardening (BH) mechanism in ultra-low carbon (ULC) steels and use 
the better understanding of this mechanism to design and process a 
new generation of bake hardening steels for automotive applications. 
These new steels will be thoroughly characterized in terms of their 
microstructure, formability, BH response, and tensile properties. 

 
Background:  Current bake hardening ULC steels offer bake hardening increments 

(BHI) in the range of 35 MPa (5 ksi). These current BH ULC steels are 
limited by the level of understanding of the strengthening mechanisms 
operative in these steels. It has been proposed that higher levels of 
BHI await a better understanding and application of these 
mechanisms. The purpose of this program is to develop an ULC steel 
that can provide a consistent BH increment of 100 MPa, while 
retaining good formability. This is important for improving product 
quality and consistency as well as saving resources and energy, since 
a higher degree of consistency means fewer rejects, less scrap and 
less remelting, and fewer failures during the fabrication process. 
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 This research program commenced on July 1, 2001 and was originally 
scheduled to run for three years.  However, the program was 
terminated for some unknown and unexplained reason by the 
sponsors at the end of the first year, on or about June 30, 2002.  The 
program continued with other sources of funding until July, 31, 2003, 
when the graduate student, Ritesh Seal, completed his degree 
requirements and had his M.S. Thesis accepted by the faculty.  A 
copy of the M. S. Thesis by Ritesh Seal is appended to this report.      

 
   Since only one year of research was funded by the sponsor, this Final 
   Technical Report represents the progress made during the first year 
   of the project.   
 
 
METHOD OF APPROACH: 
 
The experimental work can be divided into four phases, as summarized in Table 1.  In each 
phase, the materials were received or designed, processed and tested, to evaluate the BH 
increment or response, as a function of compositions and processing conditions.  
Microstructural characterization by various techniques was performed in order to gain 
insights into the mechanisms of flow stress increment by bake hardening.  Efforts are made 
to clarify the following features: 
 
1) the overall nature of the matrix, such as polygonal or acicular ferrite, and grain size, 
2) the density, distribution, configuration and overall mobility of dislocations, 
3) the amount of C and other alloying elements in solid solution,  
4) grain boundary characteristics, such as grain boundary misorientations and distribution,  
5) hardness across grain boundaries (nano-scale), and  
6) distribution of C around dislocations and grain boundaries (atomic scale). 
 
 

Table 1. Experimental Work Accomplished as of June 30, 2002 
 

Phase Material Processing BH-Testing Characterization 

1 As-Received 

2 
Commercial 

715°C Treated 

Optical, TEM (ORNL), 
SEM/EBSD APFIM, 

Internal Friction, Nano-
hardness (ORNL) 

3 Lab IF-C TEM (ORNL) 

4 Lab Mo-B 

Hot-Rolled, Cold-
work + Anneal 

Mechanical 
Test Done 

TEM (ORNL) 

 
 
Modeling of the dent resistance using current steel properties would be performed and 
reported by ORNL. 
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PHASE 1: The purpose here was to study the BHI of the commercial BH steel in the 
batch annealed condition.  Very small amounts of carbon were expected to be in solid 
solution in this condition.  There were two goals of this phase.  First, to measure the 
magnitude of BHI in this commercial steel, and, second to begin to examine the role of 
solute carbon in contributing to the BHI.  The steel used in this phase is shown in Table 2. 

 
 

Table 2. Composition of a commercial low carbon steel, ppm 
  

C S N Nb Ti Al B P Mn Mo 

270 50 50 - 50 420 - - 1700 - 
 
 
The as- received commercial bake hardenable low carbon steel (with Temper Rolling of ~ 
1%) were pre- strained to 2% and 5% and then subjected to the BH treatments as follows: 
 

 0% strain   – 180°C/ 20 minutes -  ACRT. 
 0% strain   – 180°C/ 30 minutes -  ACRT. 
 0% strain   – 180°C/ 60 minutes -  ACRT. 
 2% strain – unload  – 180°C/ 20 minutes –  ACRT. 
 2% strain – unload  – 180°C/ 30 minutes –  ACRT. 
 2% strain – unload  – 180°C/ 60 minutes –  ACRT. 
 5% strain – unload  – 180°C/ 20 minutes –  ACRT. 
 5% strain – unload  – 180°C/ 30 minutes –  ACRT. 
 5% strain – unload  – 180°C/ 60 minutes –  ACRT. 

 
The increase in yield stress with BH treatments (giving BHI or ∆BH in MPa) are shown in 
Table 3. The maximum ∆BH is reached by 2% prestrain and 20 minutes at 180°C.  
 
 
  Table 3.  Bake Hardening Increment, ∆BH, MPa 
 

Time (min) @ 180°C Pre- 
Strain 

Increment 
in YS 

0 20 30 60 

0% ∆BH0 0 9 7 12 

2% ∆BH2 0 23 23 24 

5% ∆BH5 0 16 16 18 
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APFIM (Atom Probe Field Ion Microscopy) was used to detect the presence of carbon 
clusters around dislocation lines (Cottrell Atmosphere), from the samples in phase 1. This 
work was done at ORNL, Nov. 25-30, 2002, using the 3-D Atom Probe facilities. No Cottrell 
atmospheres were observed yet, due to the fact that clusters and precipitates might have 
different evaporation rate, resulting in different local magnification from the matrix, thus the 
accuracy of positions for detected C atoms are compromised.  
 
The grain boundary mis-orientation has been determined through EBSD. One example is 
shown in Figure 1. The fraction of the high angle boundaries significantly increase with the 
condition of maximum carbon in solution. High angle boundaries are more sensitive to 
segregation which was later confirmed by the relation between the carbon segregation, as 
indicated by nano-hardness, Figure 2) and the grain mis-orientation (EBSD) 
 
Internal friction technique revealed that the amount of carbon in solution was very high (80.4 
ppm), for the processing cycle with very fast cooling rate to maximize the carbon 
(CR_AR_MAX), Figure 3.  
 
 

 
 
Figure 1.  EBSD results of the phase 1 steel in the as-received (CR_AR) condition, 
maximum carbon in solution (CA_AR_MAX) condition and removal of temper rolling 
effect (CR_NTR) condition. Comparison of the theoretical, random mis-orientation 
with the actual mis-orientation in the above 3 conditions is shown here. 
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Figure 2. Nano-Hardness measurement results of the as-received phase 1 steel 
after additional heat treatment to maximize carbon in solution: CR_AR_MAX condition. 
The hardness here is measured as a function of the position of indents, across a 
grain boundary (position 7), and is shown for varying depths of indentations. The 
sample was not etched before the test. 
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Figure 3. Internal Friction results of the as-received phase 1 steel, after additional 
heat treatment to maximize carbon in solution (CR_AR_MAX condition). 
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PHASE 2: The purpose here was to maximize the carbon in solution, hence the BHI. 
In this second experiment, the amount of C in solution was maximized by heating the steel 
(the commercial used in Phase 1) to 715°C, held for 30 minutes, and then quenching in ice 
water. These samples were then subjected to the same BH treatments (pre-strains, times 
and temperatures) as described in phase 1. 
 
The results of the increase in yield stress as measured by ∆BH in MPa are shown in the 
Table 4, below. Again, maximum ∆BH is reached by 2% prestrain and 20 minutes at 180°C. 

 
 

Table 4.     Bake Hardening Increment after 715°C Reheating, MPa 
 

Time (min) @ 180°C Pre- 
Strain 

Increment 
in YS 

0 20 30 60 

0 ∆BH0 0 30 28 26 

2% ∆BH2 0 47 45 40 

5% ∆BH5 0 33 30 34 

 
 
PHASE 3: A new series of experimental steels was designed, melted and processed.  The 

purpose of these new steels was to explore the role of bulk carbon in 
contributing to the bake hardening increment in polygonal ferritic steels. 
These new steels are shown in Table 5. 

  
 

Table 5.  Composition of Phase 3 Steels, mass ppm 
 

Steels C Mn S N Nb Al B P Mo Ti 

Base-01 30 2000 80 30 200 400-
450 - - 200 

Base-02 60 '' '' '' '' '' - - '' 

Base-03 120 '' '' '' '' '' - 

ALAP 

- '' 
 

(ALAP = as low as possible). 
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PHASE 4: A new series of experimental steels was designed, melted and processed, as 
shown in Table 6.  The purpose of this phase was to explore the basic hypothesis of this 
research program, i.e., that non-polygonal ferrite microstructures are capable of achieving 
much higher BHI than are the usual polygonal ferrite microstructures. 
 
 

Table 6.   Phase 4 Steels, mass ppm 
 

Steels C Mn S N Nb Al B P Mo Ti 

BH-01 30 2000 80 30 200 400-450 100 2000 200

BH-02 60 '' '' '' '' '' '' '' '' 

BH-03 120 '' '' '' '' '' '' 

ALAP 

'' '' 
 
 
The steels with highest carbon in Tables 4 and 5 (Base-03 and BH-03), in the above 
experimental phases, were the first to be analyzed.    
  
The measurement of the increase in YS would be done first for the BH-03 steel. The details 
of the approach: 

 
 0% strain  – 180°C/ 20 minutes –  ACRT. 
 0% strain   – 180°C/ 30 minutes –  ACRT. 
 2% strain – unload  – 180°C/ 20 minutes –  ACRT. 
 2% strain – unload – 180°C/ 30 minutes –  ACRT 

 
TEM work was mainly carried out by Dr. Bimal K. Kad, of University of California-
San Diego. The results from this work are attached. 
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Conclusions 
 
From the results of the present study, the following conclusions can be drawn: 
 
• Commercial steel, despite its higher carbon content (270ppm), produces 
lower levels of BHI. It is implied that the presence of carbon in solution (C), or 
precipitated on dislocations (as is the case in strain aging induced during paint 
baking) is more important than the overall carbon content. The low carbon, Mo-B 
bearing steel appears promising of delivering on two opposing requirements of 
improving BH without sacrificing formability. 
 
• The relationship between the bake hardening response with the paint baking 
test time as a function of pre-strain clearly indicates that irrespective of the 
processing treatment given to low and ultra-low carbon steels, the maximum 
optimum bake hardening increment is obtained when the as-received steels are pre-
strained by 2% and baked for 20 minutes. The fraction of the bake hardening 
increment (BH) to the total strength increment (BH+WH) is in its maximum at 2% 
pre-strain and 20 minutes of baking time when annealed at 180°C.  
 
• A small strain introduced due to temper rolling is a necessary step in the 
commercial production of bake hardenable steels because it eliminates the 
discontinuous yielding behavior of the as-annealed steel.  
 
• To maximize the strength increase associated with bake hardening, it is 
necessary to have as much free carbon in solution as possible before the paint-
baking step. 
 
• There appears to be a systematic dependence of the grain boundary mis-
orientations on the amount of segregation of carbon. High angle boundaries are 
noted to be more sensitive to segregation. Carbon tends to segregate more on high 
angle boundaries. 
 
• The dislocation density significantly increases after the paint-baking treatment 
under all processing conditions. Cell walls and helical structures are different ways 
to minimize the energy per unit dislocation line.  
 
• Non-polygonal ferritic grain boundaries are indirectly observed to be more 
sensitive to segregation and hence, higher bake hardening response than polygonal 
ferrite.  
 
• The nano-hardness from grain boundary is significantly higher than the grain 
interior when segregation occurs, as much as 30%, though the difference is 
significantly reduced when no segregation occurs.  
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Milestone Status Table, as of June 30, 2002  
 

ID 
Number Task / Milestone Description Planned 

Completion
Actual 

Completion Comments 

1 Characterize behavior of the 
existing bake hardening steels 06/30/02 06/30/02  

2 Characterize formability of New 
Bake Hardening Steel 04/30/04   

3 Document new bake hardening 
mechanisms 02/28/03 02/28/03  

4 Demonstrate new ULC steel with 
improved Bake Hardening 12/31/03   

5 Demonstrate modeling of dent 
resistance using existing models 04/30/02  ORNL 

responsibility 

6 Final Report 6/30/04 12/10/03  

 
 
Budget Data (as of date):  
 

 Approved Spending Plan Actual Spent to Date 

Phase / Budget Period 

 From To 

DOE 
Amount

Cost 
Share Total DOE 

Amount 
Cost 

Share Total 

Year 1 07-01 06-02 174,494 315,000 489,494 174,494 315,000 489,494 
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Project Summary 
 

  
Bake Hardenable sheet steels are important materials for the automotive industry and 
are commonly used for exterior panels, frame and door structures. Such steels are 
expected to possess enhanced stretch formability as well as high dent resistance. 
These two requirements are at odds with each other in that methods to improve 
formability via reduced carbon content (Ultra Low Carbon Steels) also reduce the 
dent resistance. Fortunately these BCC structure materials can be strengthened via 
selected pre-straining followed by a low temperature (180oC) anneal as employed in 
paint baking of automotive panels. 

 
 The current program report summarizes our efforts to maximize the Bake 
Hardening increment (BHI or ∆BH) in commercial grade steels as well as in 
laboratory developed ultra low carbon alloys. Two new alloys (one containing up to 
120ppm carbon and the other also containing boron and molybdenum) are examined. 
Optimum strengthening benefits are accrued when the carbon can be effectively 
dissolved in the α-ferrite and or γ-austenite and is preserved via rapid cooling. Higher 
solutionizing temperatures prompt further dissolution of complex carbides that 
provide additional strengthening following heat-treatment. The strengthening is 
derived initially from solid solution, which provide for increased levels of work 
hardening during pre-straining and then via the fine scale dislocation substructure 
development. The laboratory alloys are shown to provide improved levels of BHI 
than available in current commercial steels. A 42% improvement in ∆BH is achieved 
in 24-CA alloys over the commercial grade steel. This performance is further 
improved to better than 70% in 25-CA alloys presumably derived from the micro-
alloying additions. 
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1. Introduction 
 
 The use of ultra-low carbon (ULC) steels in the auto industry has grown at a substantial rate 
over the past decade. These steels are not only easy to produce, but also offer benefits in the 
fabrication of auto components. Unfortunately, while the lower carbon content does improve 
formability, it does so at the expense of strength. Fully stabilized ULC steel has yield strengths in 
the range of 125 to 150MPa.  However, weight reduction and dent resistance require much 
higher yield strengths, typically approaching 250 MPa. The steel industry has developed ULC 
steels that can reach yield strengths of 250MPa using either solid solution hardening additions or 
through paint bake hardening. Solid solution hardening occurs through the addition of elements 
such as Mn, Si, and especially P. Paint bake hardening is essentially the strain aging increment 
found after forming and aging for 20 minutes at 180oC.  
 
 The purpose of this program is to develop an ULC steel that can provide a consistent BH 
increment of 100 MPa, while retaining good formability. This is important for improving product 
quality and consistency as well as saving resources and energy, since a higher degree of 
consistency means fewer rejects, less scrap and remelting, and fewer failures during the 
fabrication process. The objective of the  program is to investigate the BH mechanism in ULC 
steels and use the better understanding of this mechanism to design and process a new generation 
of bake hardening steels for automotive applications. These new steels are thoroughly 
characterized in terms of their microstructure, formability, BH response, and tensile properties.  
 
1.1 Technical & Operational Details 
 
 Paint bake hardening is 
essentially the strain aging increment 
found after forming and aging for 20 
minutes at 180OC. It is commonly 
assumed in the steel industry that the 
C and N in solution in the ferrite at 
the time of paint bake hardening is 
responsible for the bake hardening 
strengthening increment observed. 
However, numerous studies have 
shown that there is little correlation 
between the interstitial solute level 
and the measured paint bake 
hardening response. The current BH 
steels suffer from both inadequate 
and inconsistent BHI. Needless to 
say, the goal of achieving a large and 
consistent paint bake hardening 
increment is impossible at this point 
in time. The reason for this is the 
lack of a basic understanding of the 
paint bake hardening mechanism. 
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Figure 1. Schematic of proposed improvements in ∆∆BBHH 
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 The University of Pittsburgh (BAMPRI) spearheads the principal research effort and in 
collaboration with the ORNL team will assist the automotive industry to maximize the paint bake 
hardening increment in ULC Steel sheets in a consistent and reproducible manner. The 
performance target is to introduce a consistent 65% increment in yield strength, i.e., from 150 
MPa as received to 250 MPa following the heat-treatment. This is accomplished by gaining 
insights into the mechanisms of flow stress increment, as well as specific factors and processing 
conditions that influence strain aging via i) the dislocation content, and ii) its overall mobility.  
 
2. Experimental Procedure 
 
 The experimental phase of this program involved studying the mechanical and 
microstructural response of a number of existing BH-steels as wells as selected steel chemistries 
developed at the laboratory and the University of Pittsburgh. The chemistry of the low carbon 
commercial bake hardenable steel is given is Table 1 (with all minor elements listed in ppm).  
 
Table 1. Commercial Low Carbon Bake Hardenable Steel Chemistry 
 

Steel C Mn S N Nb Al B P Mo Ti 
Commercial 270 1700 50 50 - 420 - - - 50 

 
 This commercial grade steel is subjected to a combination of thermal-mechanical treatments 
(including pre-straining) to develop bake hardening prior to microstructural and property 
examination. The basic working condition in the mill is replicated via a 1% temper rolling. 
Additional specimens were developed with thermal treatments at 750oC (to remove the effect of 
temper rolling and at 715oC (to maximize carbon in solution). The details of such processing are 
listed in Table 2.  
 
Table 2. Commercial Low Carbon Steel Process Variations for maximizing BH 
 

Thermal Processing Purpose Pre-straining for BH 

As-Received (AR) = 1% TR To study results with temper 
roll; baseline microstructure 

0%, 2%, 5% with 20, 30, 60 
minutes baking at 180oC 

10 minutes @750oC, AC  To remove effects of TR 0%, 2%, 5% with 20, 30, 60 
minutes baking at 180oC 

10 minutes @715oC, WQ To Maximize C in solution 0%, 2%, 5% with 20, 30, 60 
minutes baking at 180oC 

 
 Concurrent with the evaluation of commercial bake-hardenable steels, laboratory scale alloys 
were developed with varying amounts of carbon. For the sake of brevity we will only discuss the 
results of compositions with maximum carbon (120ppm) as they produced the best post baking 
increase in hardness/strength. Two sets of alloys are developed; the 25CA series alloys 
containing fixed amounts of boron (100ppm) and molybdenum (2000ppm) and the 24CA series 
alloys without any boron and/or manganese. The detailed chemistry is given in Table 3.  
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Table 3. Laboratory Scale Alloy Development for maximizing BH 
 

Steel C Mn S N Nb Al B P Mo Ti 
BH03/24-CA 30 2000 80 30 200 400  ALAP - 200 
BH03/24-CA 60 2000 80 30 200 400  ALAP - 200 
BH03/24-CA 120 2000 80 30 200 400  ALAP - 200 
BH03/25-CA 30 2000 50 50 - 420 100 ALAP 2000 2000 
BH03/25-CA 60 2000 50 50 - 420 100 ALAP 2000 2000 
BH03/25-CA 120 2000 50 50 - 420 100 ALAP 2000 2000 

 
  
 A comparison of commercial 
versus laboratory alloys reveals 
that the reduction in carbon 
content is one major area of 
exploration here. This laboratory 
scale development is to affect the 
complete dissolution of carbon in 
α-ferrite by way of heat-
treatment prior to any straining 
and bake hardening procedures. 
This is illustrated via the use of 
the schematic phase diagram 
shown in Figure 1. Thus, 
commercial steels with their 
270ppm carbon content lie in the 
α-Fe = Fe3C phase field and the 
carbon never goes in complete 
solution for all α-Fe heat-
treatments (i.e. T<723oC). The 
laboratory alloys with carbon less 
than 195pp (i.e., the maximum 
solubility of carbon in α-Fe) can 
completely dissolve all carbon via appropriate thermal treatments. 
   
 
3. Experimental Results 
 
 The experimental effort relates to microstructural studies with a view to understanding the 
mechanisms that may contribute to paint bake-hardening effects in ULC-Fe steels. With this 
perspective we start by briefly describing the ∆BH increment produced as a result of the thermal 
processing schedules described in Tables 2 and 3. Figure 2 shows a typical microstructure of the 
commercial grade chemistry in the CR_AR condition. The microstructure consists largely of 
polygonal ferrite. 
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Figure 1. Schematic of Iron-Carbon diagram illustrating the 
heat-treatment schedule for complete carbon solutionizing. 
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 Table 4 lists the complete 
experiment matrix of pre-
straining and bake hardening 
thermal treatment schedules. 
The composite of ∆BH 
increment produced in 
commercial steels for the CR-
AR, the NTR and CR_AR_Max 
processing routes. Note that 1% 
temper rolling produces a mild 
increase in BH, which is 
somewhat mitigated via the 
750oC (NTR) treatment. The 
results indicate that the ∆BH is 
maximized via the carbon 
solutionizing treatment at 715oC 
as illustrated in Figure 1. We 
also note that in CR_Ar_Max 
steels such BH maxima is achieved at brief holding periods of 20 minutes and prolonged thermal 
exposure causes some decay of BHI.  
 
 
Table 4: Bake Hardening increment for steel in the CR_AR, NTR and CR_AR_Max conditions. 
 

Baking Time (minutes) at 180oC  
Pre-Strain 0 20 30 60 

Bake Hardening Increment in CR_AR Condition 

0% 0 8 5 14 

2%  0 23 23 24 

5% 0 16 16 19 

Bake Hardening Increment in NTR Condition 

0% 0 10 9 9.4 

2%  0 18.5 16 16 

5% 0 12.8 13.2 14.4 

Bake Hardening Increment in CR_AR_Max Condition 

0% 0 32.9 - 25.9 

2%  0 46.2 - 42.2 

5% 0 28.1 - 40.6 
 

Figure 2. Optical micrograph of the commercial (CR AR) steel.
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 Figures 3a, b shows the TEM micrographs of the commercial steel in the CR-AR and NTR 
conditions respectively. In each case the large grained polygonal ferrite is populated by a low 
density evenly distributed dislocation substructure. Figure 4 shows a pair of TEM micrographs 
for the CR_AR_Max processed microstructure. The bulk of the polygonal ferrite grains are 
populated by a dense distribution of point defects on what appear to be traces of prior 
dislocations. The high magnification view of figure 3b shows the fine structure of the 
precipitated defect loops produced as a result of the specific heat-treatment. Such a substructure 
if not annealed subsequently during bake hardening is expected to provide increased resistance to 
dislocation propagation as reflected in the measured strengths (see Table 4). 
 

 
Figure 4. a) BFTEM micrograph of dislocation/defect debris in the polygonal ferrite in the CR-AR_Max 
heat treatment, and b) high magnification elucidating the nature of the defect loops. 
 

Figure 3. Commercial grade bake hardenable steel in the a) CR_AR and b) NTR processed condition. 
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 Within this context, we now examine the BH increment in developmental steels. Table 5 lists 
the limited concise data set examined for strength increase in the 2% strained condition as well 
as after a bake hardening treatment. Only the 120ppm carbon chemistry is examined at 2% strain 
as it produces the best increments of ∆BH as seen in Table 4. Three different heat-treatments are 
carried out: two in the α-ferrite phase-field and one in the γ-phase-field. The purpose in each 
case is to use the increased temperature to affect a rapid dissolution of interstitial and other solid 
solution strengthening additions.  The increase is strength is recorded at a) the strained condition 
(i.e., the work-hardened configuration) and b) following a 20-minute bake hardening treatment at 
180oC. The 25-CA chemistry produces a higher level of ∆BH increment in either the work 
hardened or the bake-hardened condition thereby illustrating the promise of micro-alloying 
additions of boron as well as molybdenum. The kinetics of the solutionizing process is improved 
with increasing temperature and the precipitation is minimized via the water-quench treatment. 
 
Table 5: Bake Hardening increment for laboratory steels 24CA and 25CA (120 ppm carbon). 
 

Alloy Heat-Treatment Hardening @2% ε ∆BH: 20 min@180oC 

24CA (C=120ppm) 820oC / 140 min / AC 4 18 

24CA (C=120ppm) 870oC / 30 min / WQ 15 55 

24CA (C=120ppm) 920oC /30 min / WQ 28 60 

25CA (C=120ppm) 820oC / 140 min /AC 10 24 

25CA (C=120ppm) 870oC / 30 min / WQ 28 62 

25CA (C=120ppm) 920oC / 30 min / WQ 33 72 
  
 We note that the strength increases with increasing solutionizing temperature. It is likely that 
both the increased carbon in solution as well as the quenched nature of the microstructure has an 
effect on the overall BH increment. The quenched alloys exhibit increased work hardening, with 
minor improved level in 25-CA alloy chemistry. For 24-CA chemistry (i.e., without boron and 
molybdenum) the maximum increase in BH is created for the 870oC heat treatment. However, 
for the 25-CA chemistry the maximum increase in BH is created for the 920oC heat treatment. 
We surmise that the higher temperature is required to dissolve the stable carbides (particularly 
the molybdenum based carbides present in 25-CA alloy).  
 
 Figure 5a shows the 24-CA alloy microstructure in the 870oC solution treated and quenched 
state and following the straining and bake-hardening treatment, Figure 5b. In the heat-treated 
condition polygonal ferrite grains reveal a fine defect substructure in the matrix grains. This 
substructure visible under strong 2-beam diffraction may be construed as similar (but finer) to 
that observed in Figure 4a in the commercial steels. Following the bake-hardening treatment, 
figure 6, the large polygonal ferrite grains are replaced with dense dislocations cells. The average 
cell dimensions are on the order of 0.5µm. The dense dislocation network precludes any specific 
dislocation analysis and/or any solute segregation studies via conventional electron microscopy. 
It suffices to note that this microstructural refinement is expected to improve strength based on 
Hall-Petch considerations.   
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 Figure 6a shows that the dissolution of precipitates is still incomplete despite the 870oC 
thermal treatment. This situation is rectified using the austenitizing treatment of 920oC, Figure 
6b, which eliminates grain boundary precipitates.  

  
 Figure 7 shows the fine sub-structure developed in 25-CA alloys at the 870oC heat-treatment. 
However, the distribution appears more dense than that observed for the 24-CA alloys (see 
Figure 5a). We surmise that these features are influenced by the large interstitial boron content as 
well as the 2000ppm Mo addition in the 25-CA composition, which results in higher strength 
both in the as-heat treated and the bake-hardened condition (see Table 5).  

Figure 5. a) TEM micrograph of the 870oC solution-treated polygonal ferrite in the 24-CA alloy, b) 
Bake-hardened microstructure revealing a fine scale distribution of dislocations and cells. 

Figure 6a) 24-CA sample heat treated at 870oC revealing scattered grain boundary precipitates that are 
dissolved during the b) austenitizing heat-treatment at 920oC. 
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 Figure 8a shows the 25-CA alloy 
microstructure in the 920oC solution treated 
and quenched state and following the 
straining and bake-hardening treatment, 
Figure 8b. Note that irrespective of the 24-
CA or the 25C-CA chemistry, the large 
polygonal ferrite grains are replaced with 
dense dislocations cells. The average cell 
dimensions are of the order of 0.5µm in each 
case (Figure 5b and 8b). This dense 
dislocation network prevents any specific 
dislocation analysis and/or any solute 
segregation studies via conventional electron 
microscopy. It suffices to note that this 
microstructural refinement is expected to 
improve strength based on Hall-Petch 
considerations and is indeed observed. 
 
  

 
 
4. Summary and Conclusions 
 
 The microstructural and bake-hardening properties are evaluated for three steels: a 
commercial grade and two laboratory developed alloys. The observed BHI is a combination of 
flow strength increment via work hardening during pre-straining and baking treatment at 180oC. 
A 2% pre-strain is found to be sufficient in most cases and optimum levels of BHI are created at 
short-term exposures of 20 minutes. This bake-hardening schedule is consistent with the 
automotive and industrial need for rapid production throughput.  
 

Figure 8. a) TEM micrograph of the 920oC solution-treated polygonal ferrite in the 25-CA alloy, b)
Bake-hardened microstructure revealing a fine scale distribution of dislocations and cell. 

Figure 7. Fine scale sub-structure in the 25-CA 
alloy at the 870oC heat-treatment
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 The development of a fine scale stable cell structure is an integral part of maximizing BHI. 
Results show that the commercial steel despite its higher carbon content (270ppm) produces 
lower levels of BHI. It is likely that the presence of carbon in solution (C), or precipitated on 
dislocations (as is the case in strain aging induced during paint baking) is significantly more 
important than the overall carbon content. This suggestion is supported by the higher BH 
observed in laboratory alloys at the 120ppm carbon. A 42% improvement in ∆BH is achieved in 
24-CA alloys over the commercial grade. This performance is further improved to better than 
70% in 25-CA alloys presumably derived from the micro-alloying additions. Furthermore, 
efforts to improve dissolution of carbides via raising the treatment temperature also produce the 
desired BH improvement. Such lower carbon bearing alloys hold the promise of delivering on 
two opposing requirements of improving BH without sacrificing formability.  
 
 The effects of micro-alloying (boron and molybdenum) to improve BH have been adequately 
demonstrated. This is a fertile area of further research to distinguish between the boron 
interstitial effects and the molybdenum solid solution or molybdenum carbide precipitation 
strengthening. The goal of achieving the initially proposed 100MPa bake hardening increment is 
within reach.  
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1.0 Introduction 

 
The threat of future legislation regarding fuel consumption and emission has 

forced the automotive industry to develop lighter, more fuel-efficient 

vehicles. At the same time, competition in the market place demands that 

each car offer more than its competitor. Accessories such as air bags, impact 

protection, electric windows and air conditioning add considerable weight to 

the car and this must be balanced by a reduction in weight of the “body in 

white” if fuel efficiency is to be maintained. The weight reduction is being 

achieved through close collaboration between the automotive sector and the 

major steel manufacturers, with the development of, among other measures, 

higher strength steels. The superior strength of these steels allows them to be 

used in thinner gauges than existing steel products, reducing the weight of 

the vehicle while retaining the rigidity of the finished component [1]. 

The development of new and existing steels is a continual process, as better 

solutions are sought to the problem of weight saving. Typically, thinner, 

stronger products are desired, but there is often a trade-off between strength 

and formability, a problem that can be solved to some extent by the use of 

bake hardening steels. 
 

1.1 Background of Bake Hardenable Steels 
 

The primary consumer of sheet steels produced in this country is the 

automobile industry. Hence, sheet steels must have both excellent 

formability and high strength.  
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The two main objectives of the automobile industry are the reduction in car 

weight and improvement in safety. To achieve this, most of the panels that 

make up the car bodies prefer higher strength materials coupled with better 

formability [1-3]. Deterioration of panel stiffness and dent susceptibility is 

an obstacle to the down gauging. The use of high strength steel makes it 

possible for dent resistance of the panel to be kept unchanged even when its 

gauge is reduced. Researchers have found that bake hardenable steel sheets 

are an excellent solution to the above problem. 

Bake hardenable steel sheets make up a relatively new class of products that 

have both the above properties. These steels offer good formability (low 

yield strength for good shape fixability) during press stamping operations 

and also provide higher final yield strength during paint baking operations 

for good dent resistance. 

This concept was unsuccessfully tried to be put into practice during the 

1960’s and the 1970’s. Because at that time, rimmed steel was mainly used, 

in which nitrogen could not be controlled. A forming defect of stretcher 

strain could not be avoided without the control of dissolved elements. After 

the 1973 oil crisis, the use of high strength steel in car body production 

accelerated due to the growing demand for fuel-efficient cars. A great deal 

of research has been carried out on high strength steel [1-3]. 

The concept of bake hardening has become the center of attraction again. 

After much research work on manufacturing and application of bake 

hardenable steel, it has been commercially used since the beginning of the 

1980’s. The reason its commercial application has been made possible in 

recent times is that aluminum-killed steel and vacuum degassed steels are 

available at reasonable cost. The use of aluminum steel can eliminate a 

forming problem of stretcher strain and dissolved carbon content can be 
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controlled by vacuum degassing or continuous annealing processing. 

Various improvements were also made in die design and stamping 

technologies [3]. 

The success of bake hardenable steel application to outer panels has led to 

significantly increased usage for all outer “difficult to form” panels. 

Recently, automotive industries are requiring the bake hardenable steel 

sheets to reduce the weight of car bodies, and to apply these materials to 

certain structural parts to improve the crush resistance of the car bodies. As 

demand for the weight reduction is increasing, researchers are laying more 

stress on IF steels to develop formable high strength steel sheets [1-4]. 

 

1.2 Bake Hardenable High Strength Steel for Car Bodies 

 
In the automotive industry, the complexity of design and manufacturing 

requirements has constantly increased in the past years. Aspects such as 

active and passive security are as important as weight, quality and cost. 

Hence, the design of future cars will be more and more influenced by a 

material mix to optimize these facets. The amount of steel integrated in auto 

bodies will depend on developments of new steel grades with improved 

properties. For exposed panels, key issues are the development of high 

strength steels with excellent formability, an increase in dent resistance and 

weight reduction in down- gauging.  

Bake hardening steels initially have a low proof stress and good formability, 

making them suitable for the more complex forming operations encountered 

during fabrication of outer body parts. During forming and paint baking, the 
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steel will age significantly, resulting in the return of discontinuous yielding 

accompanied by an increase in the yield strength.  

Figure 1.1 illustrates how this strength increase compares with that achieved 

with a formable IF steel and high strength rephosphorised steel. It can be 

seen that the use of bake hardening steel can result in both good shape 

fixabilty and improved dent resistance in the final component [1].  

Since the strength increase occurs after the component has been formed, 

thinner material can be used for components such as fenders, bonnets, boot 

lids and door outers, resulting in a weight saving of ~7kg per car. 

Components such as boot lids and bonnets that experience relatively small 

deformations during forming benefit particularly from the use of a bake 

hardening steel, as the relatively small strength increase produced by work 

hardening can be improved with a larger bake hardening increase. 

Resistance to small dents caused by stones and other debris is also of 

importance, with parts such as bonnets and outer door skins being the most 

susceptible. Bake hardening steels can offer superior dent resistance to both 

static and dynamic denting, compared with other steel grades, because of 

their increased strength after baking [1-3]. 

High strength steel now accounts for about 30-40% of the total weight of  

car bodies.  

 
1.3 Bake Hardenability Test 

 
The change of the properties by the thermal treatment of the paint-baking 

process, especially the increase in yield stress, is now established as the bake 

hardening effect.  
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In the processing of the panels during the bake hardening step, the cold 

rolled steel sheets are given a pre-strain of 2% in the interrupted tensile test. 

They are then assembled, phosphated and then electro-painted and paint 

baked several times. The total time for the baking treatment is approximately 

20 minutes at 180° C. These steels exhibit a unique property of an increase of 

yield strength when subjected to the paint-baking step. Therefore, bake 

hardenability is defined as the difference between the flow stress at 2% 

tensile strain and the lower yield (or 2% offset) strength after a heat 

treatment at 180° C for 20 minutes, as shown in Figure 1.2. The bake 

hardening response measured via this procedure is referred to as the “bake-

hardening index”, (referred to as BH or BH1) [1-15]. 

 
1.4 Mechanisms of Bake Hardening 
 

The term “aging” generally stands for a time dependent, often undesirable, 

mutation in the properties of materials and organisms. Concerning low 

carbon steels, aging results in an increase of yield strength, tensile strength 

and hardness with a corresponding decrease in ductility and the appearance 

of discontinuous yielding. The process depends on time and temperature and 

results from segregation, clustering and precipitation of supersaturated 

interstitial atoms such as carbon and nitrogen [1-5, 13-16]. 

The mechanism of bake hardening in low and ultra- low carbon steels is 

static strain aging as schematically shown in Figure 1.3. Static strain aging is 

defined as the increase in yield strength and/ or yield point elongation (YPE) 

that occurs through the interaction of interstitial solute atoms (e.g. C and N) 

and dislocations generated by plastic deformation. Static strain aging can be 
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harmful, but when controlled carefully, it can be a valuable approach to 

strengthen the steel. 

Bake hardening of steel is “supposed” to be controlled by the same 

mechanism responsible for strain aging. In this mechanism, solute nitrogen 

and carbon diffuse and interact with the strain fields of mobile dislocations 

and hence form atmospheres around them. These atmospheres are known as 

Cottrell atmosphere, which has been named after Alan Cottrell, who 

proposed his famous theory in 1948 [4-5, 16]. 

These atmospheres would constitute regions in which the elastic strain field 

of the dislocation was partially relaxed, and hence its energy reduced, so that 

the solutes would effectively lock the dislocations. Hence they work either 

to increase the stress required for unlocking and subsequent dislocation 

movement or immobilize the dislocations. This will either increase the stress 

required to unlock and move dislocations, or immobilize dislocations and 

thus require generation of new dislocations for subsequent plastic flow. 

Either mechanism results in an increase in strength and a return of 

discontinuous yielding. The latter mechanism is thought to be more likely. 

This results in the return of discontinuous yielding behavior during the 

tensile test [1-4, 16-18]. 

In order for measurable static strain aging to occur, several criteria must be 

simultaneously met [5, 16-19]: 

 The material must contain mobile dislocations (which are usually 

introduced by cold working, panel forming or by temper rolling of the 

steel). 

 Sufficient concentrations of solute must be present in the ferrite. 

 The solute must be mobile at the temperature of aging. 
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 Dislocation recovery processes must be sufficiently sluggish to avoid 

significant softening. 

While the above mechanisms typically control static strain aging, the bake 

hardening process may be more accurately characterized as occurring in 

three or two (the first step is too fast and hence is ignored) steps. The step 

process mechanism of bake hardening is schematically illustrated in  

Figure 1.4 [1-5, 14-20]. 

 

1.4.1. Snoek Rearrangement or Ordering 
 

This is a short time process. In fact it is too fast to be measured. Snoek 

rearrangement is a form of local rearrangement or short-range migration of 

interstitial solute atoms to favored octahedral sites under stress. The 

activation energy for this process is reported to be 59 + 9.6 to 62.4 + 2.1 KJ/ 

moles [5]. It is reported that this stage is complete in about the time required 

for a single jump between two interstitial sites in the stress field of a 

dislocation and thus occurs very rapidly at normal paint baking temperature. 

This step causes an increase in yield strength, but not the ultimate tensile 

strength, by pinning the dislocations. 

The first stage of strain aging, attributed to Snoek rearrangement of 

interstitials in the stress field of dislocation, can be described as follows. 

Initially, there is a random distribution of interstitials in the matrix. After an 

applied deformation, the interstitials in the stress field of a dislocation 

attempt to minimize the strain energy in the region of the dislocation by 

moving from random to minimum energy site positions. Only a minute 

amount of interstitials takes part in the Snoek rearrangement process and the 

time required is less than the time required for a normal interstitial jump  



 8

[4-5, 16-19]. 

 

1.4.2. Cottrell Atmosphere Formation 
 

The second and slower stage, which is the formation of Cottrell atmospheres 

by long-range diffusion of interstitial solutes from outside the strained 

region, follows t2/3 kinetics. It is a form of long-range diffusion of interstitial 

solute atoms to dislocation cores, which immobilize the dislocation, and 

results in increase in both the yield strength and ultimate tensile strength. 

Hence, a solute atmosphere is formed which modify the dislocation stress 

fields. The consequent decrease in strain energy increases the stress required 

for subsequent dislocation movement. This movement requires separation of 

the dislocations from their solute atmospheres under applied stress. The 

activation energy for the second stage is 87.1 + 10 KJ/ mole, in agreement 

with the activation energy for bulk diffusion of carbon [5]. 

Cottrell’s model (in its original form) of atmosphere formation around 

dislocations, extended by Harper, only describes the kinetics of the change 

of carbon content in solution in the bulk due to diffusion of dislocations. The 

increase in yield stress caused by the formation of carbon atmospheres 

around dislocations rises with the number of atoms that gather in an 

atmosphere. But the interaction and the pinning effect decrease with the 

distance between the dislocation and the carbon atom.  

Cottrell also mentioned that the first atoms, which arrive at a dislocation, 

ought to be more effective in anchoring it than those that arrive later. 

Thereby, it is obvious that for the later stages of aging, the direct 

proportionality between the numbers of carbon atoms around a dislocation 
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and the yield stress cannot be valid. Hence, a new equation, considering the 

back diffusion, needs to be properly formulated [1-30]. 
 

1.4.3. Precipitation of Coherent Carbides 
 

The last stage of the bake hardening process is the precipitation of ε-

carbides. Carbide particles are nucleated by segregation of solute atoms to 

the core regions of dislocation, which causes an increase in yield strength 

and ultimate tensile strength. Hence, with continued solute segregation to 

dislocation cores, the increased local solute concentration leads to the 

formation of clusters and then precipitates which can eventually saturate the 

dislocation sites [1-30]. 

 

1.5 Driving Force for Pinning 
 

The driving force for pinning is a reduction in lattice energy. Both impurity 

atoms and dislocations induce lattice strains in the iron matrix and these 

strains can be relaxed if the interstitial atoms diffuse to the vicinity of 

dislocations [1]. 

Cottrell and Bilby noted that the hydrostatic and shear stresses produced 

when carbon is introduced to the lattice, could be reduced by atomic 

diffusion to edge and screw dislocations, leading to the formation of solute 

“atmospheres” from which the dislocations must be torn before plastic flow 

can occur. This leads to the characteristic upper yield point seen in aged 

steels, followed by flow at a lower yield point when new dislocations are 

generated and can move under a smaller stress. It was suggested that 
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segregation would continue until a state of saturation was reached, at which 

point the atmosphere could be visualized as a central row of dislocations 

situated just below the dislocation line, surrounded in the lower-half crystal 

by a dilute carbon atom distribution of the Maxwell-Boltzmann type  

[1-5, 13, 16, 21-22]. 

Once atmosphere formation has occurred, strengthening is associated with 

the formation of clusters of solute atoms, probably at close intervals along 

dislocations. Continued aging is then thought to coarsen these clusters, 

increasing tensile strength and eventually leading to classical precipitation 

hardening.  

The maximum in strength was found to increase with increasing pre-strain. 

The availability of more nucleation sites on dislocations as the density 

increases would lead to the formation of smaller particles, which would be 

expected to increase the yield strength. This is true initially, after which the 

observed decrease in strength was attributed to the formation of coherent 

particles that can more easily be cut by dislocations. Decreasing particle size 

would then represent less of a barrier to dislocation movement.  

 

1.6 Strain Aging due to Nitrogen 

 
Bake hardening is understood to be a kind of strain aging and is caused by 

dissolved nitrogen and carbon.  

When nitrogen is used to produce bake hardening, a forming defect of 

stretcher strain emerges frequently because of its diffusion coefficient being 

several times larger than that of carbon at ambient temperature. Nitrogen has 

a faster diffusion rate (1.34 x 10-16 cm2 s-1) at room temperature than carbon 
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(2.8 x 10-17 cm2 s-1), which allows it to diffuse through the ferrite matrix and 

pin dislocations during storage of the steel at ambient temperatures [1]. 

Room temperature aging of this kind leads to the formation of stretcher 

strain markings (Lüder’s Bands) when the steel is pressed, resulting in a 

“streaky” finish, which is not acceptable for exposed automotive 

applications.  

Nitrogen produces larger yield point elongation than carbon when the 

concentration of dissolved nitrogen is equal to that of dissolved carbon. It is 

considered that nitrogen has larger pinning force of dislocations than carbon 

at ambient temperature. Today, bake hardenable steels are produced from 

aluminum-killed steel, in which nitrogen can be easily precipitated as AlN. It 

is important to know that nitrogen is more stable in AlN than it is near the 

core of dislocations, whereas carbon is more stable near the core of a 

dislocation than it is in Fe3C. Therefore, the manufacturing method of bake 

hardenable steels is nothing but the control of dissolved carbon.   

The slower diffusion rate of carbon allows the steel to remain at storage 

temperatures for up to six months without aging. At paint baking 

temperatures, however the diffusion rate is significantly increased  

(2.24 x 10-12 cm2 s-1), increasing the probability of dislocation pinning [1-5, 

13-22, 24-30]. 
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1.7 Metallurgical Factors in the Manufacturing of Bake 

Hardenable Steels 

 
The main factors of microstructure influencing the hardening effect are the 

solute carbon content, ferrite grain size and the amount of pre-strain. A 

discussion of these factors is presented below. 

 

1.7.1 Effect of Solute Carbon on Bake Hardening Steel 
 

The amount of carbon obviously controls the possibility for pinning mobile 

dislocations. Consequently, with more solute carbon, more dislocations can 

be pinned and a higher hardening effect can be obtained. 

As mentioned earlier, strain aging and subsequently the bake hardening 

effect, are very sensitive to the amount of dissolved interstitial atoms, 

primarily carbon and nitrogen. In rimmed steels of the past, the bake 

hardening phenomenon was mainly due to dissolved nitrogen. Modern 

automotive steel sheets are aluminum-killed, which means all nitrogen 

atoms are combined as aluminum nitride. Hence, the bake hardenability in 

low and ultra low carbon steels is exclusively caused by dissolved carbon. 

To maximize the strength increase associated with bake hardening, it is 

necessary to have as much free carbon as possible [1-15, 18-20, 22-30]. 

However, as the amount of solute increases, the resistance to room 

temperature aging decreases. Room temperature aging prior to forming is 

not acceptable for exposed automobile panels because it can result in 

stretcher strain markings on formed panels. To determine the amount of free 

carbon that may be used in bake hardenable steel, it is necessary to examine 
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room temperature aging resistance. It is generally considered that if yield 

point elongation is 0.2% or less in a uniaxial tensile test, stretcher strain 

problems will not arise during panel forming.  

The times and temperatures of room temperature aging depend on the time 

and temperature at which the steel is stored between production and 

forming. Resistance to aging at 30°C for 90 days is commonly used as a 

guideline for the upper limit of room temperature aging.  

Figure 1.5 schematically illustrates the effect of free carbon on bake 

hardenability. It shows that to avoid ambient aging of bake hardenable steels 

prior to forming, the maximum concentration of dissolved carbon is to be 

restricted to about 10 to 25 ppm, which can be achieved by a proper control 

of chemistry and processing and which may exhibit strength increase up to 

about 40 or 50MPa [31]. As a part of the present study, the solute carbon 

concentrations and the corresponding bake hardenability in the experimental 

bake hardenable steels under different annealing conditions will be 

measured. 

 

1.7.2 Effect of Grain Size on Bake Hardening Steel 

 
The stable processing of bake hardening steels require proper grain size 

control as grain boundaries provide low energy sites for interstitial species. 

Contradictory information about the effect of ferrite grain size on bake 

hardenability is reported in the literature. Some authors do not find any 

correlation between grain sizes and bake hardening. Others found an 

increase in the bake hardening effect with a decrease in grain sizes [3]. 
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A variation of the grain size influences the distribution of carbon between 

the grain interior and the grain boundary by changing the number of 

segregation sites at the grain boundary. With an increase in grain size the 

grain boundary area decreases and the total amount of carbon that can be 

stored in the grain boundary decreases compared to that in a fine grain 

structure. In the case of a fine grain size, interstitials from the grain 

boundaries can move faster to dislocations in the middle of a grain due to the 

shorter distances. 

Bake hardenability depends on the grain size as well as the concentration of 

carbon and nitrogen.  Figure 1.6 shows the effect of grain size as well as C 

and N on bake hardenability more clearly. As the concentration of dissolved 

C becomes very high, the increase in bake hardenability reaches a saturation 

point. The grain size appears to determine the maximum bake hardenability 

attainable. The smaller the grain size becomes, the higher the bake 

hardenability. But a maximum of ~98 MPa of bake hardenability is 

obtainable because the grain size could be reduced to as small as eleven in 

grain size number [3, 30-32]. 

The reason why bake hardenability depends on grain size is not clear, but it 

is inferred that the influence of dissolved carbon on bake hardenability 

differs depending on the location of carbon. Different effect of dissolved 

carbon was reported on the bake hardenability depending on its location, at 

grain boundary and inside grains. For a given carbon content, the bake 

hardenability increases with a decrease in grain size and the dependence on 

grain size increases with an increase in solute carbon, is schematically 

shown in Figure 1.7 [31]. While the explanation of this effect is not 

complete, data suggests that free carbon located near grain boundaries, 

which is not detectable by internal friction measurements, has a more 
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profound influence on strength than free carbon located within the grain 

interior. 

The effect of ferrite grain refinement on increase of bake hardenability is 

associated with the location of solute carbon. It is assumed that during 

cooling, the carbon atoms diffuse to the grain boundaries. Solute carbon 

positioned at the grain boundaries, so called “hidden” carbon atoms, cannot 

be detected by internal friction measurement, but it is supposed that this 

carbon makes a contribution to the BH effect. The smaller the grains are, the 

more carbon should be in the grain boundaries because of shorter diffusion 

paths. Thus, although the same overall solute carbon content can be 

measured, the “contributed” carbon content as well as bake hardenability can 

be higher in case of fine grains as the “hidden” carbon is more in finer grains 

[1-5, 26, 30-34]. 

The characteristic feature of the influence of ferrite grain size can be 

described by the scheme of Figure 1.8. Ferrite grain size controls the 

diffusion distance between intragranular solute carbon and the grain 

boundary area with higher density of mobile dislocations [32]. 

In the case of low solute carbon, the difference in gain size contributes only 

a little to the hardening effect because the diffusion distances for carbon 

atoms (arrows 1) are practically equal for the large and small grains.  

For higher solute carbon, the difference in grain size essentially affects 

hardening. If it is assumed that arrow 1 is the most distance contributed to 

hardening, in this case only the diffusion distances marked by arrows 2 are 

significant for a hardening effect. Intragranular solute carbon atoms located 

in “black” positions in grain bodies of large grains are fairly far from the 

boundaries (arrow 3 is longer than 1) and do not contribute to the hardening 

effect [32]. 
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Since bake hardenability is higher in steels with fine grains for the same 

solute carbon content, the efficacy of solute carbon content has to be higher 

the finer the grain size. The explanation seems to be not in the activity of 

carbon located at the grain boundaries, but in the shorter diffusion distances 

between intragranular solute carbon and the grain boundary area. During 

straining, grain boundaries are the major sources of mobile dislocations and 

with a smaller grain size, the intra-granular solute carbon is more readily 

available to block these mobile dislocations, thus producing a higher BH-

effect. 

 

1.7.3 Effect of Temper Rolling and Pre-Strain on Bake 

Hardening Steel 
 

The amount and type of strain in the steel also has an effect on the bake 

hardening behavior. Strains introduced into bake hardenable steels come 

from two sources: temper rolling and tension deforming. These strains 

produce different dislocation structures and affect bake- hardening behavior 

differently.  

Temper rolling is a necessary step in the production of BH steels because it 

eliminates the discontinuous yielding behavior of the as- annealed material. 

The effect of temper rolling on the stress – strain behavior is shown 

schematically in Figure 1.9. The Lüder’s strain is completely eliminated by 

temper rolling. Due to the small grain size of most bake hardenable steels, 

relatively high amounts of temper rolling are necessary to eliminate 

discontinuous yielding. Usually, it has been observed that a TR of 1% 

completely eliminates discontinuous yielding [31]. 
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Aging of temper- rolled steel is more sluggish than for tension-deformed 

steel. The reason is the difference in the aging behavior is two fold. First, the 

dislocation density of the temper- rolled steel is less than that of the tension- 

deformed material. Therefore, the average distance between dislocations is 

greater for the temper rolled steel than for the tension deformed steel. Hence, 

the distance carbon atoms must diffuse to dislocations to promote aging is 

greater for the temper rolled steels. Second, a strain aging suppression effect 

peculiar to temper rolling has been observed. TR produces regions of high 

and low strains in the sheet, as shown in Figure 1.10. The inhomogeneous 

strain distribution is believed to be the cause of the strain aging suppression 

effect associated with temper rolling [4, 31]. 

Hence, to get the maximum benefit of temper rolling and pre- strain, the 

sample should be pre- strained such that it crosses over the yield point 

elongation. This is because complications arise if the sample is pre- strained 

such that it does not overcome the YPE. The regions inside and outside the 

Lüder’s strain undergo different levels of strain and this causes 

complications in the stress-strain curve after re-loading. The details are yet 

to be understood.  

This factor controls the density of mobile dislocations as well as the 

dislocation structure (different slip systems and cell substructure). The 

dislocation density increases with increasing pre-strain and hence a higher 

pinning potential for solute carbon exists.  

After temper rolling (without pre-strain), ferrite grains exhibit a 

heterogeneous dislocation structure in such a way, that the areas near the 

grain boundary contain some mobile dislocations but their density decreases 

sharply with the increasing distance from the boundary. Pre-strain of 2% 
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generates a considerably higher mobile dislocation density but the 

heterogeneity of dislocation structure remains [31-39]. 

 

1.7.4  Effect of Alloying Elements on Bake Hardenability 
 

Bake hardenable IF steels commonly contain small amounts of solid solution 

strengthening elements, such as P, Si and Mn. A straightforward way to 

increase the strength in these steels would be to increase the amounts of 

these solid solution elements. However, each of these elements has 

characteristics, which limit their additions. 

 

1.7.4.1 Effect of Manganese 
 
Manganese has an affinity for carbon and forms a dipole with carbon. It is, 

however, not clear whether the Mn-C dipole decreases BH. Dissolving of 

manganese into cementite accelerates the precipitation of cementites, which 

reduces dissolved carbon content resulting in lower bake hardenability. The 

formation of MnC clusters also reduces the amount of carbon available to 

move to dislocations. Manganese has another disadvantage because it 

reduces plastic strain ratio.  

But on the other hand, proper control of Mn can enhance aging index and 

bake hardening index. Without Mn, only Ti (C, N) and Ti4C2S2 were 

observed. With Mn at the 1.00-wt-pct levels, MnS and TiS replace Ti4C2S2   

as the precipitates, which combine with S and C. As a result, less C is 

combined as Ti4C2S2, and more C is available to go into solution and 

contribute to aging and bake hardening [3, 17-19, 29-30]. 
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1.7.4.2 Effect of Silicon 
 

Silicon enhances the bake hardenability. It repels carbon. Silicon delays the 

precipitation of cementites because it enhances the activity of carbon around 

the cementites. Therefore, higher bake hardenability is obtained as silicon 

content increases. But Si causes higher yield point elongation as compared 

with its strengthening capability. Silicon is not used for bake hardenable 

steels as long as the BH steels can be strengthened by other elements  

[3, 17-19]. 

However, no more than 0.5% of Si should be added to avoid poor surface 

quality due to SiO2 formation.  
 

1.7.4.3 Effect of Phosphorous 
 

Phosphorous increases bake hardening. It is reported that this is due to the 

fact that P segregates to the grain boundaries, which are favorable sites for C 

to precipitate. Less C segregating to grain boundaries results in greater 

intragranular solute C and therefore greater bake hardenability. A possible 

contributing factor is that, by adding P, some Ti may be removed through 

the formation of FeTiP, which is more stable than Ti4C2S2 and TiC. 

Phosphorous also contributes to the increase in bake hardenability by 

reducing the grain size. Phosphorous has the advantage that it does not 

deteriorate the plastic strain ratio. Hence, it is used mainly as the 

strengthening element of bake hardenable high strength steel of drawing 

quality [3, 17-19]. 

Although phosphorous is the most effective solid solution strengthening 

element, not more than 0.1% phosphorous causes strain induced brittleness 
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and welding problems. With respect to casting higher strength steels, one 

major concern is the possible appearance of “ghost lines” in the formed part. 

These lines are traceable to P segregation. As P is added for strength, special 

casting precautions are needed to insure that the high strength and good bake 

hardenability are obtained without loss of surface quality. Improved 

castability of higher strength BH steels is generally desired. 

Except for steels with P additions, pickling presents no difficulties. For the P 

bearing steels, ease of over-pickling can lead to poor cold-rolled and 

annealed surface. 

 

1.7.4.4 Effect of Boron and Vanadium 
 

Boron is known to enhance the bake hardenability of the ULC steels. 

Though the reason is still not clear, it can be inferred that boron has an 

affinity for carbon and exists mainly at grain boundaries. Therefore, it 

attracts the carbon into the grain boundary, which is considered to be a more 

effective location for carbon existence in bake hardenability than inside the 

grain. 

Vanadium is a weaker carbide former than Ti or Nb. Hence, it is expected to 

dissolve easily during annealing and, as a result, increases the amount of 

solute carbon, thus enhancing the bake hardenability of the steel [3, 17-19]. 

 

1.8 Hardening Behavior of Bake Hardenable Sheet Steel 
 

Dislocations play an important role in a plastic deformation of metals. It is 

defined as the line defect in the crystalline structure. The deformation 
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proceeds with the nucleation and propagation of dislocations. Work 

hardening can be explained microscopically as follows. The necessary stress 

required to move the dislocations increases gradually due to a tangle of 

dislocations induced by plastic deformation.  

On the other hand, C and N in Fe exist as interstitial atoms, which cause a 

strain field around themselves. Solute C and N diffuse fast in steel and tend 

to relax the strain energy by moving adjacent to the core of dislocations, 

which also produces a strong strain field. The immobilized dislocations 

increase the flow stress when the steel is deformed. This phenomenon is 

called “strain aging” and the cause of stretcher strain, which is detected as a 

high yield elongation in a tensile test. 

Cottrell assumed that the stress concentration produced by a pile-up in one 

grain activated dislocation source in the adjacent grain. J.C.M Li’s theory is 

widely established which considers the grain boundary to be a source of 

dislocations. Li suggested that the grain-boundary ledges generated 

dislocations, “pumping” them into the grain. These dislocations act as 

forests in regions close to the boundary. The dislocations emitted from the 

grain boundaries undergo cross-slip.  

Extensive cross-slip and the generation of dislocation locks will result in a 

localized layer with high dislocation density. The plastic flow of the grain 

boundary region attenuates the stress concentration; geometrically necessary 

dislocations accommodate these stresses [1-6, 40-48]. 
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1.9 Grain Boundary Character Distribution (GBCD) 
 

Grain boundaries are characterized by differences in their structure, and as a 

result, in their properties. This phenomenon is termed the grain boundary 

character distribution.  

The differences in the structure of individual grain boundaries are usually 

described quantitatively in terms of the distribution of their mis-orientation 

parameters. The distribution function of the mis-orientation parameters has 

attracted a great deal of interest since it has been postulated that this 

parameter controls the diffusivity, especially of interstitial species and other 

properties of grain boundaries. Experimental studies have shown that their 

mis-orientation parameters correlate with the strengthening effect of 

individual grain boundaries [40-52]. 

 

1.9.1. The Grain Boundary Mis-orientation Angle 
 

The GB mis-orientation angle is the simplest description of the GB structure. 

It is the minimum rotation angle, (θ), between the two grains. Using this 

parameter, grain boundaries are classified the in simplest case as low angle 

boundaries if θ ≤ 15° and as high angle boundaries if θ > 15°. High angle 

boundaries are always more sensitive to segregation [40-52]. 

It is noticed that the degree of segregation increases with increasing tilt 

angle of the mis-orientation. The main source of the variation was found to 

be related to the difference of the grain boundary structure. The amount of 

segregated C appeared to increase with the tilt angle of the grain boundary 

mis-orientation.  
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1.10 Commercial Production of Bake Hardenable Steels 
 

Bake hardenable steels have entered the main stream of auto production. 

Several kinds of bake hardenable steels are now in production at the various 

auto companies like Nippon, Toyota, Ford and Daimler-Chrysler, to name a 

few [35-36]. 

Figure 1.11 shows an example of the application of bake hardenable steels to 

automobile parts at Toyota Motor. Bake hardenable steels account for about 

45% of high strength steels at Toyota Motor. High strength steels with 

tensile strength below 392MPa are largely used in exposed panels 

moderately drawn such as hoods, doors and trunk lids, and also to inner 

panels such as cowls, floors and side sills. High strength steels with tensile 

strength above 392MPa are applied to structural parts such as structural 

members. These steels with tensile strength above 588MPa are applied to 

reinforcements such as bumpers and door impact bars [53]. 

Bake hardenable steels are mainly applied to the exposed panels because of 

the advantage in reduction of gauge and dent resistance. The other 

application of bake hardenable steel is for structural members, which need 

higher resistance against an impact load. Bake hardenable steels are also 

applied to the structural parts such as members in order to obtain high 

deformation starting strength [1-12, 51-64]. 

 

 

 

 



 24

2.0 Statement of Objectives 
 

Paint bake hardening is essentially the strain aging increment found after 

forming and aging for 20 minutes at 180°C. It is commonly assumed in the 

steel industry that the carbon and nitrogen in solution in the ferrite at the 

time of paint bake hardening is responsible for the bake hardening 

strengthening increment observed. However, numerous studies have shown 

that there is little correlation between the interstitial solute level and the 

measured paint bake hardening response. The goal of achieving a large and 

consistent paint bake hardening is impossible at this time due to lack of a 

basic understanding of the paint hardening mechanism.  

The main purpose of the program is to develop ultra low carbon steel that 

can provide a consistent BH increment of 100MPa, while retaining good 

formability. It is to maximize the paint bake hardening increment in ultra 

low carbon, high strength steel sheets in a consistent and reproducible 

manner and hence to obtain cost savings in steel plants from improved 

product yield. This will be accomplished by gaining insights into the 

mechanisms of flow strength increment, as well as specific factors and 

processing conditions that influence strain aging via the dislocation content 

and its overall mobility.  

This is important for improving product quality and consistency as well as 

saving resources and energy, since a higher degree of consistency means 

fewer rejects, less scrap and re-melting, and fewer failures during the 

fabrication process. The program will investigate the BH mechanism in ULC 

steels and use the better understanding of this mechanism to design and 

process a new generation of bake hardening steels for automotive 
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applications. These new steels will be thoroughly characterized in terms of 

their microstructures, formability, BH response, and tensile properties to 

develop a consistent baseline of properties for further improvement. 

The focus would also be to develop criteria for bake hardening based on the 

fundamental understanding of the interaction between the strain sources- 

temper rolling and pre- strain, interstitial character and content, and the bake 

hardening time-temperature response. Along with the above, the program 

would also try to characterize the grain boundary distribution, and hence to 

establish a correlation between the grain boundary hardening, segregation of 

interstitial solutes and the grain boundary mis-orientation. This will tend to 

improve our understanding of the nature of the ferrite or final microstructure 

on the BH response.  

Another purpose of this research is to study the processing condition 

dependence of the segregation of carbon in low carbon bake hardenable 

steel, taking account of the variation of the segregation on the individual 

grain boundaries and to elucidate the relation between the grain boundary 

segregation and the crystallographic orientation of grain boundaries.  

The successful completion of this program will result in large energy savings 

for steel plants and in the transportation sector.  
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3.0 Experimental Procedure 
 

3.1 Materials Selection and Processing 
 

This study used a commercially produced, typical low carbon, batch-

annealed, automotive grade sheet steel as well as two sets of laboratory 

produced ULC sheet steel, respectively. The chemical composition of the 

commercially produced low carbon steel (phase1) confirmed through 

spectro-chemical analysis, is shown in Table 3.1. Obtaining bake 

hardenability depends on having a small amount of solute carbon in the 

steel. The amount of free carbon in solution in the as-received condition, 

determined by a spreadsheet program- TOOLBOX II, is schematically 

shown in Figure 3.1. The level of aluminum is in lot excess of nitrogen to 

prevent the presence of free nitrogen in the as- annealed condition.  

Figure 3.2 illustrates the mill process variations in the steel samples [21]. All 

sheets were obtained from the same coil after three successive processing 

steps: batch annealing, temper rolling, and electro-galvanizing. During 

processing, the sheets were reduced in thickness by approximately 1.0%, 

resulting in the final sheet thickness of 0.9 mm.  

The aim and the actual chemical compositions of the laboratory produced, 

ultra-low carbon bake hardenable steels (phase2), are shown in Table 3.2.  

and Table 3.3, respectively. The steels were designed to have sufficient 

amounts of solute carbon in solution in the as- received condition, which 

was again determined by the spreadsheet program- TOOLBOX II.  The 

amount of free carbon in solution in the as-received condition (for both the 
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above compositions), determined by TOOLBOX II, is also mentioned in 

Table 3.2 and Table 3.3, respectively.  

The design also takes into account the difference in the level of carbon in 

solution, ranging from as insignificant as 0ppm to as high as 120ppm 

respectively, keeping all the other alloying elements constant. The steels are 

Ti-Nb stabilized and have sufficient amounts of Al to eliminate free nitrogen 

completely from solution.  

The major difference in the composition is also the amount of boron and 

molybdenum added in the six steels; the first 3 being plain ULC with traces 

of them and the other 3 being multi-phase ULC steels with significant 

amount of them, respectively. 

Cast ingots of the experimentally produced ULC steel were reheated to 

1250°C and hot rolled to a final thickness of 0.2” or 5 mm, approximately, 

on a commercial hot strip mill. The hot rolling was conducted in two stages. 

The first stage involves reducing the thickness to 1” and allowing the rolled 

slab to air cool to room temperature. Then the slab is cut into lengths of 

between 6 and 12” and rolled again, this time properly controlling the 

temperatures, reductions and cooling rates.  

The steel was finish rolled above 920°C and then water sprayed to the 

coiling temperature of 714°C. In order to avoid complications due to 

chilling, scaling and decarburization, a practice of finishing at a thickness 

substantially greater than the final thickness and grinding the surface off, 

was adopted. Hence the actual final thickness of 0.15” was achieved by 

sending the 0.2” pieces out for grinding down to 0.15”, carefully removing 

equal amounts from both sides.  

The hot bands were then cold rolled to 0.04” (1.0 mm) to obtain the cold 

reduction ratio of 73 %.   
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3.2 Experimental Techniques 
 

3.2.1  Metallographic Analysis 
 

Metallographic analysis of the as-received samples as well as samples from 

various processing and conditions was performed by sectioning the samples 

parallel to the rolling axis, and mounting them in bakelite. The samples were 

then rough polished using standard metallographic abrasive grinding papers 

ranging from course (180) to fine (600). The final polishing was done using 

1.0µm and 0.05µm alumina, respectively. The microstructure was developed 

for optical analysis by etching with 2% Nital for 8 to 15 seconds, depending 

on the steel and condition.  

Grain size measurements were evaluated with the aid of a computer 

controlled, image analysis BioQuant IV System. The measurement of the 

equivalent grain diameter was done on at least 200 grains from different 

areas of the sample. 

 

3.2.2 Electron Back-Scattered Diffraction Analysis (EBSD)/ 

Scanning Electron Microscopy (SEM) 
 

The EBSD technique is now widely used to collect crystallographic data 

from surface analysis. It is used in various fields of materials science such as 

re-crystallization, phase transformation, and deformation mechanisms, to 

link macroscopic metallurgical and/or mechanical properties with local 

crystallographic properties. The technique is almost exclusively used in 

SEM and only scarcely in TEM. The advantages in using SEM are simple 
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specimen preparation and the possibility to study wide areas on the same 

specimen, giving statistically reliable data sets [65-67]. 

The EBSD technique along with the SEM was used to obtain the relation 

between the fraction of the grains and their mis-orientation which would 

reveal the nature of the ferrite (polygonal, non-polygonal or mixed) or the 

final microstructure with the Grain Boundary Character Distribution 

(GBCD) and hence on the bake hardening increment response. The relation 

between the carbon segregation (from Nano-hardness technique) and the 

grain mis-orientation would also be revealed. 

The sample preparation for EBSD analysis was quite similar to the optical 

microscopy except for the last stage where the samples are electro-polished. 

The electro-polish was done using a solution of 90% acetic acid and 10% 

perchloric acid at around 36 volts for 2 to 3 seconds. The samples were not 

mounted when introduced into the Philips XL30 FEG SEM chamber. Spot 

size of four with an acceleration voltage of 15kV was used, respectively.  

 

3.2.3  Transmission Electron Microscopy (TEM) 
 

TEM microscopy was performed to do the fine detailed analysis of the 

ferritic microstructure, including the measurement of the dislocation density 

present in the materials. It was also used to try to reveal the existence of 

Cottrell Atmospheres or barriers. The foils to be tested were prepared from 

various annealing conditions and also before and after the bake-hardening 

test in each condition.  

Thin foils were prepared by mechanical thinning until a thickness of 75µm 

was reached, and 3mm diameter discs were punched out of it, followed by 
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twin jet polishing at room temperature with an electrolytic solution of 85% 

acetic acid and 15% perchloric acid at 25 volts and 50mA. 

Rough grinding to 0.38mm was done from where the samples were 

chemically thinned to 0.125mm by immersing in a solution containing 50ml 

H2O, 50ml H2O2 (30%) and 7ml HF. Thinning of the samples to a final 

thickness of 75µm was obtained by immersion of the samples in the second 

solution comprised of 50ml H2O, 30ml HNO3, 15ml HCl and 10ml HF. 

Electron microscopy examination of materials was conducted in various 

TEM instruments. Most of the examination was conducted in a CM-30 

Philips electron microscope operated at 300kV, as shown in Figure 3.3 at 

ORNL (Oak Ridge National Laboratory) [68]. Some of the foil examinations 

were also done using a JEM- 200CX electron microscope operated at 

200kV. Analysis included bright field, dark field, CBED (Convergent Beam 

Diffraction Pattern) and selected area diffraction studies. 

 

3.2.4  Nano-Hardness Technique 
 

Materials with fine microstructures, such as thin films, nano-crystals, and 

fine-grained ferritic steels, are of great interest and importance. The fine 

microstructures can be observed by various means including optical, 

electron beam and scanning probe microscopy. However, only a few options 

are available on a sub-micron scale for observing the mechanical properties 

of microstructures.  

The Nano-indentation technique is one such technique that can provide 

information about local elastic and plastic deformation as a “strength probe”. 
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It has the potential to be the standard testing tool or materials with fine 

microstructures.  

This new technique, capable of measuring the mechanical properties of a 

small volume of material, is the nanoindentation technique. As the name 

applies, nanoindentation is an indentation technique, which measures 

mechanical properties by making indentations on a nanometer scale. 

Nanoindentation is performed by an instrument such as the Nanoindentor 

IITM, which continuously records the applied load, P, and the penetration 

depth of the indenter, h, into the specimen [68-70]. 

A schematic drawing of the Nanoindentor IITM at Oak Ridge National 

Laboratory (ORNL) is shown in Figure 3.4. It consists of an indenter shaft 

with a diamond indenter mounted at a bottom and a loading coil at the top. 

The loading coil consists of a copper wire wrapped around a hollow 

cylinder. A permanent magnet is attached to the casting of the indenter head. 

The loading force is controlled by adjusting the amount of dc current to the 

load coil. The normal displacement of the indent is measured by a 

capacitance gage.  

The Nanoindenter IITM load and displacement resolutions are + 75nN and 

+ 0.04nm respectively. The indenter shaft is supported by 2 leaf springs, one 

located at the top and the other at the bottom of the shaft. Specimens are 

mounted on an x-y-z motorized table, which has an x and y positioning 

resolution of less than 1µm. The ability to accurately position indentations is 

one of the most valuable features of the Nanoindenter IITM [68-70]. 

The measurement of mechanical properties such as hardness, H, and elastic 

modulus, E, by nanoindentation methods has been conducted largely with 

indenters having the Berkovich geometry. Of the many sharp indenters, the 

Berkovich has proven the most useful in nanoindentation work. This is 
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because the three-sided pyramidal geometry of the Berkovich naturally 

terminates at a point, thus facilitating the grinding of diamonds, which 

maintain their sharpness to very small scales.  

 

3.2.5  Internal Friction Technique 
 

This technique provides an indirect measurement of the amount of 

interstitial solutes that are present in the matrix of the material.  

Now in bcc α-Fe, we know that the interstitial atoms such as C and N prefer 

to sit in the octahedral interstices. These sites are located at the centers of the 

cube edges and at the centers of the cube faces. When a stress is applied in 

the direction [001], the octahedral interstices expand in that direction and 

shrink in size along the other two directions ([100] and [010]). This is 

because direction [001] becomes the favored interstitial sites. This short-

range, stress induced, migration of interstitial atoms is called the Snoek 

effect. These short-range motions can cause the strain to lag behind the 

stress, giving an inelastic effect. In these materials, the strain takes time to 

totally recover on removal of the applied load, and if set into vibration, the 

vibrations die away or damp out. This damping of vibration is due to internal 

friction [32, 61, 71]. 

Snoek peaks of internal friction were measured by the torsion vibration 

method with the test pieces of 4mm wide and 30mm long, keeping the same 

sheet thickness of ~1.0mm. These samples were carefully cut, avoiding any 

heating or distortions of samples that could affect pinning/unpinning of 

dislocations. The frequency was nearly 1Hz and Q-1 was measured between -

40 to 100°C. The temperature dependency of internal friction was analyzed 
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by subsequent computer-aided background subtraction and separation of 

carbon and nitrogen Snoek peaks.  

The short range, stress induced migration of interstitial atoms, known as the 

Snoek effect, can cause the strain to lag behind the stress, giving an inelastic 

effect. In these materials, the strain takes time to totally recover on removal 

of the applied load, and if set into vibration, the vibrations die away or damp 

out. This damping of vibration is due to internal friction.  

The common measures of internal friction are as follows: 

 

Q-1  = tanφ = ln (An /An+1) /π 

Where, 

φ = angle by which strain lags behind stress and, 

    An /An+1 = ratio of successive amplitudes 

 

The greater the number of atoms that jump, the larger will be the value of  

Q-1.The maximum internal friction is attained when the period of application 

of stress equals the jump rate. Since the Snoek effect is a thermally activated 

process, there is a temperature at which the diffusion jump frequency of the 

interstitial in the iron lattice is of same order of magnitude as the frequency 

of applied stress. At lower temperatures, the atoms cannot move rapidly 

enough for any anelastic strain to develop in a cycle, and at higher 

temperatures, the atoms move so rapidly that the inelastic strain develops 

instantaneously. In both cases, no stress-strain lag occurs [61]. 
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3.2.6  Micro-Hardness Measurements  
 

Micro-hardness measurements were done on various annealing conditions of 

the commercially produced low carbon steel to verify the conditions for the 

elimination of the effect of temper rolling on the steel. Micro-hardness was 

taken in a Leco micro-hardness tester using a small 20 and 50g load. In 

general, approximately 6 indents were taken along each thickness line 

perpendicular to the rolling direction and results of various lines were 

averaged to get the final results. 

 

3.3 Mechanical Properties Evaluation 
 

3.3.1  Bake Hardenability Tests 
 

Bake-hardenable high strength steels show a relatively low yield strength 

and good formability associated with bake-hardenability, which provides a 

capacity for yield strength improvement after paint baking of approximately 

20% of the initial yield strength. 

For all experiments with the 2 phase steels, subsize ASTM tensile specimens 

as shown in Figure 3.5, were used, the thickness being the final steel sheet 

thickness of ~1mm. All the samples were machined with the tensile axis 

parallel to the rolling direction/ deformation axis.  

The as- received commercial bake-hardenable low carbon steels (with 

temper rolling of ~ 1%) were pre- strained to 2% and 5% and then subjected 

to the BH test as shown below: 
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 0% pre-strain – unload - 180°C/ 20 minutes - ACRT. 

 0% pre-strain – unload - 180°C/ 30 minutes - ACRT. 

 0% pre-strain – unload - 180°C/ 60 minutes - ACRT. 

 2% pre-strain – unload - 180°C/ 20 minutes - ACRT. 

 2% pre-strain – unload - 180°C/ 30 minutes - ACRT. 

 2% pre-strain – unload - 180°C/ 60 minutes - ACRT. 

 5% pre-strain – unload - 180°C/ 20 minutes - ACRT. 

 5% pre-strain – unload - 180°C/ 30 minutes - ACRT. 

 5% pre-strain – unload - 180°C/ 60 minutes - ACRT. 

 

After the paint baking step and ACRT (air cool to room temperature), all the 

samples were reloaded and re-strained until they fractured. Load, extension, 

stress, strain, and time were collected with a computer based data acquisition 

system. From the stress-strain data, the yield strengths (YS), ultimate tensile 

strengths (UTS), yield point elongations (YPE), total elongations (et) and 

Hollomon work hardening exponent (n) were determined. For each of the 

above conditions, 3 tests were conducted and then the results were averaged.  

For the second phase laboratory heats, the samples were pre-strained to 2% 

and then paint bake-hardened.  

 

3.3.2  Baking Treatment  
 

To simulate the steps during the production of automotive parts, the tensile 

specimens were pre-strained in a tensile testing machine followed by a 

subsequent baking treatment in an environmental chamber of 180°C for 20 

minutes. Re-straining in tension provides data for a complete stress-strain 
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curve.  Figure 1.2, shown earlier, schematically presents the influence of 

pre-strain and baking treatment on a stress-strain curve. The most common 

property to describe the bake-hardening behavior is the increase in the lower 

yield stress, ∆YS, as illustrated in the above figure. In the present 

investigation, the bake-hardening index was defined as the difference 

between the flow stress after pre-strain and the lower yield strength after 

baking [1-20, 66-76]. 

The baking simulation was carried out in an agitated oil bath. It ensured a 

good thermal flux and a constant temperature. Regardless of the baking 

condition, all materials and samples were stored in a freezer prior to testing 

at approximately -10°C to prevent any room temperature aging occurring in 

any of the samples. The untested materials were not left outside the freezer 

for any longer than was necessary for sample preparation, i.e., sample 

machining at the machine shop.  

 

3.3.3  Pre-Straining and Tensile Test 
 

The strengthening mechanisms of bake hardening induce a strong 

dependence on the paint-baking conditions and on the dislocation 

microstructure created by temper-rolling and/ or pre-straining. 

After stamping, the strained areas of the steel sheet are hardened and offer 

more dent resistance than the undeformed areas. For the BH steels the 

baking treatment effect is added to the work hardening effect and is 

especially useful in unstrained areas.  

Standard tensile properties (yield strength, tensile strength, % elongation, % 

reduction in area, n-value) were determined according to ASTM standards, 
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by performing tension tests in a MTS 880 servo-hydraulic machine. Some of 

the conditions of the commercial low carbon steel were also tested on a 

screw driven Instron machine at US steel, Monroeville. For all the 

specimens in both the machines, a constant crosshead velocity of 

1.5mm/min (~0.06”/min), a 2 metric ton load cell was used.  

Since the data of interest in this study always fall into the initial strain range, 

extra care was taken to ensure that each sample was properly aligned in the 

grips prior to the start of each test.  
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4.0 Results 
 

In this study, a large amount of data has been collected. In order to present 

and discuss these data in a reasonable and organized fashion, the 

presentation and the discussion of the results will be divided in two sections. 

In this section, all of the experimental results will be presented. However, 

the interpretation of the data will be limited which will be done in detail in 

the discussion section. Also, the results have been presented in 2 phases, 

each based on the study of different type of steels; the low carbon 

commercial bake-hardenable steel and the two sets of laboratory 

experimental heats.  

 

4.1 Phase 1: Commercial Low Carbon Bake-Hardenable 

Steel 
 

Characterization of the as-received microstructure and of the various 

processing conditions of the same steel, interstitial content and mechanical 

response was done to develop a consistent baseline of properties for further 

improvement.  

 

4.1.1 Processing Treatments 
 

The as-received, low carbon steel (CR_AR) was processed under different 

conditions to enhance our understanding of the initial property database. The 

bake-hardening property is a consequence of strain aging due to interstitial 

atoms segregation towards dislocations. In the present alloy design of bake-
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hardening steels, only carbon is in solid solution, since nitrogen is combined 

with aluminum or titanium. In these conditions, bake-hardening depends 

strongly on the solute carbon content. 

Hence, to maximize the amount of carbon in solution, the as-received steel 

was given a heat treatment of 715°C for 30 minutes and then ice-water 

quenched to room temperature as shown in Figure 4.1. The excessive fast 

cooling rate causes the steel to have insufficient time for precipitation, 

segregation or even cluster formation and hence maximum amount of the 

bulk carbon is found to be in solution in the matrix. Henceforth, this 

condition would be denoted as CR_AR_MAX.  

In the second treatment, the as-received steel was taken to 750°C for 10 

minutes and then air cooled slowly to room temperature. This processing 

cycle resulted in removing the temper rolling effect in the as-received steel 

and hence this condition is labeled as CR_NTR.  

The above annealing treatment was confirmed through the micro-hardness 

measurements as is schematically shown in Figure 4.2. It was noted that 

there was very insignificant change in the hardness level across the sheet 

thickness for the CR_NTR condition, unlike the as-received (CR_AR) steel 

which showed lower hardness at the mid-thickness. The measured hardness 

values for the non- temper rolling steel showed a fairly low scatter, the 

maximum Vickers’s hardness (VHN) being 138.5 and minimum being 136, 

respectively. On the other hand, for the temper rolling condition, the 

fluctuation in VHN was significant, ranging from as low as 135 (at the mid-

thickness) to as high as 148 (near the surface).  
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4.1.2   Mechanical Properties 
 

4.1.2.1 Commercial Steel: CR_AR Condition 
 

The tensile properties of the as-received sheet steel are summarized in  

Table 4.1. The results shown are based on the average of 3 tests for each 

condition. As seen in the table, the results also include the standard 

deviations indicated against each data point. The annealed conditions 

revealed the round-house curve phenomenon. On the other hand, the 

annealed and paint baked samples had YPE, the amount of which increased 

significantly with increase in pre-strain. The bake hardening and the work 

hardening response of the CR_AR condition are schematically shown in 

Table 4.2. The comparison of the increment in flow stress (BH0, BH2 and 

BH5) due to the paint baking treatment, with paint-baking test time at 

various pre-strains, is shown in Figure 4.3. 

The bake hardenability test was conducted at annealing times of 20, 30 and 

60 minutes, keeping the test temperature constant at 180°C. For the same 

condition, the dislocation density and, hence, its mobility, was varied by 

changing the pre-straining from as low as 0% (no strain increment except 

initial 1% temper rolling) to as high as 5% (maximum strain increment). The 

results, as clearly seen in Figure 4.3, indicate that the maximum increment in 

bake hardenability is at 2% pre-strain and 20 minutes of BH test time.  

The variation of bake hardening increment (BH), work hardening increment 

(WH) and “total strength” increment (WH+BH) with pre-strain at BH time 

of 20 minutes is schematically shown in Figure 4.4, respectively. The bake 

hardening increment is seen to be at its maximum at 2% pre-strain and 20 
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minutes of baking time. On the other hand, the work hardening increment 

keeps on increasing with increase in pre-strain. The rate of increment in 

work hardening with pre-strain is seen to be more than the rate of decrease 

in bake hardening after 2% pre-strain and hence, the total strength increment 

is seen to be increasing with pre-strain.  

 

4.1.2.2 Commercial Steel: CR_AR_MAX Condition 
 

In the same fashion, as for the as-received steel condition, the tensile 

properties are summarized in Table 4.3. Here also, the results are based on 

the average of 3 tests for each condition. As seen in the table, the results also 

include the standard deviations indicated against each data point.  The 

baking response as well as the work hardening response effect is 

summarized in Table 4.4. The effect of the annealing times with the pre-

strain on the paint baking is schematically presented in Figure 4.5. As 

clearly seen in the above figure, the maximum bake hardening increment is 

seen at 2% pre-strain and 20 minutes of BH test time.  

Analogous to the as-received condition, the variation of the increase of BH, 

WH and total strength after 20 minutes of the BH test, was also studied at 

various pre-strains, as shown in Figure 4.6. The variations of all the strength 

increments were shown at the time of maximum optimum bake 

hardenability, hence 20 minutes was the time chosen. The bake hardening 

increment is maximum at 2% pre-strain, after which it is seen to be 

increasing. On the other hand, the work hardening keeps on increasing with 

pre-strain.  

 



 42

4.1.2.3 Commercial Steel: CR_NTR Condition 

  
The tensile properties of this annealing treatment are shown in Table 4.5. 

Similarly here also, the average of 3 test data is shown for each condition. 

As seen in the table, the results also include the standard deviations indicated 

against each data point. 

The baking response as well as the work hardening response effect is 

summarized in Table 4.6. 

The comparison of the increment in flow stress (BH0, BH2 and BH5) with 

BH test time at various pre-strains is shown in Figure 4.7. Like the previous 

conditions, it also clearly indicates that the maximum increment in bake 

hardenability is at 2% pre-strain and 20 minutes of BH test time, though the 

actual increment varies.  

The tests with variations of BH test time and pre-strains in the above 2 

conditions clearly showed that the annealing time and pre-strain for 

“maximum effective” bake hardening increment is 20 minutes and 2%, 

respectively. To confirm the above, the same tests were carried out for the 

non-temper rolling condition also (see Figure 4.7 and 4.8).  

 

4.1.3. Optical Analysis 
 

Optical microscopy of the commercial steel under different annealing 

conditions clearly characterized the steel in all conditions to be essentially 

purely ferrite. The as-received microstructure (CR_AR) is shown in  
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Figure 4.9. The micrographs of the non-tempered rolled steel (CR_NTR) 

and the condition of maximum carbon in solution (CR_AR_MAX) are 

shown in Figure 4.10 and 4.11, respectively.  

In general, the structure of the ferrite in all three processing conditions of the 

same steel chemistry is seen to be essentially polygonal. The nature of the 

grain boundary is mostly regular, and is comprised of the mixture of high 

and low angle boundaries, though the fraction of the high angle boundaries 

increases significantly in the CR_AR_MAX condition. The above is 

confirmed in the EBSD analysis (shown later) where the relationship 

between the fraction of the grains and their mis-orientation was analyzed.  

The grain size measurements of the polygonal ferrite in all three conditions 

are shown in Table 4.7, where the diameters of more than 200 grains were 

recorded and averaged. The results also include the standard deviations 

indicated against each grain size. The grain size for the as-received steel 

(CR_AR) was measured to be 15µm. On the other hand, it was 9.8µm for 

the CR_AR_MAX condition and 14.5µm for the CR_NTR condition, 

respectively.  

 

4.1.4. TEM Analysis 
 

TEM microscopy was performed to do the fine detailed analysis of the 

ferritic microstructure, including the measurement of the dislocation density 

present in various processing conditions. 

The TEM bright field micrographs of the as-received (CR_AR) condition 

are shown in Figure 4.12. The dislocation density is seen to be rather 

strongly heterogeneous with both long, single dislocations as well as tangles 
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seen in the matrix, though the density of the tangles increases in and around 

the grain boundary region. The dislocation density as seen in the above 

figure, seem to be high due to the fact that the steel was 1% temper- rolled 

initially.  

With the CR_AR_MAX condition, the dislocation density increases both in 

the matrix and grain boundary leading to the development of a homogeneous 

dislocation substructure (see Figure 4.13). The tangles seen earlier seem to 

be more structured, usually in the helical form to minimize the equilibrium 

core diameter and hence minimize the total core energy. 

A subdivision of grains into regions characterized by a relatively 

homogeneous dislocation density is also observed in the as-received steel 

with no temper rolling (CR_NTR condition), as shown in Figure 4.14. Such 

regions are seen to be separated by rather narrow transition (deformation) 

bands, which may extend in length over a significant part of the grain and 

may carry a cumulative mis-orientation across them. The dislocation density 

is seen to be high and fairly homogeneous in nature, both in the boundary 

region as well as inside the grain.  

 

4.1.5  EBSD/ SEM Analysis 
 

The EBSD technique, along with the SEM, was used to obtain the relation 

between the fraction of the grains and their mis-orientation, which would 

explain the Grain Boundary Character Distribution (GBCD) and hence the 

bake hardening increment response. Many sets of experiments were carried 

out; the results of only those experiments are shown where the Confidence 

Index (CI) was not less than 0.8, indicating the very high accuracy of the 

data.  
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Figure 4.15 shows the EBSD results of the phase1 steel in the as-received 

(CR_AR) condition, maximum carbon in solution (CA_AR_MAX) 

condition and removal of temper rolling effect (CR_NTR) condition. 

Comparison of the theoretical, random mis-orientation with the actual mis-

orientation in the above 3 conditions is also shown there. It is not clearly 

understood as to why only evidence of high substructure is seen on CR_AR 

condition though high dislocation density is noticed generally in all the three 

conditions.  

The fraction of the high angle boundaries significantly increase with the 

condition of maximum carbon in solution. High angle boundaries are more 

sensitive to segregation which is later confirmed by the relation between the 

carbon segregation (from Nano-hardness technique) and the grain mis-

orientation (from EBSD). 

 

4.1.6. Nano-Hardness Measurements 
 

The variation of hardness across a grain boundary, observed from a 

sequence of nano-hardness impressions, is a well documented effect. Nano-

hardness measurements for all the 3 processing conditions of phase 1 steel 

were done. Figure 4.16 shows the hardness measurement as a function of the 

constant depth of indentation for all the indents in the as-received (CR_AR) 

steel. The sample was not etched at the time of indentation to minimize its 

effect on the hardness profile. The sample was indented randomly in straight 

lines at 2 different regions (named position 1 and 2, respectively). The 

length of the line chosen was significantly larger than the grain diameter 

such that at least some grain boundaries are traversed as shown in  
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Figure 4.17 (the sample was later slightly etched to reveal the regions of 

indent). The hardness profile is generally seen to be pretty uniform in this 

case (see Figure 4.16). 

Two different tests were done for the condition to maximize the carbon in 

solution (CR_AR_MAX) as this steel revealed significant increase in 

hardness across some regions (as much as increment of 3.3 GPA) which 

were later revealed to be near the grain boundary. The indent depth was 

significantly reduced for accuracy (60 nm as compared to 100 nm in earlier 

cases). The nano-hardness data is shown as a function of the depth of 

indentation in Figures 4.18 and 4.20 (position 1 and 2 respectively as shown 

in Figure 4.22). There is a clear indication of the increase in hardness across 

the grain boundary, as seen in Figure 4.18 till Figure 4.21, respectively. The 

increment is seen to be more in position 2, where the sample was 

deliberately etched before the test, than position 1.  

Position 2 indents were carried out after slight etching to deliberately 

traverse a grain boundary region unlike the position 1 experiment, which 

was done on the un-etched sample. To clearly demonstrate the grain 

boundary hardness increment (being as high as 3.3 GPA), the hardness 

results are shown as a function of the number of indents, which the hardness 

variation with the depth of indentation being revealed (see Figure 4.19 and 

4.21 for position 1 and 2 results, respectively).  

One set of nano-hardness measurement was also carried out for the 

CR_NTR condition, where the hardness was measured as a function of the 

constant depth of indentation, as revealed in Figure 4.23. The sample was 

not etched to minimize its effect on the hardness profile and the position of 

indent is revealed in Figure 4.24, respectively. It is clearly noticed that there 
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is no significant variation in hardness across the indents (see Figure 4.23) in 

this steel condition. 

The mis-orientations of the grains traversed were later determined by EBSD 

analysis to examine the correlation of the degree of segregation (reflected 

through hardness increment) with the mis-orientations.  

 

4.1.7. Internal Friction Measurements 
 

This technique was used to get an indirect measurement of the amount of 

interstitial solutes that are present in the matrix of the material. Snoek was 

the first to report that cold worked iron containing C or N exhibited an 

internal friction peak near 200°C at a frequency of 0.2Hz. A few years later 

Koster confirmed these observations and hence the peaks are commonly 

known as Snoek-Koster peaks (S-K).  

The phase 1 steel in all the 3 conditions was sent for the internal friction 

measurements. Due to the effect of mill processing in the as-received 

CR_AR steel, i.e., temper rolling and electro galvanizing, there was 

difficulty in measuring the amount of interstitial elements in solution, as 

shown in Figure 4.25. The peaks were not at all significant and so the 

diffused peaks could not be analyzed.  

The amount of carbon in solution was found to be very high (80.4 ppm) for 

the processing cycle with very fast cooling rate to maximize the carbon  

(CR_AR_MAX) as again the slow cooling of CR_NTR condition (27.9 

ppm) done to remove the temper rolling effect from the as-received steel. 

Figures 4.26 and 4.27 clearly show the above. Since the phase 1 steel is 

aluminum-killed, the amount of nitrogen in solution in each condition was 
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found to be insignificantly less and almost the same (~1ppm) in each 

processing conditions.  

 

4.2 Phase 2: Plain Carbon Steels and Alloyed (Mo-B) Steels 
 

4.2.1  Processing Conditions 
 

A more advanced understanding of the role of carbon in the bake hardening 

increment in ferritic steels was done using 2 sets of laboratory heats; plain 

carbon, low alloyed steel (mentioned as 24CA in Table 3.2) and Mo-B 

alloyed steel, brought about by addition of 2000 ppm of molybdenum and  

53 ppm boron (mentioned as 25CA in Table 3.3). In each of the above 

laboratory sets of steels, the heats with maximum bulk carbon were used, 

keeping the amount of bulk carbon same in both sets. These were then given 

different annealing treatments to reveal different ferritic conditions 

(polygonal, non-polygonal and mixed). The processing condition is shown 

schematically in Figure 4.28 and briefly explained in Table 4.8, respectively. 

Both the steels were initially annealed at 820°C for 140 minutes from which 

it was slowly air cooled to room temperature. The above processing 

condition (time, temperature and cooling rate) was found to be the most 

effective in obtaining a fully re-crystallized ferritic structure.  

In the second treatment meted out to the above steels, they were heated to 

870°C and held there for 30 minutes and then immediately ice-water 

quenched to room temperature. In the final treatment, the steels were 

annealed at 920°C, a little above the AC3 temperature (AC3 is 916°C as 

revealed from the Thermocalc software). After a hold of 30 minutes at that 



 49

temperature, they were immediately cooled to room temperature by ice-

water quenching medium. 

 

4.2.2  Strength Increments 

 
Description of the bake hardening and the work hardening increments at 2% 

pre-strain for the plain carbon (24CA) steel is shown in Table 4.9 for all the 

3 heat treatments mentioned above. The individual contributions of the work 

hardening and the bake hardening increment along with the total strength 

increment (WH+BH) at 2% pre-strain for the plain carbon steel is 

schematically shown in Figure 4.29. It was earlier confirmed from the 

phase1 commercial steel that maximum optimum increase in the bake 

hardenability is seen at 2% pre-strain and 20 minutes of paint baking time. 

Hence, only that combination of BH test time and strain was chosen for the 

phase 2 steel to reveal the strength increments.  

Analogous to the above, the individual strength increments were also 

determined for the Mo-B steel (25CA) under different heat treatments, as 

mentioned in Table 4.10 and schematically shown in Figure 4.30. 
The results clearly indicate that the increase in bake hardening was 

significant by just changing the annealing temperature, by increasing it, and 

by a fast cooling rate. Both the bake hardening and the work hardening 

component seem to follow the above trend, with the bake hardening ranging 

from as low as 18 MPA at low annealing temperature of 820°C and air cool 

to as high as 60 MPA at 920°C and water- ice quench for the plain carbon 

(24CA) steel. For the Mo-B (25CA) steel, the above ranges from as low as 

24 MPA at 820°C to the maximum of 72 MPA at 920°C, respectively.    
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The bake hardening increment was also found to be more in Mo-B steel 

(25CA) than in plain carbon steel (24CA), for the same processing 

condition, with the maximum of 72 MPA for Mo-B steel and 60 MPA for 

plain carbon steel at the same annealing temperature of 920°C and fast ice- 

water cooling rate.  

  

4.2.3  Optical Analysis 

 
Optical microscopy of the laboratory heats; plain carbon steel (24CA) and 

Mo-B steel (25CA); under different annealing treatments clearly revealed 

the microstructure to be essentially ferrite though the nature of the ferrite 

varies with the processing conditions.  

Figure 4.31 reveals the base microstructure of the plain carbon steels at 

different annealing conditions. It is well known that the final ferritic 

microstructure will show morphological characteristics which are dependent 

on the metallurgical condition of the parent phase (either two-phase or fully 

austenite) prior to its transformation. In accordance with above, it is known 

that the nature of the ferrite changes as we anneal from the ferrtic region to 

the two-phase region and finally to the austenitic region; from fully 

polygonal ferrite structure to the non-polygonal structure, the mixture of 

both being in the two-phase region.  

It is observed that as the annealing temperature increases traversing the 

different phases, the percentage of “polygonal”, equiaxed ferrite decreases, 

being supplanted by “jagged”-like grains in the microstructure. Hence, 

depending on the transformation of low annealing temperature to high 
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annealing temperature and also on cooling rate, the percentage of polygonal 

ferrite decreases and non- polygonal ferrite increases.  

Except for the slight variations in grain size; the same observations are noted 

when the Mo-B steel is treated under different processes, as revealed in the 

optical micrographs shown in Figure 4.32. The grain size measurements for 

both the plain carbon steel and Mo-B steel under different conditions are 

shown in Table 4.11. The measurements are the mean of the grain diameter 

measurements of more than 200 grains. The results also include the standard 

deviations indicated against each grain size.  In both the steels, the high 

annealing temperature and fast cooling rate condition revealed the larger 

grain size than the intermediate and low annealing temperature (26.1µm and 

17.2µm grain sizes for the 25CA and 24CA steel at 920°C and ice- water 

quench where as 12.2µm and 14.0µm for same steels but at 820°C and air 

cool).  

 

4.2.4  TEM Analysis 

 
TEM microscopy was performed to do the fine detailed analysis of the 

ferritic microstructure, including dislocation density present in both the plain 

carbon (24CA) and Mo-B steel (25CA), under various processing 

conditions. Each steel type was analyzed in TEM at two different processing 

treatments, as mentioned in Table 4.8. For each of the processing treatments, 

TEM foils were analyzed under two experimental conditions. For the first 

condition, the steel was given a processing heat treatment and then pre-

strained. The foils under the second condition were first annealed then pre-
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strained to 2% and finally given a paint baking treatment at 180°C for 20 

minutes.  
Figures 4.33 and 4.44 reveal the bright field micrographs of the plain carbon 

steel in the as-annealed and pre-strained condition as well as in the paint 

baked condition done after anneal and pre-strain. The microstructural 

developments from the “tangled” array of dislocations to cells occur. As 

observed, with increasing strain, dislocations start to cluster inside individual 

grains, and these clusters eventually join together to form a cell structure. 

The tangled network is seen to increase in the as-annealed and pre-strained 

condition before the paint-baking treatment when the annealing temperature 

is increased from 870°C to 920°C, as revealed in Figure 4.35. It also shows a 

decrease in the carbide fraction with increasing annealing temperature. At 

this temperature, with increasing amount of deformation (after pre-strain and 

paint baking) the cell walls become more sharply defined and tend to align 

themselves into certain crystallographic directions, as observed in  

Figure 4.36.  

Similar trend is seen to be followed by the Mo-B steel, except for the basic 

difference in the dislocation density, which increases sharply as we go from 

as-annealed and pre-strained condition, to paint-baked condition. Before the 

baking treatment, the density of dislocations is mostly heterogeneous, being 

more in the grain boundary region and single, long-straight dislocations 

sparsely within the matrix, as seen also in Figures 4.37 and 4.39, 

respectively.  

On the other hand, the strained and paint baked foils seem to reveal a very 

dense homogeneous dislocation density uniformly spread within the 

boundary and the matrix, as seen in Figures 4.38 and 4.40, respectively. 

Well defined cell walls are observed after pre-straining in the Mo-B steel 
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annealed at 920°C and also at 870°C, though here, the cell structure is not as 

much sharp and well defined as that from 920°C treatment (see Figures 4.38 

and 4.40, respectively). At 920°C, the cell walls are clear, and the interior of 

the cells are essentially dislocation free. The average size of the cells seems 

to have decreased more than those observed in the plain carbon steels under 

same annealing conditions, indicating higher dislocation densities. 

 

4.2.5  EBSD/ SEM Analysis 

 
The EBSD technique along with the SEM was used to obtain the relation 

between the fraction of the grains and their mis-orientation, which would 

reveal the nature of the ferrite (polygonal, non-polygonal or mixed) or the 

final microstructure with the Grain Boundary Character Distribution 

(GBCD) and hence on the bake hardening increment response. 
Figure 4.41 and Figure 4.42 show the EBSD results of the plain carbon steel 

and Mo-B steel as a function of the various annealing treatments, 

respectively. The actual grain boundary mis-orientations at all the annealing 

conditions were also compared to the theoretical, random mis-orientation.  

In both cases, many sets of experiments were carried out; the results of only 

those experiments are shown where the Confidence Index (CI) was not less 

than 0.8 indicating the very high accuracy of the data. High angle boundaries 

are more sensitive to segregation, which is later confirmed by the relation 

between the carbon segregation (from Nano-hardness technique) and the 

grain mis-orientation (from EBSD).  
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4.2.6  Nano-Hardness Measurements 
 

The purpose of this study was to understand the variation of the interstitial 

segregation in the Mo-B steel (annealed at 920°C for 30 minutes and then 

water quenched) on the individual grain boundaries and to elucidate the 

relation between the grain boundary segregation and the crystallographic 

orientations of grain boundaries.  

Figure 4.43 reveals the hardness measured as a function of the number of 

indents for varying depths of indentations. The sample was intentionally 

partially etched to reveal the grain boundaries. A significant increase in 

hardness is observed around the 4th indent, the increase being as high as 2.1 

GPA from the average hardness level. The increment in hardness is more 

clearly revealed in Figure 4.44, where the hardness is shown to be measured 

as a function of the constant depth of indentation and is shown for all the 

indents. The hardness profile for the 4th indent is consistently seen to be 

above the rest throughout the varying depths of indentations. Later on EBSD 

analysis was used to reveal the mis-orientation between the grains giving 

significant hardness variations.  
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5.0 Discussion 
 

In this section, a discussion of the results obtained in this project is presented 

in a reasonable and organized fashion. In the earlier section, all of the 

experimental results were presented. However, the interpretation of the data 

will be performed in detail in this section. 

 

5.1 Effects of Tensile Pre-Strain on the Bake Hardening 

Response 
 

The amount and type of strain in the steel also has an effect on the bake 

hardening behavior. The relationship between the bake hardening responses 

with the paint-baking time as a function of pre-strain has been shown clearly 

in Figures 4.3 (as-received, CR_AR), 4.5 (as-received processed to 

maximize the amount of carbon in solution, CR_AR_MAX) and 4.7 (as-

received processed to remove the effect of temper rolling, CR_NTR) of the 

phase 1 commercial steel respectively. The results of the above have also 

been summarized in Tables 4.2 (CR_AR), 4.4 (CR_AR_MAX) and 4.6 

(CR_NTR), respectively.  

It is clearly concluded that, irrespective of the processing treatment, the 

maximum bake hardening increment is found to be at 20 minutes and 2% 

pre-strain, though the actual increments may vary. This is best revealed in 

Figure 5.1, which reveals the comparative results of the BH2 (Bake 

hardening increment after 2% pre-strain and baking) increments at all of the 

heat treatments.  
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The Bake hardening index (BHI) is measured as the increase in the flow 

stress from the pre-strained condition (0%, 2% or 5% in our case) to the 

“paint-baked” condition at the same strain. The increase in the flow stress 

due to work hardening (WH) is measured as the maximum strength during 

the pre-straining step minus the initial yield strength. The total strengthening 

increment (WH+BH) is the difference in flow stress between the as-received 

(i.e., temper-rolled) condition and the pre-strained and paint-baked 

condition. 

The fraction of the bake hardening increment to the total increment (WH2 + 

BH2) is at its maximum at 2% pre-strain and 20 minutes of baking time.  

Several possible explanations for the decreasing bake hardening increment 

with increasing pre-strain levels in steels have been proposed. Most bake 

hardenable steels are designed to have an optimal solute content for good 

bake-hardenability and good aging resistance. Normally aging resistance 

decreases as the bake hardening potential increases. This is no surprising 

since both properties are determined by the same mechanism- interstitial 

diffusion to mobile dislocations. To address this dichotomy, a balance must 

be struck with the solute content. Too large a solute carbon content can lead 

to poor aging resistance, and too small a solute content can lead to poor 

bake-hardening potential.  

The rate at which solute atoms move through the iron lattice, depends on 

both the mobility of the solutes and the driving force for migration (strain 

aging). Pre-strain serves to increase the driving force for migration. 

If a small pre-strain is applied to the material, there is a driving force for 

strain aging, and the solute atoms will diffuse to the dislocations if given 

enough time at a certain temperature. As mentioned earlier, the diffusion 

velocity of carbon increases significantly at the baking time at 180°C, from 
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2.8 x 10-17 cm2 s-1, at room temperature to as high as 2.24 x 10-12 cm2 s-1 

respectively. A number of the mobile dislocations introduced from the pre-

straining will, therefore, be effectively pinned by the carbon solutes. If the 

material is now re-strained, more mobile dislocations must be created to 

continue plastic flow; thus, the effective flow stress is raised. If the pre-

strain is large, the mobile dislocation density will be higher, and the solute 

carbon may not be enough to pin as many dislocations as in the case of the 

small pre-strain [58]. Hence, it is seen in our study of all phase 1 steel 

conditions, that though the “total strength” increases with pre-strain due to 

the continuous generation of high mobile dislocation density, though at 

higher strains, the fraction is greatly dominated by the work hardening 

increment rather than the bake hardening increment. 

Thus, the “pining effect”, or the BH increment, will not be as strong, even 

though the driving force for strain aging may be higher. Therefore, it is seen 

that with the pre-strain, the bake hardening increment initially increases and 

then decreases steadily as a function of the increasing pre-strain. The BH 

peak at its maximum is seen around 2% of pre-strain in all conditions 

respectively. 

The tensile properties for all the conditions of the phase 1 steel shown in the 

Tables 4.1 and 4.3 (for as-received and condition for C maximum in 

solution) shows that increasing the pre-strain result in an increase in the UTS 

(ultimate tensile strength). This behavior is believed to be related to the 

effect that pre-straining has on the work hardening increment. It follows 

from the definition of work hardening that increasing pre-strain causes an 

increase in the work hardening capacity of the steel.  
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Since the WH increment in the as-received, non-tempered, rolled steel 

(CR_NTR), is negligible, (see Table 4.6), the above effect of increase in 

UTS is also less, thus confirming the above dictum.  

The current interest in the sheet material has emphasized the need of a more 

accurate understanding of the significance of ductility. This is especially true 

of elongation, which is the most common and, frequently, the only means 

used for accessing ductility of sheet materials. Unfortunately, elongation 

values depend on such geometrical factors as specimen thickness and width 

in addition gage length and the inherent ductility of the material itself. 

Normally for convenience, the ASTM standard sheet size specimen [72] is 

used.  

Since all our results are based on the geometries of ASTM subsize E-8 

specimens (see Figure 3.5); the actual tensile elongations for the standard 

ASTM size have also been found for effective comparisons. In brief, under 

some conditions, it is a good approximation for rectangular bars, which 

follow this comparison [72]: 

 

    L1 / 1A  =  L2 / 2A  

 

Hence for comparison, a tensile elongation of 52% in our case (ASTM 

subsize E-8 tensile specimens) reduces to 47% when comparing to a 

standard ASTM (8” gage length). 

The tensile properties revealed in the above tables also show that the total 

elongation (TE %) decreases with increasing pre-strain (as seen in the tensile 

properties of all the steel conditions). This behavior was expected because 

aging at 180°C for 20, 30 or 60 minutes will not eliminate the cold work that 

the tensile pre-strain put in the steel.  
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5.2 Effects of Temper Rolling on Mechanical Properties and 

Aging Behavior 
 

The examination of the as-received steel (CR_AR) having 1% temper rolling 

with the other 2 conditions with no temper rolling, especially the CR_NTR 

condition steel designed specifically to remove its effect, clearly indicates its 

importance in the final step of steel processing particularly to bake 

hardening steels.  

The yield point elongation (YPE %), shown in the properties of the steels 

shows that temper rolled steels have insignificant YPE (see Table 4.1) as 

opposed to non-temper rolled steels (see Table 4.5). YPE occurs when 

carbon is in solution, the yielding behavior of the steel is discontinuous, i.e., 

a sharp yield point accompanied by a yield point extension will be seen on 

the stress-strain curve. Successive micro yielding leads to the formation of 

Lüder’s bands, which manifests as stretcher strain marking in pressed sheets. 

These markings, once formed, cannot be disguised by painting or other 

surface treatments and are highly undesirable in exposed applications. 

Temper rolling can prevent discontinuous yielding by imparting a small 

strain in the strip. The yield point elongation is exceeded by this strain and 

further yielding is continuous as seen in Figure 1.9. Over time, interstitial 

elements will diffuse to the mobile dislocations produced during temper 

rolling and the yield point will reappear. 

Very low YPE in temper-rolled steels is primarily a consequence of the ease 

with which yielding is nucleated at very many points on the surface of the 

sheet, generally at the interfaces between the bands of deformed and 



 60

undeformed material in the temper rolling pattern. It is suggested that the 

low yield stress, hence the small Lüder’s strain, is principally a strain-rate 

effect, resulting from the simultaneous operation of very numerous 

microscopic band fronts during yield propagation. Macroscopic residual 

stresses are unlikely to exert any important influence once yielding is 

initiated, but they may play a part in promoting the widespread nucleation of 

yield [37]. 

A rolling reduction of about 1% is sufficient to eliminate the sharp yield 

point. Thus the initial reduction in ductility, directly due to pre-straining, is 

very small and the potential loss of ductility, due to aging, is also 

appreciably less than that of a sheet stretched in excess of YPE. A second 

important advantage of temper rolling is that the sharp yield point returns 

more slowly during strain aging. Non-aging steel, considered to be stable at 

room temperature for three months, can be achieved by temper rolling a 

bake hardening steel in the range 0.8-1.4%. 

Hence temper rolling (also called skin passing) is a process to produce good 

flatness and low surface roughness in sheet samples in order to achieve a 

high “glossiness” in the finished product after painting. A small reduction is 

usually employed to satisfy the above and also not to change the mechanical 

properties too much [2-4, 15-17, 37]. 

 

5.3 Effects of Carbon in Solution on the Bake Hardening 

Response 
 

Internal friction is a technique was carried out to provide the measurement 

of the amount of carbon within the grains (matrix). 
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The effect of cooling rate from the annealing temperature is clearly noticed 

in the steel conditions of CR_AR_MAX (water-ice quench from 715°C) and 

CR_NTR (air cool from 750°C). Figures 4.26 and 4.27 shows the 

corresponding effect of the cooling rate on the deconvoluted Snoek-Koster 

peaks shown, indicating that fast cooling rate produced by water quenching 

results in the greatest carbon Snoek peak height (80.4 ppm), while slow air 

cooling results in the lowest carbon Snoek peak height (27.9 ppm).  

The reduction of the carbon Snoek peak height with slower cooling rate is 

attributed significantly to the high proportion of solute carbon segregating to 

the grain boundaries in the as-annealed condition and to a lesser degree to 

carbide precipitation. On the other hand, in the as-annealed condition of the 

CR_AR_MAX (measured by internal friction tests), the maximum amount 

of carbon is in solution due to the fast quenching medium and hence, 

insufficient time for segregation. This later is involved in segregation to 

grain boundaries and pinning of dislocations during the paint baking 

treatment resulting in a much higher pinning and hence a high BH 

increment.  

The above is confirmed from all the tables and figures summarizing the 

work hardening and bake hardening increments in each condition (Tables 

4.1, 4.3 and 4.5 and Figures 4.3, 4.5, 4.7 and later the self explanatory figure 

of 5.1). The indirect confirmation of the internal friction results is also seen 

through the yield point elongation results, which are indicative of the 

amount of carbon in solution. The non-temper rolled steel condition 

(CR_NTR) has very less YPE (average around 2.1) as opposed to the high 

YPE (average around 3.6) noticed in the steel condition having maximum 

amount of carbon in solution (CR_AR_MAX). 
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 The nitrogen Snoek peaks, as seen in the results of every condition, are 

found to be insignificant (~2ppm) due to the precipitation of stable 

aluminum nitrides (AlN). 

 

5.4 Analysis of Nano-Hardness Measurements across Grain 

Boundaries 
 

The detection of hardening from sub-surface boundaries, and the detailed 

understanding of nano-hardness data which has been demonstrated, indicate 

that the grain boundary hardening observed in low carbon BH steels is a well 

established phenomenon, which may well be an important feature in the 

interpretation of bulk mechanical properties. 

 

5.4.1 Orientation Dependence of the Amount of Segregation 
 

The crystallographic orientations of the grains of both the phase 1 (all 

conditions- see Figures 4.16-4.24) and phase 2 (alloy steel with maximum 

BH- see Figures 4.43 and 4.44), were determined by EBSD analysis in order 

to examine the correlation of the degree of segregation (from nano-hardness 

results) with the crystallographic orientation of the grain boundary plane or 

the mis-orientation of two grain boundaries (from EBSD). The relation 

between the increments in nano-hardness level at the grain boundary region 

with the mis-orientation of the grains for different steel conditions, is shown 

in Table 5.1. As observed, there appears to be systematic dependence of the 

rotation angle on the amount of segregated carbon. 
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In our study, carbon was found to tend to segregate more on grain 

boundaries with higher tilt angles, as summarized in Table 5.1. The result 

showed that the amount of segregated carbon varied among the different 

grain boundaries to a substantial degree.  

The distribution function of the mis-orientation parameters has attracted a 

great deal of interest since it has been postulated that this parameter controls 

the diffusivity especially of interstitial species and other properties of grain 

boundaries. Experimental studies have shown that their mis-orientation 

parameters correlate with the strengthening effect of individual grain 

boundaries [40-52]. 

The main segregation mechanisms by which solute interstitial atoms can 

reach surfaces or interstitial interfaces like grain boundaries are the 

equilibrium (Gibbs type) segregation (ES) and non-equilibrium (NES) [74]. 

Mis-fitting interstitial atoms have their energies reduced by location at 

regions of bad crystalline arrangement in the solid. These regions are mainly 

surfaces and grain boundaries. Hence, a monolayer of interstitial carbon 

might be expected to form if enough solute carbon were present and if 

sufficient energy (like the paint baking treatment) were fed to the 

segregating atoms to allow them to reach the boundary.  

High angle boundaries, in general, have higher bad crystalline arrangements 

and hence the higher tendency of segregation is expected as the interstitials 

can significantly reduce their energy in those high misfit regions. The 

segregating species is mainly seen to be carbon as the bulk nitrogen has been 

precipitated in the form of AlN. The fact that only carbon is the segregating 

species and, hence, in solution, has been confirmed through the internal 

friction tests earlier described where the Snoek-Koster peak for nitrogen was 

significantly low. On the other hand, the carbon species was found to be 
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highly in solution, though the amount of which differed with the processing 

conditions. 

NES mechanism relies on the formation of interstitial-vacancy complexes in 

matrices where there is a substantial matrix-interstitial atom misfit. If the 

material is subjected to a heat treatment where non-equilibrium condition 

prevails, i.e., a quench, then the vacancy supersaturation varies in different 

localized regions of microstructure. The grain boundaries are good vacancy 

sinks and, therefore, the vacancy concentration becomes rapidly reduced in 

grain boundaries during quenching. On the other hand, in the grain centers, 

there is nowhere for the excess vacancies to go and so the grain remains 

supersaturated with vacancies. This results in a concentration gradient for 

vacancies between the grain centers and boundaries.  

Naturally, the vacancies move down this gradient towards the grain 

boundary. Some of the vacancies will be complexed with the interstitial 

atoms; in our case being the interstitial carbon atoms, and these atoms will 

be dragged towards the boundary with the vacancies. This produces an 

accumulation of solute carbon in regions within a few nanometers of the 

grain boundary, indicated through the increase in the grain boundary 

hardness. 

This situation is not in equilibrium and the segregation will die away if the 

material is re-annealed to give enough energy for the interstitial atoms to 

diffuse back down the concentration gradients that the NES has produced 

[74]. Hence it is seen that the grain boundaries are characterized by 

differences in their structure, and as a result, in their properties. 
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5.4.2 Accuracy of the Nano-Hardness Measurements 
 

The variation of hardness across a grain boundary, observed from a 

sequence of nano-hardness impressions, is a well-documented effect.  

Indentation hardness can be defined as the resistance of a specimen to the 

penetration of a non-deformable indenter under the action of a force. It is 

generally expressed as the ratio of the applied force or load (P) to the total 

surface area (A) of the impression.  

The influence of the microstructure on the load dependence and, in general, 

on the hardness, can be explained by the mechanism of penetration of the 

indenter into the material. The basic elements of the penetration mechanism 

are mobile dislocations and their mean free path. The generation of 

dislocations at a contact interface can be visualized as arising from a 

punching mechanism. When an indenter is strongly pressed against the 

surface of a metal it creates an impression by introducing loops of 

dislocations.  

As the dislocation loops expand from the source, their movement may 

effectively be impeded by pinning and blocking by lattice defects, such as 

grain boundaries, vacancies, solute atoms, precipitates and similar 

imperfections. This is shown schematically in Figure 5.2 where the 

dislocations generated by the indenter are blocked by the obstacles [46]. 

Obviously the true mechanism is much more complex, but this rather 

simplified model can, nevertheless, adequately describe the effects of 

various lattice imperfections on the indentation hardness [46]. 

One aspect of the phenomenon which is the cause of some concern, is 

whether the measured grain boundary hardening is a property of the grain 

boundaries throughout the bulk of the steel and hence can be understood on 
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the same basis as “normal” hardness, or whether it is really a property of the 

metallographic surface of the specimen introduced into the surface (near the 

grain boundaries) during the metallographic preparation or, perhaps, actually 

an intrinsic surface contribution to the nano-hardness measurement which 

differs from the grain interior to the vicinity of the grain boundary.  

If the observed grain boundary hardening can be interpreted as a “surface” 

effect, then whilst it still has interest and could be of significance, it would 

not necessarily have the same significance for the bulk mechanical 

properties of the steel. On the other hand, if the increased hardness at the 

grain boundaries, which can be as much as 30% of the grain hardness, is a 

property of the boundaries throughout the bulk of the specimen, then such 

inhomogeneity in the specimen would be an important feature to study. 

Hence, though the “actual” amount of increase in the nano-hardness may 

vary with the metallographic preparation (e.g., etched samples are found to 

be softer), the increase at the vicinity of the grain boundary is prominently 

observed.  

Hence, any deviation from the basic form has to be considered as an 

anomaly, which, in the absence of experimental errors, should be explicable 

in terms of microstructure. Since the hardening occurring at a grain 

boundary causes the same distortion of the hardness curves as, say, surface 

hardening of a material, it is clear that this is a real hardening phenomenon. 

In other words, material in the boundary is indeed “hard” in the real meaning 

of the word.  

The presence of such internal heterogeneities (or property gradients) in a 

material should have a significant influence on its bulk mechanical 

properties.  
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5.5 Microstructural Analysis through TEM  
 

TEM microscopy was performed to do the fine detailed analysis of the 

ferritic microstructure, including the measurement of the dislocation density 

present in various processing conditions. 

From the TEM bright field micrographs (see Figure 4.12 and 4.13) of the 

different conditions of phase 1 steel, it is clear that the dislocation density 

significantly changes as the processing treatments are varied. Evidence of 

very high homogeneous dislocation structure is observed in the condition 

when the maximum amount of carbon is in solution (CR_AR_MAX) and the 

long, straight dislocations seen in the as-received steel condition are absent.  

During the as-received condition, the dislocation lines are fairly straight. The 

dislocation density is rather seen to be strongly heterogeneous with both 

long, single dislocations as well as tangles seen in the matrix, though the 

density of the tangles increases in and around the grain boundary region. The 

amount of solute carbon in solution is less (as indicated through the internal 

friction results).  

On the other hand, though the dislocation tangles are seen when maximum 

amount of carbon is in solution, they now tend to be more structured (see 

Figure 4.13), usually in the helical form. This is clearly understood as 

follows. The total energy of any dislocation is the sum of the energy stored 

in the long-range strain field and the energy of the dislocation core. The 

dislocation structure of minimum energy (the equilibrium core diameter) 

follows from the condition that the total energy of the long-range strain field 

(decreasing with growing core size) and the core energy (increasing with 

growing core size) is a minimum [2, 52, 74, 82]. 



 68

There is an increase in dislocation density, as noticed, and to accommodate 

this, mutual trappings of the dislocations into low energy configurations 

occur. This follows from the LEDS (low energy dislocation structure) 

concept that particular dislocation microstructure forms, which minimizes 

energy per unit length of dislocation line, hence the spiral shape of the 

dislocation in the form of a helix. 

When the as-annealed and 2% pre-strained foils for both the plain carbon 

and alloy phase 2 laboratory heats were paint-baked, it was generally noticed 

that the microstructural developments from the “tangled” array of 

dislocations to cells occur. Dislocations start to cluster inside individual 

grains, and these clusters eventually join together to form a cell structure 

after the baking treatment.  

Most grains are sub-divided into well-defined cells whose walls consist of a 

tangled network of dislocations. Within each cell, the dislocation density is 

low. The cell walls become more sharply defined and tend to align 

themselves in certain crystallographic directions. A complex array of 

dislocations is seen consisting of two sets of parallel dislocations, which 

have formed short lengths of dislocations in a third direction at their point of 

intersection. These dislocation arrays are generally favored over a quasi-

uniform three-dimensional distribution since for a given total dislocation 

density, the dislocation spacing is smaller in the arrays. 

This network will probably have them immobile, giving stability to the 

whole system. Hence, the “pinning effect”, or the bake hardening increment 

by the interstitial species after their diffusion to these mobile dislocations 

during the baking treatment, is seen to be very strong (as much as 72MPA is 

seen in our study). 
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The microstructural regions after the baking treatment seem to be very 

heavily dislocated, resulting in the homogeneous structure with dislocations 

uniformly distributed in the matrix as well as within the grains as clearly 

seen in the micrographs. It was impossible to measure the dislocation 

density due to the heavy tangles and later cell structures. Before the paint-

baking treatment, the density of dislocations is mostly heterogeneous, being 

more in the vicinity of the grain boundary and long, straight widely spaced 

dislocations within the matrix. Though evidence of atmospheres is yet to be 

seen, these dislocation- solute interactions are seen to be the driving force 

that causes huge bake hardening increments seen in our research.  
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6.0 Conclusions 
 

From the results of the present study, the following conclusions can be 

drawn: 

 

• The relationship between the bake hardening response with the paint 

baking test time as a function of pre-strain clearly indicates that 

irrespective of the processing treatment given to low and ultra-low 

carbon steels, the maximum optimum bake hardening increment is seen 

when the as-received steels are baked for 20 minutes pre-straining to 2%. 

The fraction of the bake hardening increment (BH) to the total strength 

increment (BH+WH) is in its maximum at 2% pre-strain and 20 minutes 

of baking time when annealed at 180°C.  

 

• A small strain introduced due to temper rolling is a necessary step in the 

commercial production of bake hardenable steels because it eliminates 

the discontinuous yielding behavior of the as-annealed steel.  

 

• To maximize the strength increase associated with bake hardening, it is 

necessary to have as much free carbon in solution before the paint-baking 

step. 

 

• There appears to be a systematic dependence of the grain boundary mis-

orientations on the amount of segregation of carbon. High angle 

boundaries are noted to be more sensitive to segregation. Carbon tends to 

segregate more on high angle boundaries. 
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• The dislocation density significantly increases after the paint-baking 

treatment under all processing conditions. Cell walls and helical 

structures are different ways to minimize the energy per unit dislocation 

line.  

 

• Non-polygonal ferritic grain boundaries are indirectly observed to be 

more sensitive to segregation and hence, higher bake hardening response 

than polygonal ferrite.  

 

• The grain boundary hardness is significantly higher than the grain interior 

when segregation occurs, as much as 30%, though the difference is 

significantly reduced when no segregation occurs.  
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Figure 1.1: Schematic illustration of the bake hardening concept in 

fabrication of automotive body parts [1]. 
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Figure 1.2: Schematic illustration of the standard bake hardenability test. 
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Figure 1.3: Schematic illustration of the bake hardening mechanism in 

ULC steels. 
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Figure 1.4: Schematic presentation of the bake hardening mechanisms [5]. 
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Figure 1.5: Bake hardenability and yield point elongation as a function of 

solute carbon content [31]. 
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Figure 1.6: Bake hardenability as a function of solute carbon and nitrogen 

content for two different grain sizes [31]. 
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Figure 1.7: Bake hardenability as a function of grain size for various solute 

carbon contents [31]. 
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Figure 1.8: Graphical description of factors influencing the bake 

hardenability effect [32]. 
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Figure 1.9: Schematic drawing showing the effect of temper rolling on the 

stress-strain behavior of bake hardenable steel. 
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Figure 1.10: Schematic illustration showing the inhomogeneous strain 

distribution associated with temper rolling [4, 31]. 
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Figure 1.11: Application of bake hardenable sheets to automotive parts. 
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III’: MCf + M + Mn Regions IV’: III’: MCf + C + Mn 

Figure 3.1: Mass balance of commercial low carbon bake hardenable steel 

(phase 1: as-received), determined by TOOLBOX II. 

Table 1:  Chemistry of Steel Entered in Row 1 of the INPUT 
Table   

Final C N S Ti Nb Mn P Si Al B  
[ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm]  

270 50 50 50 0 1700     420 2  
    0 0        

      0 
 

 A = total, B = effective, C = 
equivalent 

           
Table 2:  Distribution of Principle Elements      

  f Rel. Vol. M C S Mn Ti Nb    

  x 104 Frac [ppm] [ppm] [ppm] [ppm] [ppm] [ppm]   

                    

TiN 0.947 1.000 50 - - - 50 - Partition  

MnS 2.645 2.795     50 86     Factor  

MCf 0.000 0.000 0 0 - - 0 0 -  
                    
                    

Solution -   0 270 0 1615 0 0  
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Figure 3.2: Mill processing condition of as-received samples, (a) batch-

annealed, (b) temper-rolled, and (c) electro-galvanized [21]. 
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Figure 3.3: CM-30 Philips Electron Microscope at ORNL [68]. 
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Figure 3.4: Schematic drawing of a Nanoindenter II [68]. 
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Figure 3.5: Geometries of ASTM subsize E-8 specimens used in this study 

[54]. 
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Table 3.1: Chemical compositions of the commercial low carbon bake 

hardenable steel (phase 1). Values given in ppm. 

 

 

 
 
C   270ppm 
 
C: Carbon in solution from TOOLBOX II 
 

 

 

 

 

 

 

 

 

 

 

 

C S N  Nb Ti Al B P Mn Mo 

270 50 50 - 50 420 - - 1700 - 
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Table 3.2: The aim and actual chemical composition of the laboratory 

produced ULC bake hardenable steels (phase 2: plane C condition referred 

as 24CA in study). Values given in ppm. 

 

 

 

Heat 
0102-
8124A 

0102-
8124A 

0102-
8124B 

0102-
8124B 

0102-
8124C 0102-8124C 

  Aim Actual Aim Actual Aim Actual 
C 30 19 60 53 120 110 
N 30 46 30 43 30 43 
Ti 150 170 150 140 150 110 
Nb 200 160 200 180 200 190 
Mo <150 <20 <150 <20 <150 <20 
B <2 <2 <2 <2 <2 <2 

Mn 2000 1800 2000 1900 2000 2000 
P 80 110 80 110 80 110 
S 80 83 80 84 80 82 
Si <150 111 <150 130 <150 380 
Al 420 310 420 200 420 100 

       
C 0 0 22 30 82 80 

  
C: Carbon in solution from TOOLBOX II 
 

 

 

 

 

 

24CA
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Table 3.3: The aim and actual chemical composition of the laboratory 

produced ULC bake hardenable steels (phase 2: alloyed (Mo-B) condition 

referred as 25CA in study). Values given in ppm. 

 

 

 

 

Heat 
0102-
8125A 

0102-
8125A 

0102-
8125B 

0102-
8125B 

0102-
8125C 0102-8125C 

  Aim Actual Aim Actual Aim Actual 
C 30 17 60 51 120 110 
N 30 33 30 33 30 31 
Ti 150 190 150 190 150 210 
Nb 200 170 200 180 200 180 
Mo 2000 2000 2000 2000 2000 2000 
B 50 52 50 51 50 53 

Mn 2000 2000 2000 2100 2000 2100 
P 80 100 80 100 80 100 
S 80 81 80 82 80 82 
Si 150 180 150 280 150 350 
Al 420 530 420 470 420 470 

       
[C] 0 0 22 9 82 88 

 
C: Carbon in solution from TOOLBOX II 
 
 
 
 
 
 
 
 
 
 

25CA
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Figure 4.1: Processing treatment employed to maximize the amount of 
carbon in the as-received phase 1 steel: CR_AR_MAX condition. 
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Figure 4.2: Effect of temper rolling on the micro-hardness measurements in 
the as-received phase 1 steel: Confirmation of CR_NTR condition. 
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Figure 4.3: Comparison of strength increments with BH test time at various 
pre-strains in as-received phase 1 steel: CR_AR condition. 
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Figure 4.4: WH, BH and total strength (WH+BH) increments at 20 minutes 
test time for the phase 1 CR_AR condition steel as a function of pre-strain. 
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Figure 4.5: Comparison of strength increments with BH test time at various 
pre-strains in phase 1 steel after additional heat treatment to maximize C in 
solution: CR_AR_MAX condition. 
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Figure 4.6: WH, BH and total strength (WH+BH) increments at 20 minutes 
test time for the phase 1 CR_AR_MAX condition steel as a function of pre-
strain. 
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Figure 4.7: Comparison of strength increments with BH test time at various 
pre-strains in phase 1 steel after additional heat treatment to remove the 
effect of temper rolling: CR_NTR condition. 
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Figure 4.8: WH, BH and total strength (WH+BH) increments at 20 minutes 
test time for the phase 1 CR_NTR condition steel as a function of pre-strain. 
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            10 µm 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: Optical micrographs of the as-received phase 1 steel: CR_AR 
condition. 
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 (A) 
 

 
 
                                                                       10 µm 
 
 (B) 
      
 
Figure 4.10: Optical micrographs of the as-received phase 1 steel after 
additional heat treatment to maximize carbon in solution: CR_AR_MAX 
condition. (A) And (B) are different areas across the thickness. 
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 (A) 
 
 

 
   10 µm 
 
 
 (B) 
 
Figure 4.11: Optical micrographs of the as-received phase 1 steel after 
additional heat treatment to remove the effect of temper rolling: CR_NTR 
condition. (A) And (B) are different areas across the thickness. 
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(A)      (B) 
 
 
 
 
Figure 4.12: TEM bright field micrographs of the as-received phase 1 steel: 
CR_AR condition. (A) and (B) are the different  (random) regions of the 
foil. 
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(A)      (B) 
 
 
 
 
Figure 4.13: TEM bright field micrographs of the as-received phase 1 steel 
after additional heat treatment to maximize carbon in solution: 
CR_AR_MAX condition. (A) and (B) are the different  (random) regions of 
the foil. 
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(A)      (B) 
 
 
 
 
 
Figure 4.14: TEM bright field micrographs of the as-received phase 1 steel 
after additional heat treatment to remove the effect of temper rolling: 
CR_NTR condition. (A) and (B) are the different  (random) regions of the 
foil. 
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Figure 4.15: EBSD results of the phase 1 steel in the as-received (CR_AR) 
condition, maximum carbon in solution (CA_AR_MAX) condition and 
removal of temper rolling effect (CR_NTR) condition. Comparison of the 
theoretical, random mis-orientation with the actual mis-orientation in the 
above 3 conditions is shown here. 
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Figure 4.16: Nano-Hardness measurement results of the as-received phase 1 
steel: CR_AR condition. The hardness is measured as a function of the 
constant depth of indentation and is shown for all the indents at position 1. 
The sample was not etched at the time of indentation. 
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Figure 4.17: Optical micrograph showing the 2 positions at which the 
indentations were taken for the as-received phase 1 steel: CR_AR condition. 
The sample was slightly etched after the test only to reveal the area of 
indentation. 
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Figure 4.18: Nano-Hardness measurement results of the as-received phase 1 
steel after additional heat treatment to maximize carbon in solution: 
CR_AR_MAX condition. The hardness is measured as a function of the 
constant depth of indentation and is shown for all the indents. Shown are the 
results at position 1. The sample was not etched before the test. 
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Figure 4.19: Nano-Hardness measurement results of the as-received phase 1 
steel after additional heat treatment to maximize carbon in solution: 
CR_AR_MAX condition. The hardness here is measured as a function of the 
number of indents and is shown for varying depths of indentations. Shown 
are the results at position 1. The sample was not etched before the test. 
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Figure 4.20: Nano-Hardness measurement results of the as-received phase 1 
steel after additional heat treatment to maximize carbon in solution: 
CR_AR_MAX condition. The hardness is measured as a function of the 
constant depth of indentation and is shown for all the indents. Shown are the 
results at position 2. The sample here was etched before the test. 
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Figure 4.21: Nano-Hardness measurement results of the as-received phase 1 
steel after additional heat treatment to maximize carbon in solution: 
CR_AR_MAX condition. The hardness here is measured as a function of the 
number of indents and is shown for varying depths of indentations. Shown 
are the results at position 2. The sample here was etched before the test. 
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Figure 4.22: Optical micrograph showing the 2 positions at which the 
indentations were taken for the as-received phase 1 steel after additional heat 
treatment to maximize carbon in solution: CR_AR condition. The sample 
was slightly etched after the test only to reveal the area of indentation. 
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Figure 4.23: Nano-Hardness measurement results of the as-received phase 1 
steel after additional heat treatment to remove the effect of temper rolling: 
CR_NTR condition. The hardness is measured as a function of the constant 
depth of indentation and is shown for all the indents. The sample was not 
etched. 
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Figure 4.24: Optical micrograph showing the position at which the 
indentations were taken for the as-received phase 1 steel after additional heat 
treatment to remove the effect of temper rolling: CR_NTR condition.  
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Figure 4.25: Internal Friction results of the as-received phase 1 steel: 
CR_AR condition. No sharp Snoek-Koster (S-K) peaks observed for C and 
N at any temperature for the above as-received (1% temper-rolled) steel. 
 
 
 
 
 
 



 116

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.26: Internal Friction results of the as-received phase 1 steel after 
additional heat treatment to maximize carbon in solution: CR_AR_MAX 
condition. 
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Figure 4.27: Internal Friction results of the as-received phase 1 steel after 
additional heat treatment to remove the effect of temper rolling: CR_NTR 
condition. 
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Figure 4.28: Schematic drawing of the various annealing treatments given to 
both the laboratory phase 2 steels: plain carbon steel (24CA) and Mo-B steel 
(25CA). 
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Figure 4.29: Schematic representation of the WH, BH and total strength 
(WH+BH) increments at 2% pre-strain for the phase 2 plain carbon (24CA) 
steel as a function of the various annealing treatments. 
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Figure 4.30: Schematic representation of the WH, BH and total strength 
(WH+BH) increments at 2% pre-strain for the phase 2 Mo-B (25CA) steel as 
a function of the various annealing treatments. 
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Figure 4.31: Optical micrographs of the phase 2 plain carbon (24CA) steel 
as a function of the various annealing treatments. (A) 820°C heat for 140 
min hold and air cool, (B) 870°C for 30 min hold and water-ice quench, and 
(C) 920°C for 30 min hold and water-ice quench. 
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Figure 4.32: Optical micrographs of the phase 2 Mo-B (25CA) steel as a 
function of the various annealing treatments. (A) 820°C heat for 140 min 
hold and air cool, (B) 870°C for 30 min hold and water-ice quench, and (C) 
920°C for 30 min hold and water-ice quench. 
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Figure 4.33: TEM bright field micrographs of the phase 2 plain carbon 
(24CA) steel annealed at 870°C hold for 30 minutes and then ice-water 
quenched to room temperature and then 2% pre-strained before the BH test.  
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Figure 4.34: TEM bright field micrographs of the phase 2 plain carbon 
(24CA) steel annealed at 870°C hold for 30 minutes and then ice-water 
quenched to room temperature. It was then 2% pre-strained and then paint 
baked at 180°C and 20 minutes. (A) and (B) are the different  (random) 
regions of the foil. 
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Figure 4.35: TEM bright field micrographs of the phase 2 plain carbon 
(24CA) steel annealed at 920°C hold for 30 minutes and then ice-water 
quenched to room temperature and then 2% pre-strained before the BH test.  
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Figure 4.36: TEM bright field micrographs of the phase 2 plain carbon 
(24CA) steel annealed at 920°C hold for 30 minutes and then ice-water 
quenched to room temperature. It was then 2% pre-strained and then paint 
baked at 180°C and 20 minutes. 
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Figure 4.37: TEM bright field micrographs of the phase 2 Mo-B (25CA) 
steel annealed at 870°C hold for 30 minutes and then ice-water quenched to 
room temperature and then 2% pre-strained before the BH test. 
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Figure 4.38: TEM bright field micrographs of the phase 2 Mo-B (25CA) 
steel annealed at 870°C hold for 30 minutes and then ice-water quenched to 
room temperature. It was then 2% pre-strained and then paint baked at 
180°C and 20 minutes. 
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Figure 4.39: TEM bright field micrographs of the phase 2 Mo-B (25CA) 
steel annealed at 920°C hold for 30 minutes and then ice-water quenched to 
room temperature and then 2% pre-strained before the BH test. (A) and (B) 
are the different  (random) regions of the foil. 
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Figure 4.40: TEM bright field micrographs of the phase 2 Mo-B (25CA) 
steel annealed at 920°C hold for 30 minutes and then ice-water quenched to 
room temperature. It was then 2% pre-strained and then paint baked at 
180°C and 20 minutes. (A) and (B) are the different  (random) regions of the 
foil. 
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Figure 4.41: EBSD results of the phase 2 plain carbon (24CA) steel as a 
function of the various annealing treatments. Comparison of the random 
mis-orientation with the mis-orientation in the above 3 annealing conditions 
is shown here. 
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Figure 4.42: EBSD results of the phase 2 Mo-B (25CA) steel as a function 
of various annealing treatments. Comparison of the random mis-orientation 
with the mis-orientation in the above 3 annealing conditions is shown here. 
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Figure 4.43: Nano-Hardness measurement results of the phase 2 Mo-B 
(25CA) steel annealed at 920°C hold for 30 minutes and then ice-water 
quenched to room temperature. The hardness here is measured as a function 
of the number of indents and is shown for varying depths of indentations. 
Position 1 in etched condition is shown here.  
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Figure 4.44: Nano-Hardness measurement results of the phase 2 Mo-B 
(25CA) steel annealed at 920°C hold for 30 minutes and then ice-water 
quenched to room temperature. The hardness is measured as a function of 
the constant depth of indentation and is shown for all the indents. Position 1 
in etched condition is shown here. 
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Figure 5.1 Comparison of BH2 of the commercial phase 1 steels at various 
annealing conditions namely as-received steel with 1% temper rolling 
(CR_AR), as-received heat treated to maximize the C in solution 
(CR_AR_MAX)  and as-received heat treated to remove the temper rolling 
effect (CR_NTR). 
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Figure 5.2 Schematic representation of the penetration mechanism 
characterizing the depth of indentation [46]. 
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Table 4.1: Tensile properties of the as-received commercial steel: CR_AR 
condition. The standard deviations are also mentioned. 
 

 

SSAMPLE LYP 
(MPA) 

YS @ 0.2% 
OFFSET 

 (MPA) 

UTS 
(MPA) 

TE(%) YPE 
(%) 

N-
VALUE 

(5-0) 

N-
VALUE 
(10-20) 

%RA 
 

         

2%PRE 0 229/1.4 268/1.1 2.01 0 0 0 - 

5%PRE 0 229/0.6 301/0.9 5.03 ~0 0 0 - 

         

AR 0 229/1.1 343/1.6 42.2/0.4 0.01 0.20/~0 0.21/~0 52.2 

         

0% 
(180/20) 

236/1.1 238/1.0 342/1.2 42.3/0.3 ~0 0.19 0.19 52.1 

0% 
(180/30) 

233/0.2 236/0.6 342/0.9 41.2/0.8 ~0 0.19/~0 0.195 51.9 

0% 
(180/60) 

238/2.7 241/1.5 344/2.4 40.8/0.3 0.8 0.19 0.192 51.3 

         

2% 
(180/20) 

291/2.8 296/2.7 344/1.3 38.1/2.2 1.2 0.15 0.16 50.4 

2% 
(180/30) 

291/0.4 293/3.2 346/0.5 42.1/1.2 1.1 0.15 0.17 56.2 

2% 
(180/60) 

292/2.7 293/2.7 348/1.0 41.7/0.8 1.4 0.15 0.17 55.0 

         

5% 
(180/20) 

317/0.9 320/1.6 360/0.9 40/1.3 1.6 0.12 0.14 49.3 

5% 
(180/30) 

317/0.4 322/1.1 355/1.0 35.9/2.4 1.6 0.12 0.145 48.6 

2% 
(180/60) 

319/1.1 324/2.0 361/2.3 36.6/0.6 1.8 0.12 0.14 50.4 
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Table 4.2: Bake hardening and work hardening increments in as-received 
steel: CR_AR condition. (A) Bake hardening increments, and (B) work 
hardening increments  
 
 
(A) 
 

Time (min) 
@ 180°C 
Pre- Strain  

0  20 30  60 

0 % 0 9 
 

7 12 

2 % 0 23 23 24 

5 % 0 16 16 18 

 
ALL INCREMENTS IN STRENGTHS (SHOWN ABOVE) IN MPA 
 
(B) 
 
 
 
 
 
 
 
 
 
 
  
 
 
 WH2  =  268 - 229 = 39 MPA 
 
 WH5  =  301 – 229 = 72 MPA 
 
 
 
 

Pre- 
strain 

Sample 
No. 

Offset 
@ 
0.2% 

UTS 

    

2% AVG. 229 268 
    

5% AVG. 229 301 
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Table 4.3: Tensile properties of the as-received commercial steel after 
additional heat treatment to maximize carbon in solution: CR_AR_MAX 
condition. The standard deviations are also mentioned. 

 
 

SSAMPLE LYP 
(MPA) 

YS @0.2% 
OFFSET 

(MPA) 

UTS 
(MPA) 

TE(%) YPE 
(%) 

N-
VALUE 

(5-0) 

N-
VALUE 
(10-20) 

%RA 
 

         

2%PRE 324/0.5 333/0.8 363/1.0 2.1/0.16 0 0 0 - 

5%PRE 319/0.6 330/0.8 375/0.8 5.03/0.05 ~0 0 0 - 

         

AR 323/0/9 335/0.6 410/1.0 33.2/1.0 2.6 0.2 0.18 48.9% 

         

0% 
(180/20) 

365/0.5 324/1.0 420/1.2 32.7/1.4 3.5 0 0.2 49.0% 

0% 
(180/30) 

363/0.8 321/0.9 417/1.2 32.9/1.0 3.6 0 0.2 51.5% 

0% 
(180/60) 

361/0.7 316/1.0 414/1.1 34.6/0.4 3.8 0.2 0.2 52.3% 

         

2% 
(180/20) 

410/0.5 370/0.5 435/4.0 21.7/0.2 2.6 0 0 46.2% 

2% 
(180/30) 

408/1.6 368/0.8 430/1.4 22.3 1.9 0 0 42.8% 

2% 
(180/60) 

403/0.7 360/0.9 425 19.47/0.4 1.8 0.13 0 44.5% 

         

5% 
(180/20) 

408/0.6 371/1.0 435/0.4 23.7/0.7 3.7 0.12 0.04 50.2% 

5% 
(180/30) 

405/3.0 365/1.1 431/1.5 25/1.9 3.5 0.11 0.1 51.0% 

5% 
(180/60) 

409/0.4 371/0.4 440/1.0 23.8/2.41 3.6 0.12 0.145 49.0% 
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Table 4.4: Bake hardening and work hardening increments in as-received 
steel after additional heat treatment to maximize carbon in solution: 
CR_AR_MAX condition. (A) Bake hardening increments, and (B) Work 
hardening increments. 
 
 
(A) 
 

Time (min) 
@ 180°C 
Pre- Strain  

0  20 30  60 

0 % 0 30 
 

28 26 

2 % 0 47 45 40 

5 % 0 33 30 34 

 
 
ALL INCREMENTS IN STRENGTHS (SHOWN ABOVE) IN MPA 
 
 
 (B) 
 
 
 
 
 
 
 
 
 
 
 
  
  
 WH2  =  363 - 333 = 30 MPa 

 
WH5  =  375 - 330 = 45 MPa 

 

Pre- 
strain 

Sample 
No. 

Offset 
@ 
0.2% 

UTS 

    

2% AVG. 333 363 
    

5% AVG. 330 375 
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Table 4.5: Tensile properties of the as-received commercial steel after 
additional heat treatment to remove the effect of temper rolling: CR_NTR 
condition. The standard deviations are also mentioned. 
 

 

SAMPLE LYP 
(MPA) 

YS @0.2% 
OFFSET 

(MPA) 

UTS 
(MPA) 

TE(%) YPE 
(%) 

N-
VALUE 

(5-0) 

N-
VALUE 
(10-20) 

%RA 
 

         

2%PRE 271/0.6 275/1.2 277/1.7 2.1 0 0 0 - 

5%PRE 272/1.1 275/0.6 284/1.9 5.06 ~0 0 0 - 

         

AR 270/0.9 276/1.1 365/1.3 40.2/0.4 2.2 0.15 0.15 50.7 

         

0% 
(180/20) 

286/0.5 277/1.0 372/1.9 40.7/0.3 2.1 0.2 02 50.1 

0% 
(180/30) 

285/0.4 270/.6 370/0.8 38.9 2.4 0.19/~0 0.21 50 

0% 
(180/60) 

285/2.1 268 372/2.4 42.2/0.8 2.3 0.13 0.18 52 

         

2% 
(180/20) 

296/1.1 284/0.2 384/1.0 39.7/1.1 1.8 0.15 0.18 48 

2% 
(180/30) 

293/1.2 280/1.0 380/0.9 38.3 2.1 0.21 0.17 49.1 

2% 
(180/60) 

293/0.8 279/1.1 381 39 2.5 0.22 0.19 46.2 

         

5% 
(180/20) 

297/0.8 275/2.2 385/0.9 37.3 1.9 0.12 0.14 50.2 

5% 
(180/30) 

297/1.1 277/0.9 383 36/1.1 2.1 0.15 0.17 46 

2% 
(180/60) 

299/2.3 281 385 37.3 2.3 0.13 0.14 48.2 
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Table 4.6: Bake hardening and the work hardening increments in as-
received steel after additional heat treatment to remove the effect of temper 
rolling: CR_NTR condition. (A) Bake hardening increments, and (B) work 
hardening increments. 
 
(A) 
 

Time (min) 
@ 180°C 
Pre- Strain  

0  20 30  60 

0 % 0 10 
 

9 10 

2 % 0 19 16 16 

5 % 0 13 13 15 

 
ALL INCREMENTS IN STRENGTHS (SHOWN ABOVE) IN MPA 
 
(B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 WH2  =  277 - 275 = 35 MPa 
   
   WH5  =  284 - 275 = 32 MPa 
 
 

Pre- 
strain 

Sample 
No. 

Offset 
@ 
0.2% 

UTS 

    

2% AVG. 275 277 
    

5% AVG. 284 275 
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Table 4.7: Grain size measurements of the commercial steel in the as-
received (CR_AR) condition, maximum carbon in solution (CA_AR_MAX) 
condition and removal of temper rolling effect (CR_NTR) condition. The 
standard deviations are also mentioned. 
 
 
 
 
PHASE 1 STEEL 
CONDITION   

PROCESSING 
TREATMENTS 

GRAIN SIZE (IN µM)

   
CR_AR AS-RECEIVED (1.0% 

TEMPER ROLLED 
15µM (1.2) 

   
CR_AR_MAX ANNEALED TO 715°C + 

30 MIN HOLD + WATER-
ICE QUENCH (C MAX IN 
SOLUTION) 

9.8µM (0.9) 

   
CR_NTR 750°C + 10 MIN HOLD + 

AIR COOLED.(AS-
RECEIVED STEEL WITH 
NO TEMPER ROLLING) 

14.5 (1.5) 
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Table 4.8: Description of the various annealing treatments given to both 
the laboratory phase 2 steels: plain carbon steel (24CA) and Mo-B steel 
(25CA). 
 
 
 
PHASE 2 
STEEL 

ANNEALING 
TEMPERATURE 
(°C) 

HOLDING 
TIME (MIN)

COOLING 
CONDITION 

    
PLAIN C 
STEEL (24CA) 

820 140 AIR COOL 

PLAIN C 
STEEL (24CA) 

870 30 WATER-ICE 
QUENCH 

PLAIN C 
STEEL (24CA) 

920 30 WATER-ICE 
QUENCH 

    
ALLOY 
STEEL (25CA) 

820 140 AIR COOL 

ALLOY 
STEEL (25CA) 

870 30 WATER-ICE 
QUENCH 

ALLOY 
STEEL (25CA) 

920 30 WATER-ICE 
QUENCH 
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Table 4.9: Description of the bake hardening and the work hardening 
increments at 2% pre-strain for the phase 2 plain carbon (24CA) steel as a 
function of the various annealing treatments. 
 
 
Heat Treatment 
(temp.(°C)/time 
(min)/cooling 
condition) 

BH2 (MPA) WH2 (MPA) 

   
920/30/water-ice 
quench 

60 28 

   
870/30/water-ice 
quench 

55 15 

   
820/140/air-cool 18 4 
   
 
 
Table 4.10: Description of the bake hardening and the work hardening 
increments at 2% pre-strain for the phase 2 Mo-B (25CA) steel as a function 
of the various annealing treatments. 
 
 
Heat Treatment 
(temp.(°C)/time 
(min)/cooling 
condition) 

BH2 (MPA) WH2 (MPA) 

   
920/30/water-ice 
quench 

72 33 

   
870/30/water-ice 
quench 

62 28 

   
820/140/air-cool 24 10 
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Table 4.11: Grain size measurements of the various annealing treatments 
given to both the laboratory phase 2 steels (A) plain carbon steel (24CA) 
and, (B) Mo-B steel (25CA). The standard deviations are also mentioned. 
 
(A)  
 
Heat Treatment 
(temp.(°C)/time 
(min)/cooling 
condition) 

 Grain Size (µm) 

   
920/30/water-ice 
quench 

 17.2 (0.8) 

   
870/30/water-ice 
quench 

 11.1 (0.7) 

   
820/140/air-cool  12.2 (0.8) 
   
 
(B) 
 
Heat Treatment 
(temp.(°C)/time 
(min)/cooling 
condition) 

 Grain Size (µm) 

   
920/30/water-ice 
quench 

 26.1 (1.3) 

   
870/30/water-ice 
quench 

 17.9 (0.9) 

   
820/140/air-cool  14.0 (0.6) 
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Table 5.1: The relation between the increments in nano-hardness level at 
the grain boundary region with the mis-orientation of the grains for different 
steel conditions is shown. 
 
 
 
Type of Steel Heat 

Treatment 
(temp.(°C)/time 
(min)/cooling 
condition) 

Nano-hardness 
increment (in 
∆GPA) 

Grain mis-
orientation (θ) 

    
Phase 1 commercial 
steel 
(CR_AR_MAX): 
position 1 

750/30/water-
ice quench 

3.3 53 

Phase 1 commercial 
steel 
(CR_AR_MAX): 
position 2 

750/30/water-
ice quench 

2.9 48 

    
Phase 2 Alloy steel 920/30/water-

ice quench 
2.1 43 
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Appendix A: Nano-Hardness Technique 

 

• Nano-Hardness Mechanical Property Measurement 
 

Measuring mechanical properties of materials is an extremely important part 

of the engineering design process. Mechanical testing techniques such as 

tensile test, creep test, and impact test have been well developed for 

examining specimens in bulk form. Smaller scale testing can be achieved 

using techniques such as the microhardness and microtensile test. However, 

for the last decade, there has been an increasing demand to measure 

mechanical properties at a much smaller scale [68-70]. 

A new technique capable of measuring the mechanical properties of a small 

volume of material is the nanoindentation technique. As the name applies, 

nanoindentation is an indentation technique which measures mechanical 

properties by making indentations at a nanometer scale. Nanoindentation is 

performed by an instrument such as the Nanoindentor IITM, which 

continuously records the applied load, P, and the penetration depth of the 

indenter, h, into the specimen [68]. 

With proper calibration and instrumentation, indentations with depth as 

small as 20nm can be made. Relating the experimentally recorded load and 

displacement information to more useful parameters, such as the indentation 

area, hardness, and elastic modulus, has been the major concern of load and 

displacement sensing indentation development. 
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• Effect of the Indenter Geometry on Hardness and 

Elastic Modulus Measurement 
 

The measurement of mechanical properties such as hardness, H, and elastic 

modulus, E, by nanoindentation methods, has been conducted largely with 

indenters having the Berkovich or spherical geometries. The Berkovich 

indenter, a three sided pyramid with the same area-to-depth ratio as the 

Vickers indenter commonly used in micro-indentation testing, is useful in 

experiments where full plasticity is needed at very small penetration depths, 

such as the measurement of hardness of very thin films and surface layers. 

The spherical indenter, on the other hand, is useful when purely elastic 

contact or the transition from elastic to plastic contact is of interest. 

Of the many sharp indenters, the Berkovich has proven the most useful in 

nanoindentation work. This is because the three-sided pyramidal geometry 

of the Berkovich naturally terminates at a point, thus facilitating the grinding 

of diamonds, which maintain their sharpness to very small scales.  

Berkovich tip defects, as characterized by the effective tip radius, are 

frequently less than 50 nm in many of the better diamonds. For the Vickers 

indenter, on the other hand, it is more difficult to maintain geometric 

similarity at such small scales because the square based pyramidal geometry 

does not terminate at a point but rather at a “chisel” edge. The conical 

indenter is the most difficult to grind, and as a result, conical diamonds often 

have severe tip rounding [68]. 
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• Indentation Size Effect (ISE) 
 

Over the last few decades, it has been demonstrated that the hardness of 

some bulk materials measured by conventional techniques or by 

instrumental indentation depends on the load or indentation depth. The usual 

observation is that the hardness increases as the load or indentation depth 

decreases. The change in hardness can be as much as a factor of 4. This 

indentation size effect (ISE) has been documented in several reviews. 

There are many explanations for the ISE. Tabor has suggested that some of 

the ISE observations may be due to poor resolution of the indenter or 

statistical error. Upit and Varchenya et al., [78] suggested that the increase in 

the apparent hardness is due to the extra energy to egress dislocations to the 

surface at small indentation depths. An ISE caused by friction between the 

indenter and the specimen has been suggested by Atkinson and Li et al. 

Braunovic and Haworth suggested that polishing can affect an ISE, since 

mechanically polished samples have a more pronounced ISE than those 

electrolytically polished. An ISE caused by tip rounding effect has also been 

proposed. 

Fleck et al., [79] have developed a model for strain gradient plasticity, which 

has recently been proposed as another possible origin of the ISE. This model 

states that in addition to the “statistically stored dislocations,” plastic shear 

gradients result in the storage of “geometrically necessary dislocations”. The 

density of the “Geometrically Necessarily Dislocations (GNDs)”, ρg, can be 

expressed as: 

    ρg  ~ 4ϒ/ bλ 
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Where ϒ is the macroscopic plastic shear strain, b is the magnitude of the 

Burger’s vector, and λ is a local length scale, which is related to the 

indentation size. As λ decreases, i.e., for smaller indentations, the density of 

the “GNDs” increases, which in turn increases the shear yield stress in 

materials subjected to strain hardening.  

Ma and Clark applied this model to hardness data obtained from an 

epitaxially grown silver film and obtained very good agreement. They also 

performed TEM imaging of the indentations and found an extremely high 

concentration of dislocations at the edges and the apex of the indentation but 

very few dislocations in the face region. De Guzman et al. investigated the 

ISE in copper, nickel and metallic glass. They suggested that the ISE is real 

for materials, which can strain harden, and that it is caused by the GNDS. 

They suggested that at shallow depths, the dislocations from over a 

relatively small volume, resulting in a higher dislocation density and 

apparent hardness. As the indentation size increases, the volume over which 

they are distributed becomes greater, and this reduces the apparent hardness.  

In spite of careful measurements to calculate hardness using the calibrated 

area function, the most confusing result of the hardness tests is the ISE. 

Hardness in nanoindentation tends to be overestimated compared with the 

conventional hardness, even after the area function is calibrated. It was also 

reported that the overestimation is not only limited to nanoindentation, but 

occurs in low- load Vickers tests. 

If the ISE exists as long as hardness is defined as the result of load divided 

by contact area, the “unaffected” hardness must be evaluated for engineering 

purposes, because it is the unaffected hardness that has good correlation with 

other mechanical properties [68-70]. 
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The purpose of electrolytic polishing is to diminish the surface- deformed 

layer introduced during mechanical polishing. It has been reported that soft, 

strain- hardenable metals can depend strongly on the depth of the 

indentation, and that hard, finely structured materials depend less on, or do 

not vary significantly with, the depth of the indentation. Although this may 

be an intrinsic nature of the size effect, the limited dependency of hard, 

finely structured materials can be explained as the contribution of non-

uniformity reduces or negates the amount of the size effect [68-70]. 

One of the major obstacles to understanding the indentation size effect has 

been the dearth of good experimental data describing it.  
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Appendix B: Classification of ULC Bake Hardenable 

Steels 
 

Bake hardenable steels can be classified on the basis of the ratio of carbon to 

the carbide forming elements such as titanium, niobium and vanadium. A 

number of approaches, which control thermal history and alloy content, have 

been developed to control dissolved C and N levels to obtain optimum bake 

hardening in ultra-low carbon steels.  

 

 Fully Stabilized BH Steels 
 

Typical fully stabilized BH steel is Nb-added ULC steel. The Nb/C ~1.0 

steel was first processed by hot rolling and coiling at a temperature higher 

than 600°C, resulting in the stabilization of almost all C and N as NbC and 

AlN, respectively. After cold rolling and heating above the recrystallization 

temperature (~750°C), an intense {111} recrystallization texture develops. 

NbC and AlN are still stable at this temperature. Further heating above 

850°C results in the dissolution of NbC. At this stage, the influence of solute 

C on the texture development is negligible since this stage corresponds to 

the growth of the recrystallized grains. On the other hand, AlN dissolves 

little at this temperature. 

Hence, according to the foregoing principle, sheet steel having both bake 

hardening and extra deep drawability can be produced. But high temperature 

annealing and subsequent rapid cooling leads to problems such as heat 
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buckling. In addition, processing conditions must be strictly controlled to 

minimize the deviation of solute C.  Other examples of the fully stabilized 

steels are Ti-Nb ULC steels and V-added IF steels [1, 6-7, 20-21, 73, 77]. 

 

 Partially Stabilized BH Steels 
 

Typical partially stabilized BH steel is a Ti added ULC steel. The variation 

of precipitates along with the steel chemistry and production conditions is 

the controlling factor of the degree of stabilization. In this process, it is 

difficult to control the solute C by adjusting the C, Ti and S contents at the 

same time because Ti forms complex precipitates, such as TiN, TiS, Ti4C2S2, 

TiC, and FeTiP.  

Ideally, if all the above processing parameters are properly controlled, Ti is 

completely tied up with N and S, Mn combines the remaining S as MnS, and 

the total C content is available for bake hardening. In other cases, the C is 

partially stabilized via formation of either TiC or Ti4C2S2 and therefore is 

less available for bake hardening. Therefore, chemical composition must be 

strictly controlled to minimize the deviation of solute contents [1, 6-7, 20-

21, 73, 77, 80-81]. 
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Appendix C: Formability of Ultra Low Carbon Steels 
 

The steel properties leading to good formability are relatively low yield 

stress, suitable texture to give an r-value greater than one, zero yield point 

extension or Lüders strain and high n-value in the Holloman equation (σ = 

k(ε)n). The latter two properties are strongly influenced by temper rolling of 

the steel prior to delivery to the stamping plant.  

Many important intrinsic factors influence formability such as yield strength, 

n-value, m-value and r-value. These factors can be somewhat interrelated 

and, with the effect of geometry, influence obtainable formability as 

indicated by changes in the forming limit diagram. The most important 

factor is the n-value. Together with thickness, the n-value determines the 

FLCo position of the forming limit diagram. The following equation is found 

valid for conventional BH, IF, AKDQ as well as for other medium steels. 

FLCo = (n/0.21).[23.3 + 359t] 

 

Where n is the n-value from a tension test and t is the as-received sheet 

thickness. The relationship for the n-value and the m-value is particularly 

relevant for BH steels [7, 91-93]. Steels with higher m-value resist the onset 

of diffuse necking leading to higher uniform elongation values. The higher 

rate sensitivity generally leads to higher n-values. 

However, dissolved C tends to decrease m-value through the dynamic strain 

aging process. It has been established that lowering the tensile test 

temperature or decreasing the dissolved carbon content both increase 

uniform elongation in ultra-low C steels [7, 35]. 
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For sheet steel, the strain hardening capacity can be defined by the strain-

hardening component, n. A sheet metal with higher n-value exhibits better 

stretchability. Lankford et al., found that the deep drawability of the sheet 

was related to a parameter called a strain ratio, R, which is defined as  

 

R = εw / εt  

  

Where εw and εt   are the width and the thickness strains respectively.  
Later, Whiteley defined the parameter, R, the average strain ratio, which is 

determined by this equation: 

 

R = (R0  + 2R45 + R90) / 4. 

 

Where R0, R45 and R90 are the R-values measured at 0°, 45° and 90° 

respectively to the rolling direction.  

The R-value reflects the degree of normal anisotropy present in the sheet 

material. If the strength normal to the sheet is greater than the average 

strength in the plane of the sheet, the R-value is greater than unity.  

Based on the data obtained from various sources of literature, Hutchinson et 

al., showed that the carbon content in the steel significantly influenced the 

R-value of the sheet steel. This is because as the carbon content is lowered, 

favorable {111}<uvw> texture components are produced [36, 61-64, 86, 

91]. 

Post baking yield stress increases with C (dissolved C content) in the steel. 

However, if C is much greater than 25-wt-ppm then undesirable strain aging 
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occurs at room temperature leading to unacceptable yield point strain and 

poor surface quality of the stamping.  

Consequently, the need for room temperature stability limits C and the 

amount of bake hardening that may be achieved. Slowing the diffusion of C 

would be one possibility and a study of the effect of alloying elements on the 

diffusion of C is recommended. 
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Appendix D: Dent Resistance 
 

Currently, bake hardening steels are frequently used for outer panels as well 

as for structural parts to reduce weight. These grades combine good 

formability with an additional increase of strength caused by the moderate 

heat treatment during baking in the paint shop. A reduction in weight can be 

reached by an adequate design and the reduction of sheet thickness using 

high strength steel sheets.  

One of the design criteria for the selection of materials for outer panels is the 

dent resistance. Dent resistance of an outer body panel is a complex function 

of design, strain path employed during forming, assembly characteristics and 

of course, the material. Previous investigations determined a correlation 

between sheet thickness, yield strength and the load F at which the first 

plastic deformation is detected. 

This correlation for the dent force was established as: 

 

F = tn . (Rp
0.2)m 

 

Where t is the sheet thickness, (Rp
0.2)m   the yield strength and the parameters 

n and m depend on the geometry of the considered part.  

Many conflicting properties are desired for the sheet steel used for the outer 

body of the automobiles. Denting resistance requires higher strength steel 

than desired for formability. For acceptable surface after forming, there must 

be zero yield point elongation. In addition, a high work hardening rate is 

desired. On the other hand, dent resistance requires a high proportional limit. 

These conflicting properties can be achieved by temper rolling the steel to an 
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approximate reduction in thickness of 0.9%, which induces mobile 

dislocations and residual stress from grain to grain. The resulting stress –

strain curve is rounded with a low proportional limit. Such strain aging is to 

be encouraged in the paint bake-curing step but must be subsequently 

prevented before the stamping operation. This puts a limit on the useful paint 

bake hardening that can be achieved. 

Proper dent resistance in a body panel is necessary to minimize permanent 

damage that might occur during in-plant and in-service handling situations. 

In service flying rocks and road debris, hailstorm, impacts in parking lots, 

etc., may create dents. In-plant handling damage may occur due to one panel 

hitting another during transit, or during repair and assembly operations. 

Because metals are often strain rate sensitive, it is no surprise that the 

response of a panel to a projectile impact (flying objects) is different than 

under near static load conditions. One must therefore distinguish between 

static and dynamic dent resistance.  

Prior work in this area indicates that the static dent resistance decreases with 

increase in stiffness, but increases with increase in thickness and yield 

strength of the panel. Thus, for the same panel design, increasing the 

thickness of the steel is effective in increasing both stiffness and dent 

resistance. Since increasing the thickness has a weight penalty associated 

with it, the use of high strength steel for improving dent resistance of the 

panel may be both weight and cost effective [2, 11, 15, 34, 92-93]. 

The dynamic dent problem is more complicated. Clearly, the denting energy 

will increase with impact velocity for the same mass. However, steels in 

particular have positive strain coefficients. Thus, yield strength of a steel 

panel increases with increasing impact velocity.  
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To a first approximation, it appears that a design satisfying the dent 

resistance criteria will meet the dynamic denting criteria as well for steels. 
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Appendix E: A Model for the Cottrell Atmosphere 
Formation 
 
 
Cottrell and Bilby analyzed the kinetics of the segregation of carbon atoms 

to dislocations. They developed equation (1) to describe the formation of the 

so-called Cottrell atmosphere surrounding dislocations. 

 

  N(t)/N0 = (3/2).no.λ.Vdis.t(2/3)…………………….(1) 

 

Where N(t) is the number of carbon atoms diffusing to dislocations in a unit 

volume within time t, N0 is the dislocation density, n0 is the initial 

concentration of carbon in solution, and λ is the slip distance of the 

dislocation. Vdis = 2.(π/2)(1/3).(A.D/k.T)(2/3) with D being the diffusion 

coefficient of carbon, k the Boltzmann constant , T the absolute temperature 

and A, a parameter defining the magnitude of the interaction between the 

dislocation and the carbon atom. 

It is well known that equation (1) is applicable only in the early stage of the 

formation of Cottrell atmosphere. As the dislocations are saturated, the back 

diffusion of carbon from the core region will tend to counter balance the 

inward flow due to the drift force, and also the relief of the dislocation 

stresses by the segregated atoms reduces the drift force. Therefore equation 

(1) gives an overestimate of the aging rate when N(t)/N0 >0.3 [13, 22]. 

Harper tried to modify Cottrell’s theory. He developed equation (2) by 

assuming that the rate of segregation of interstitial atoms was proportional to 

the fraction remaining in solution. However, it has been found that his model 
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is not really applicable to the investigation of the formation of Cottrell 

atmosphere. 

 

  Q = 1-exp[-(3/2).L0.Vdis.t(2/3)]…………………..…(2) 

 

Where q is the fraction of the original amount of free carbon, which has 

precipitated during time t, L0 = λ/N0 is the dislocation length per unit 

volume. 

Hence, a model was developed almost a year ago at Ghent University, 

Belgium, which aimed to properly describe the Cottrell atmosphere 

formation during aging of an ultra low carbon bake hardening steel. This 

model takes into account the variation in the concentration of carbon in 

solution, the saturation of the dislocations and the segregation of carbon to 

grain boundaries. The model was compared with the experiments carried out 

with ultra low carbon bake hardenable steel. It was demonstrated that the 

model developed could describe the formation of Cottrell atmosphere in 

ULC bake hardenable steels in industrial applications. 

The model can be applied to predict the carbon redistribution during a 

thermal circle for continuously annealed ultra low carbon bake hardenable 

steel in which there are no pre-existing carbide particles. Calculations were 

carried out for a steel of 15 wt-ppm carbon content.  

It was assumed that initially 99% of the distorted positions in grain 

boundaries were occupied by carbon atoms. The calculated dimensionless 

average carbon concentration in grains, <n>/nsteel,   with nsteel   being the 

atomic concentration of carbon of the steel, as well as the fractions of the 

positions in grain boundaries occupied by carbon atoms, Cb, is the saturation 
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level of dislocations at the center of the grain, N(r=0)/N0, for the 

continuously annealed process and the followed bake hardening process  

[13, 22, 42, 54]. 

Without going into the details of their work, the final result can be put 

mathematically as: 

 

N(t)/N0  = [1-exp{(3/2).(L0-n0.λ).Vdis.t(2/3) }] / [1-(N0/n0).exp{(3/2).(L0-

n0.λ).Vdis.t(2/3) }] 
 

The above equation has been obtained by integrating the final equation as 

shown below: 

 

   ∆N(t) = L(t).n(t).Vdis.{ ∆t/ t(1/3)} 

 

Where L(t) = L0-n0.λN(t) is the length of the effective dislocations. The 

instantaneous segregation of carbon atoms to dislocations is proportional to 

the length of the effective dislocations, N(t), and the concentration of the 

free carbon atoms, n(t). The time t=0 describes the formation of Cottrell 

atmosphere without the onset of carbon segregation to grain boundaries. 

The only assumption on which the model is based is that it assumes the 

dislocations to be homogeneously distributed in the steel. This assumption is 

reasonable when the pre-strain is smaller than 5% and, therefore, no cell 

formation has yet occurred in the grain. This is very likely the case in most 

applications for bake hardening steels. 
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The various conclusions that can be drawn from the modeling are: 

• The effect of the segregation of carbon to grain boundaries 

increases with the decrease of grain size. It has only a negligible 

small effect when the average grain diameter is larger than 16µm. 

• Changing the dislocation density within a considerable range does 

not affect the formation of Cottrell atmosphere due to the fact that 

generally the dislocation density is much smaller than the 

concentration of free carbon in bake hardening steels in typical 

applications. 

• The model developed can be applied to predict the carbon 

redistribution in a continuously annealed ULC bake hardening 

steel in which there are no pre-existing carbide particles. 
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