


Abstract
[bookmark: _GoBack]A relationship between availability of carbon, duration of bake and temperature was explored in order to ascertain the nature of carbon within the crystal structure of a bake hardening steel. The underlying concepts and mechanisms are addressed in this report.[footnoteRef:1]  [1:  See final note] 

Introduction
For an automobile manufacturer, following the difficult process of creating a working, moving chassis. Car manufacturers are faced with an interesting conundrum; how to clad the unfinished car in a way that is attractive, durable and most importantly cost-effective. [6]
In order to form an attractive body panel, the steel sheet must first be highly formable. A highly formable steel will have a low yield strength allowing deep drawing in cold working presses. This low strength is in direct contradiction with the requirement of durability, a low strength steel body panel will not stand up to the every-day wear and tear of modern automobiles. 
A product group exists that meets these demands along with a whole host of other benefits. These products are known as bake hardening steels. This type of steel has a unique property whereby an increase in upper yield strength is observed simply by baking the steel, in the same way an automotive paint curing oven would. Typically, 170-220C for 20-30 minutes. This aging can result in an increase in yield strength of 30-60 MPa. [1]
Bake hardening takes advantage of a property of steels known as strain ageing. Strain ageing can be attributed to the diffusion of nitrogen and carbon in solid solution to dislocations generated by plastic deformation. Bake hardening takes advantage of this property as the application of heat expedites the effect. 
In order to fully understand this, the following phenomena must be considered:
Dislocations
Dislocations are formed in metallic crystal structures when stress is applied across a crystal lattice. There are two main types of dislocation, edge dislocations and screw dislocations. Edge dislocations are the result of an extra half plane defect of atoms within the crystal. The distortion of this half plane creates a line through the lattice known as the dislocation line. Application of stress to the half plane causes the dislocation line to slip perpendicular to the axis of the applied stress. This dislocation will move along the crystal lattice until it emerges exactly one atomic distance, as the rest of the lattice has resumed a uniform structure. Screw dislocations are characterized by the dislocation line rotating around a central point in a helical motion. Materials are rarely characterised by a single type of dislocation; indeed a material will exhibit a combination of edge and screw dislocations and even hybrids within a single crystal. [5]
In steel and other crystalline structures, dislocations are responsible for the disparity between theoretical material strength and those observed through experimentation. As relatively few interatomic bonds must be broken in order to achieve slip, compared with full separation of a perfect crystal lattice across the entire plane. [4]
Slip is the mechanism by which plastic deformation manifests, and it is the interaction of multiple slip events that creates the strain hardening effect. 
Strain Hardening
On its own a dislocation is a weakness in a crystal structure and an application of stress to the point of plastic deformation increases dislocation density. An increase in dislocation density should decrease material strength however, repeated application of stress above the point of elastic deformation (the yield stress) does not serve to weaken the structure. Conversely with each repeated application the yield stress of the material increases with each unloading cycle. Clearly the interaction between dislocations serves to resist further motion. Fundamentally, resistance to motion is a materials strength. The increase in strength due to the application of strain is what gives the name strain hardening, as the area under a stress/strain chart is energy the application of load can be expressed as work done on a material, hence this is also known as work hardening. [3]
Strain Ageing
Strain ageing is the name given to the process by which a material exhibits an increase in strength following plastic deformation. The mechanism for this is once the material undergoes plastic deformation described above an increase in dislocation density is observed. The increase in dislocation density precipitates carbon and nitrogen in solid solution into the interstitial region, pinning the dislocation and exhibiting an increase in strength of the material by preventing movement. As this process is time dependent following application of strain, the term strain ageing is used. [2]
Bake Hardening
Bake hardening is the thermally activated process of strain ageing. The movement of the small interstitial atoms of carbon and nitrogen is sped up by the application of heat. The motion of these atoms into the dislocation interstices resist motion, thus increasing the force required to deform the lattice.
In the formation of a sheet component a load is applied to the material in order to achieve the desired shape. This creates the dislocation density required for strain ageing to take place but is also the mechanism for strain hardening. The bake hardening index test seeks to emulate these conditions by first applying a pre-strain of 2% before the heat treatment and subtracting the yield strength of the prebaked material.
A bake hardening steel is created during the annealing process, the steel must be heated to a temperature above 850C for the precipitated carbon to re-enter solution. [8] The cooling rate is the crucial, as a cooling too slowly allows all the carbon to precipitate into the crystal structure, leaving no carbon behind in solid solution to diffuse and pin dislocations as per strain ageing.
Testing
The basic premise of determining the bake hardening index is as follows: A tensile specimen “dog bone” is pre-strained at room temperature to typically 2%. The specimens are aged at a predetermined temperature usually 170C for over 20 minutes. The bake hardening index is the difference between the yield strength of the aged material and the supplied material.
There are 3 possible calculations of bake hardening index:
BH0
This is characterized by the application of zero plastic deformation before heat treatment. It gives the most direct relationship of heat treatment to increase in yield strength. [9]
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Figure 1 - Graphical Depiction of BH0
BH2
2% pre-strain is applied before 20 minutes ageing at 170C. The BH2 index is calculated by subtracting the yield stress of the pre-bake test from the yield of the post bake test [9]
[image: ]
Figure 2 - Graphical Depiction of BH2
BH+WH 
The test is performed in the same way as BH2, (2% pre-strain) but the index is calculated by subtracting the yield strength of the material in the “as supplied” condition. This ensures that strain aging is factored into the overall increase in strength. [9]
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Figure 3 - Graphical Depiction of BH+WH
	
Experimental Design
In order to determine the effect of carbon in bake hardening steels, the following experiment was devised. 
Please note that due to the COVID-19 outbreak and subsequent travel and workplace attendance restrictions. The following was unable to be carried out. There were to be 3 effects studied to determine the effect on bake hardening response. Using the matrix below to illustrate each variable to be tested.
Bake hardening response would be performed and calculated using the BH2 method described earlier.
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	15
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Carbon
Carbon levels cannot be selected for this time of experiment. Carbon levels would be dependent on production and so a range of acceptable production levels for the grade BH220 were chosen [9]
Duration
The standard 20 minutes was chosen along with 15 and 25 minutes to simulate the speed of paint curing plants
Temperature
The standard 170C was selected with 160C and 170C to cover possible fluctuations in paint curing plant operating temperatures. Particularly continuous lines with open end ovens.
Results & Discussion

Carbon content does produce an increase in bake hardening response, but the side effect is that the greater availability of carbon results in a higher susceptibility to room temperature ageing as carbon can flow to the interstices at dislocations 
Duration and temperature have an interesting interaction on the bake hardening index, higher temperatures can have a balancing effect on lower durations, but lower temperatures cannot necessarily be offset by an increase in ageing duration. An incubation time has been theorised to be the result of this effect at lower temperatures. [10]
Observing the grain structure of pre vs. post baked samples compared to an aged sample should demonstrate that carbides have formed, confirming the diffusion of carbon has been expedited with temperature
Conclusion
While an increase of carbon does produce an increase in bake hardening response, the side effect is that the steel is susceptible to room temperature ageing. This balance between room temperature ageing and high bake hardening response levels can be mitigated in modern car manufacture as “just in time” delivery can reduce stock dwell. However, it is up to the steel manufacturer to ensure that material is produced to order and not to availability
Please note
This report has very little by way of actual results, travel to work was made impossible by the outbreak of COVID-19 while every effort has been made to produce a report without data, there are significant gaps in results and discussion. Conclusions have had to be theorised based on information available in the references cited.
I hope that my understanding is clear from the technical concepts illustrated in the introduction and will likely pursue the completion of the experiment when I can return to work as the determination of baked hardening shelf life is pertinent to my line of work.
Thank You
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