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SUMMARY  

Farmers in Bangladesh currently import spare parts for agricultural equipment. The 

high consumption rates and the high costs associated with the purchases create a prime 

opportunity to develop efficient domestic manufacturing. Domestic manufacturing of 

agricultural machinery and spare parts will improve the overall manufacturing capability 

as well as improve the balance of payments in Bangladesh. To benefit domestic 

manufacturers, this thesis provides an analysis of the manufacturing processes used to 

fabricate three highly consumed agricultural spare parts: the tiller blade, the threshing 

tooth, and the fodder chopper blade. The tiller blades are used in power tillers to turn the 

soil at the beginning of every growing season. The threshing teeth are used in threshing 

machines that repeatedly hit stalks containing grain to separate and collect the seeds for 

consumption and the next growing season. The fodder chopper blades are used to cut stalks 

into small pieces to be used as feed for livestock. Each of these three pieces of equipment 

performs a crucial agricultural task with great efficiency. Due to their use, components of 

the machines experience wear and need to be replaced. The manufacturing processes 

proposed to fabricate these spare parts are applicable and beneficial to current and 

developing manufacturing facilities within Bangladesh. 

The analysis of the manufacturing processes in this thesis is conducted using the 

following steps. First, the current manufacturing processes for these three spare parts are 

investigated. Using this information, die designs are generated to fabricate the parts 

according to their geometries. Hand calculations of the forces required during 

manufacturing are completed and compared to computer-based simulations. The values 



 xxii  

provided in this step serve as preliminary estimates for the forces required to perform 

shearing, forging, and bending operations. The die and workpiece geometries are then 

loaded into a finite element software, DEFORM, that simulates the forging and bending 

processes. The results of the simulations are compared to the experimental results obtained 

at Georgia Tech. In order to perform the experiments, the dies and workpieces are 

machined in the Montgomery Machining Mall at Georgia Tech. Experimentation took 

place primarily using an Instron universal testing machine and a Wabash Press. Validation 

of the simulations is achieved with mesh convergence studies and similarity in the 

simulation and experimental results comparison. 

The forging and bending results are as follows. The tiller blade sharp edge forging 

die design have an average percent difference of 15.2% for the thickness of the sharpened 

edge of the blade when comparing the simulation and experimental results using AISI 1100 

H14 aluminum at 20°C. This shows that the edge forging simulations are fairly accurate to 

realistic experiments with the main source of error being die alignment contributing to the 

higher deviation. The bending operation performed on the tiller blades have an average 

percent difference of 10.94% and 1.976% for the final inner angles of the workpieces for 

the 5-mm and 6-mm thick blades, respectively, between the simulation and experimental 

results performed with AISI 304 stainless steel at 20°C. There is a low percent difference 

because of the high surface contact forging incorporated in this deformation operation.  

Simulations to create the flanges on the threshing teeth are performed using AISI 

4140 steel, and the experiments are performed with AISI 1018 steel because these are the 

closest property matches to the materials available for stock purchase and in the DEFORM 

material library. The bolt head forging operation is performed at 600°C and the thicknesses 
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of the flanges had a 39.3% average difference from the experiments to simulations. The 

inconsistencies in experimentation serve as the primary source of error resulting in the high 

percent difference. The bending operation on the threshing tooth to create its overall shape 

have average percent differences of 2.45% and 1.81% for the final angle when comparing 

the simulations to experimental results for the 6-mm and 8-mm diameter rods, respectively. 

The forging force applied at the end of the bending operation contributed to the low percent 

difference values. Lastly, the average percent difference for the forging operation to create 

the flat features on the bent threshing tooth is 1.36% when comparing the thickness of the 

flats resulting from experimentation to simulations. This operation is the simplest of the 

forging operations with regard to the die design and final workpiece generated, so there are 

minimal sources of error.  

The die designs presented in this thesis can be implemented in Bangladesh. The 

bending die designs for the two sizes of both the tiller blades and threshing teeth should be 

manufactured to the exact angle of the desired final part, and applying additional forging 

force is recommended following bending to assure the final angle and minimize spring 

back. The sharp edge forging die design that is recommended is a mirrored design, 

incorporating a pocket for the workpiece on both top and bottom dies. The bolt head forging 

die design should be used for a workpiece at a temperature of 600°C or greater to ease 

workpiece removal. It should be anticipated that unique fixturing for the die geometries 

will need to be implemented for the various types of manufacturing machinery in 

Bangladesh. Two flat plates can be used in the simple forging operation of forging the flats 

on the threshing tooth. A jig may be useful, but not imperative, to ensure that the same 

geometry of flats is forged with each iteration.  
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CHAPTER 1. INTRODUCTION  

1.1 Agricultural Mechanization in Bangladesh 

The large population of Bangladesh and its food insecurities motivate the research 

presented in this thesis. As of 2021, Bangladesh boasts a dense population of over 166 

million people with an average of 1,278 people per square kilometer (Anonymous, 2021). 

There are also at least 40 million people in Bangladesh who experience food insecurity, 

which is exacerbated by the refugee influx from Rohingya (Anonymous, 2023a). 

Agriculture has been and continues to be the leading industry in Bangladesh with the 

largest employment percentage of 47.3% compared to all other industries (Anonymous, 

2021). In addition, there is a significant trade imbalance, which must be drastically 

improved to create a stronger domestic economy (Anonymous, 2021).  

The focus of this thesis is to decrease poverty and hunger through the development 

of small and medium enterprises (SME) that manufacture highly consumed replacement 

parts for agricultural machinery (Calvert, 2023). Domestic manufacturing will improve the 

overall balance of payments (Calvert, 2023). Agriculture equipment manufacturing also 

increases food production, further addressing the food insecurity issue. Agricultural 

mechanization can be defined as the scientific application of engineering aids to increase 

production and preservation of food and fiber crops with less drudgery and increased 

efficiency (Calvert, 2023). It also can be defined as the application of machines and 

equipment to perform farming duties instead of performing difficult and time-consuming 

manual labor. With technology, training, and reverse engineering research to support 
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agricultural mechanization, agriculture production within the country will be more efficient 

and economically feasible for both farmers and manufacturers.  

 

1.2 Spare Agricultural Parts Market in Bangladesh 

After-sales service of agricultural equipment is imperative for the successful and 

long-term agricultural mechanization of Bangladesh. On average, the cost of 

manufacturing spare parts used in the equipment supporting agricultural mechanization 

within the country is one half to one third of the cost of equivalent imported parts. The 

estimated yearly agricultural equipment market size was 1,326 million USD (United States 

Dollar) including spare part and repair markets and according to the average exchange rate 

in 2015 (Faud & Flora, 2019). Tiller blades are used in the power tillers to turn the soil at 

the beginning of each agriculture season. Threshing teeth are used in the threshing 

machines to separate seeds from stalks for collection in preparation for the next season, 

consumption, or sale. The fodder choppers utilize fodder chopper blades to quickly chop 

fodder into feed for livestock. It is evident that these machines provide automatic 

alternatives to very labor intensive and crucial agricultural tasks. The work done by each 

machine increases agricultural output with less time and labor required. The spare parts on 

each machine are performing repetitive and fatiguing tasks that induce significant wear, 

thereby generating growing markets for replacement spare parts. As seen in Figure 1, the 

value of the spare parts market in Bangladesh is increasing (Alam, 2022). By machine, 

Figure 2 shows the market has declined for power tillers in recent years but still has 

significant value at 25.7 million USD in 2020 (Alam, 2022). The threshing machine 

market, shown in Figure 3, has been steadily increasing over the past ten years (Alam, 
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2022). There are no data specifically for the spare parts market for the fodder chopper 

blades, but they are included in the spare parts market data shown in Figure 1. The spare 

parts market in Bangladesh is strong overall, so there is plenty of demand to support 

manufacturing within the country. 

 

Figure 1: Yearly value (USD) of the agriculture equipment market in Bangladesh 

(Alam, 2022). 
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Figure 2: Yearly value (USD) of the spare parts market for power tillers in 

Bangladesh (Alam, 2022). 

 

 

Figure 3: Yearly value (USD) of the spare parts market for threshing machines in 

Bangladesh (Alam, 2022). 

 

Parts, including the tiller blades for power tillers, threshing teeth for threshers, and 

fodder chopper blades for fodder choppers, experience wear and breakage in use. For this 

reason, there is a great opportunity for their domestic manufacturing. The work presented 
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in this thesis presents feasible manufacturing processes, designs for tooling, and 

mechanical forces required to manufacture the tiller blades, threshing teeth, and fodder 

chopper blades in Bangladesh. The analyses were completed through analytical 

calculations, finite element analyses (FEA), and experimentation. With the validated 

simulations, the die designs presented can be implemented with small alterations for 

fixturing into the various machines found in manufacturing facilities in Bangladesh. 

Providing this research to manufacturers in Bangladesh will support developing and 

existing domestic manufacturing businesses, also improving the balance of payments 

experienced by farmers there.  

 

1.3 Thesis Overview 

This thesis is arranged into five chapters. CHAPTER 1 describes agricultural 

mechanization and gives an overview of the entire document. CHAPTER 2 presents the 

use of the tiller blade, threshing tooth, and fodder chopper blade in agriculture as well as 

their manufacturing processes currently used outside Bangladesh. CHAPTER 2 also 

includes a literature review including current research on the parts and the formulas and 

material properties used in the analyses presented in this thesis. CHAPTER 3 describes the 

theory used to generate potential manufacturing process for the parts as well as the partsô 

information provided by Cereal Systems Initiative for South Asia-Mechanization 

Extension Activity (CSISA-MEA) staff in Bangladesh. CHAPTER 3 also includes the die 

designs for each deformation operation. CHAPTER 4 describes the FEA software and 

equipment used at Georgia Tech to simulate and perform experiments on the deformation 

operations on each part. CHAPTER 5 discusses the results of the calculations, simulations, 
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and experiments performed as well as provides recommendations for the manufacturing 

process to be implemented in Bangladesh. The errors found when comparing the simulation 

and experimental are described in addition to two sensitivity analyses conducted. 

CHAPTER 6 concludes the thesis and provides suggestions for further research work that 

can be performed in the future. 
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CHAPTER 2. BACKGROUND AND SIGNIFICANCE  

2.1 Introduction  

This chapter details the specific designs and functions of the tiller blades, threshing 

teeth, and fodder chopper blades in agricultural use in Bangladesh. The manufacturing 

processes used in facilities outside of Bangladesh are described. Next, the literature review 

combines the current manufacturing processes used external to Bangladesh as well as 

information gathered from CSISA-MEA partners for all three parts. The review then details 

the equations used in the preliminary analytical calculations to estimate the force 

requirements of the deformation operations and a description of the flow stress material 

property. Concluding the review, material properties for the metals used in calculations, 

simulations, and experiments are tabulated. 

 

2.2 Tiller Blade Background 

Tiller blades are used to turn the soil surface in preparation for planting. The soil 

being tilled can be classified as wet or dry. Due to the lower density and weight of dry soil, 

a thinner tiller blade design is used, as shown leftmost in Figure 4. Shown in the middle 

and rightmost in Figure 4 are the blades used for denser, wetter soil. Tiller blade tines are 

fixed to a rotating shaft, which allows them to distribute the soil loosely on the ground. The 

blade is mounted with nuts and bolts to the shaft that is connected to a power tiller through 

the mounting holes at the top of the blades. An example of a power tiller machine in use is 

shown in Figure 5. 
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Figure 4: Different types of tiller blades for (left) dry  soil, (middle) wet soil, and (right) 

wet soil (Rahman, 2023a). 

 

 

Figure 5: Power tiller machine in use in Bangladesh with the attached tiller blades 

indicated by the white arrow (Shihab, 2024).  

 

The tiller blade manufacturing analysis in this thesis focuses on the tiller blade 

geometry shown in the CAD (Computer Aided Design) model of the blade made from 5-

mm-thick stock in Figure 6. Tiller blades also are made from 6-mm-thick stock, so an 

analysis of the manufacturing process for both thicknesses is completed in this thesis. The 
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drawing for 6-mm thick tiller blades can be found in APPENDIX A. Additional Drawings 

as Figure A 1. The flat planar geometry of the tiller blade, without a sharp edge or bend, 

can be seen in Figure 7. With small alterations to the die designs and the corresponding 

deformation forces required, additional tiller blade designs such as those shown in Figure 

4 can be manufactured using the recommendations presented in this thesis. The analysis 

focuses on the tiller blade design shown in Figure 6 because those models are available to 

Georgia Tech and verified by Bangladeshi engineering partners as usable agricultural spare 

parts. The manufacturing processes currently used outside of Bangladesh facilities are 

presented next.  

 

Figure 6: Tiller blade CAD model of the 5-mm thick tiller blade after completion of 

the manufacturing processes. 
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Figure 7: Drawing of the 6-mm thick flat tiller blade  with all planar geometry before 

the sharp edge forging and bending operations. 

 

2.2.1 Tiller Blade Manufacture 

The sharp edges found on the rightmost side of the blades depicted in Figure 4 and 

Figure 6 are the first features of the blade to experience wear. Some farmers bring dulled 

blades to be sharpened by Bangladeshi blacksmiths, but this process only prolongs the life 

of the blade by one or two growing seasons (Karim, 2023) and does not help if the blade 

breaks. To support increased agricultural production within Bangladesh, it is necessary to 

manufacture tiller blades within the country. Domestic manufacturing will improve 

mechanization in Bangladesh and the balance of payments because these tiller blades are 
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currently imported. The material used for the blades typically originates from beached 

cargo ships found in the Chittagong region of Bangladesh. Those cargo ships are chopped 

up for scrap material as well as for functional components such as pumps and engines being 

sold whole. The material is technically being recycled and is not the pristine type of stock 

material used in U.S. industry. The material type or alloys are not always known, which 

complicates manufacturing and analyses. The recycled material is suitable for this purpose 

but is expected to have non-uniform material characteristics.  

Supporting documentation is described next that aids in the manufacturing process 

and die designs presented in this thesis. The manual provided by Yanmar, the manufacturer 

of the power tiller, provides drawings and original equipment manufacturers (OEM) part 

numbers for the replaceable tiller blades (Anonymous, 2007). Media available as videos 

and short clips from YouTube provides more detail on the rudimentary manufacturing 

processes used in less developed countries (T. Skills, 2023; USA, 2014). These sources aid 

in developing the morphological process options discussed in section 3.2.1 Tiller Blade 

Morphological Process. As shown in Figure 8, the flattened geometry and sharp edge are 

sheared, and then will be forged with a heated workpiece to require less force for the 

deformation operation. In Figure 9, the bending process is shown. A similar discussion on 

the background and significance of threshing teeth is found in the following section. 
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Figure 8: Shearing outer geometry of flat tiller blade workpiece shown in two steps 

of die cutting (left) and cut piece falling away (right). (T. Skills, 2023). 

 

 

Figure 9: Upper and lower bending dies performing bending deformation with a flat 

tiller blade workpiece before bending (left) and bending dies in compression (right) 

(T. Skills, 2023). 

 

2.3 Threshing Tooth Background 

The threshing teeth design is for a Yanmar combine harvester. The teeth are 

installed on a perforated barrel that rotates rapidly as stalks of wheat, soybeans, or other 

grains are fed perpendicular to the barrel. The teeth beat the stalks to release and separate 

grain from the shafts. A drawing of the threshing barrel assembly containing various 

threshing teeth can be seen in Figure 10 (Anonymous, 2023b). Figure 11 shows the overall 



 13 

dimensions of a typical threshing barrel, and Figure 12 shows the location of the threshing 

component on a Yanmar tractor.  

 

Figure 10: Engineering assembly drawing of threshing teeth installed on a threshing 

barrel (Anonymous, 2007). 

 

 

Figure 11: Threshing teeth installed on barrel in Yanmar combine harvester with 

dimensions in centimeters (Anonymous, 2024c). 
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Figure 12: The white arrow indicat ing the location of threshing barrel  on Yanmar 

combine harvester (Anonymous, 2024c). 

 

There are multiple types of threshing teeth simultaneously used on a threshing 

barrel. Each has a different purpose and position for an optimal threshing operation. A 

flattened tooth as shown in Figure 13, labeled number 1, provides more of a cutting motion 

for threshing stalks than the rounded teeth labeled as numbers 2 through 5 (Rahman, 

2023b). If only flattened teeth are used, there will be over-threshing, contributing to post-

harvest losses (Rahman, 2023b). The use of a combination of cylindrical and flattened teeth 

generates appropriate levels of threshing. The number of each style of tooth on one type of 

Yanmar threshing barrel is listed in Table 1.  
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Figure 13: Five different designs for threshing teeth (Rahman, 2023b). 

 

Table 1: Number of teeth present on one threshing barrel on a Yanmar combine 

harvester, categorized by geometry (Rahman, 2023b). 

Labeled Tooth 

Number 
Type of Threshing Tooth 

Teeth Installed in 

Barrel  (#) 

1 Flattened Tooth 56 

2 Round Tooth (Greater Width) 12 

3 Round Tooth (Smaller Width) 8 

4 Round Tooth (Arc Type) 4 

5 Round Tooth (Small Type) 4 

 

Characteristics common to all threshing teeth are as follows. They all possess two 

threaded prongs, which have a bolt headed flange, to insert into the holes on the barrel. The 

threaded ends of the rod allow a nut to secure each end to the inside of the barrel. The teeth 

all have an angled bend that contacts the stalks of plants being threshed. A CAD model for 

the threshing tooth is shown in Figure 14. The flattened variation of the threshing tooth 

represented by ñnumber 1ò in Figure 13 is shown in APPENDIX A. Additional Drawings 

as Figure A 2. The thread dimension in Figure A 2 is in English units, but to obtain stock 
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of the desired material for experimental testing, the diameter of that threshing tooth is 

rounded to 8-mm. The final forging step for the 8-mm design is included in the 

manufacturing process to form the flats on the tooth. One note is that in Bangladesh, many 

threshing teeth are not threaded. Rather, they are welded in place, which makes them 

difficult to replace if they wear or break. The manufacturing techniques used outside of 

Bangladesh for manufacturing the threshing teeth are described next. 

 

Figure 14: CAD model of 6-mm diameter threshing tooth. 
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2.3.1 Threshing Tooth Manufacture 

OEM and non-OEM threshing teeth that are imported into Bangladesh experience 

wear in use. Wear can lead to fractures and cracks in the metal, causing catastrophic failure 

in the teeth. By manufacturing threshing teeth replacements within Bangladesh, import 

costs will be eliminated, thereby creating jobs and improving the trade balance. Extensive 

lead times for ordering and importing parts will also be avoided. Most importantly, the 

manufacturing industry within Bangladesh with be improved tremendously, as will the 

skillsets of Bangladeshi workers.  

 Established and growing manufacturing facilities in Bangladesh in partnership with 

CSISA-MEA are improving current manufacturing of threshing teeth. The designs 

described in section 2.3 Threshing Tooth Background currently are being produced along 

with the simpler version installed by spot welding onto the barrel instead of threading. The 

materials used in the manufacturing operations originates from the scrap metal cut from 

beached cargo ships in the Chittagong region of Bangladesh. The material quality and 

composition consistency will not be known in detail and may not be very consistent, but it 

has proved sufficient to make agricultural spare parts. The next section discusses the fodder 

chopper blade.  

 

2.4 Fodder Chopper Blade Background 

A fodder chopper blade is a flat piece of steel with mounting holes and a sharpened 

edge used for cutting. The fodder chopping machine cuts fodder into small pieces that can 

be used as feed for livestock. An example of a fodder chopper machine is shown in Figure 
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15. Fodder consists of hay, wheat, maize, or other plants. The fodder chopper blades rotate 

inside the machine to rapidly cut the plants into fodder instead of manual chopping with a 

machete. A fodder chopper machine can be powered or manually operated, and it generates 

pieces of fodder that are more uniform than manual cutting with a machete. The process of 

using the machine is faster and much less labor intensive. A CAD model of the fodder 

chopper blade design that is analyzed in this thesis can be seen in Figure 16. 

 

Figure 15: Fodder chopper machine in use cutting large stalks of fodder into small 

pieces (Colton, 2024).  
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Figure 16: Fodder chopper blade CAD model (Anonymous, 2024c). 

 

Fodder chopping machines also have a significant impact on gender-based job 

positions. Women and children typically assume the fodder chopping task with a machete. 

When trained to use the automated machine, they can perform other tasks in the time saved 

while adding to their personal skillsets. With their skillsets increased and more time allotted 

away from the chopping task, they are able to obtain other skilled job positions. Women 

can also purchase the machine and thereby generate income for their families by chopping 

other farmersô fodder. The manufacturing process of the fodder chopping blades is covered 

next. 
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2.4.1 Fodder Chopper Blade Manufacture 

Wear is primarily experienced along the fodder chopperôs sharp edge, making it a 

highly consumed, manufacturable spare part. It needs to be routinely sharpened and 

replaced for it to perform effectively. The material used for fodder chopper blades 

originates from disassembled and cut up beached cargo ships in the Chittagong region. The 

material is not expected to have uniform elemental composition, but it is sufficient for the 

manufacturing process and in-use application.  

The current manufacturing processes used are as follows. The geometry of the input 

material determines how the initial planar geometry is generated. Workpiece material can 

be cut from rectangular sheets or circular disks (e.g., diamond saws). A rectangular 

workpiece must be rolled flat and then sheared to achieve the outer geometry, as shown in 

Figure 17 (R. Skills, 2023). The internal holes are then punched along with the shearing of 

the outside geometry as shown in Figure 18, and the sharp edge is ground (R. Skills, 2023). 

To manufacture the blade from a circular disk input, the design is traced out and then an 

angle grinder is used to cut the outer geometry as shown in Figure 19 (Spotter, 2021). The 

sharp edge is then ground in the same manner with an angle grinder (Spotter, 2021).  
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Figure 17: Hot r ectangular fodder chopper blade workpiece being repeatedly rolled 

thinner between two rotating rollers (R. Skills, 2023). 

 

 

Figure 18: Shearing of outer geometry on fodder chopper blade workpiece (R. Skills, 

2023). 
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Figure 19: Fodder chopper blade being traced to be cut from a circular disk  

(originally a diamond saw) with an angle grinder (Spotter, 2021). 

 

2.5 Literature Review 

The literature review discusses the agricultural parts studied in this thesis. First, a 

review of the geometry and marketplace availability for each part is discussed. Then, the 

analytical calculation equations used for preliminary force requirement estimation are 

presented. A description of the flow stress material property and how it is incorporated into 

the forging analytical calculations is then provided. Lastly, material properties for the 

various metals studied in this thesis are tabulated. 

The marketplace for non-OEM (after market) tiller blades is well developed 

through third party vendors such as Alibaba and Agristore USA. Most of these products 

originate from China and Italy, and the parts are made from heat treated boron steel 

(Anonymous, 2023b). As described by the manufacturer of this blade, the hardenability is 

improved with the addition of boron, suitable for the rigidity needed in the tilling operation 
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(Anonymous, 2023b). Images of both the left- and right-hand black non-OEM tiller blades 

are shown in Figure 20. A similar blade from another non-OEM source is shown in Figure 

21. For simplicity, the design of dies in this thesis focused on the manufacture of the 

geometry matching the black non-OEM tiller blades. The differences between the black 

and grey versions are minimal, with the only notable one being the smaller angle of the 

bend in the grey tiller blade, which does not affect its operation. The black sharpened blades 

have a thickness that is smallest towards the outer corner and largest closest to the mounting 

holes. The thickness dimensions are 1.1-mm to 1.7-mm. Through communication with 

engineers in Bangladesh, the thickness of the edging blade can vary significantly on a new 

part anywhere from 3.2-mm to 3.5-mm (Karim, 2023). These values were recorded for 

designs similar to those presented in Figure 4, but the geometry of the black blades shown 

in Figure 20 serves as the guide for experiments and simulations at Georgia Tech. 

 

Figure 20: Left and right -hand non-OEM tiller blade obtained at Georgia Tech, 

shown on the left and right, respectively (Anonymous, 2023b). 
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Figure 21: Grey colored non-OEM tiller blade  obtained at Georgia Tech. 

 

Another literature survey is conducted for the threshing teeth utilizing 

manufacturersô documentation and marketplace availability. No current publications or 

audiovisual materials exist for the manufacture of the threshing teeth. The teeth are well 

documented in the Yanmar repair manual with dimensions, assemblies, and OEM part 

numbers (Anonymous, 2007). The CSISA-MEA team in Bangladesh provided the overall 

dimensions for a flattened version of a threshing tooth, as shown in Figure 22 (Rahman, 

2023b). Examples of these flattened teeth were not obtained at Georgia Tech. The main 

sources of information were the OEM and non-OEM parts available from online 

marketplaces through Yanmar and Alibaba that were fabricated in Japan. The OEM tooth 

was obtained by Georgia Tech directly from Yanmar and is shown in Figure 23 

(Anonymous, 2023c).  
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Figure 22: Drawing of the flattened threshing tooth used in Bangladesh currently 

described in this thesis as the 8-mm diameter workpiece (dimensions in mm) 

(Rahman, 2023b). 

 

 

Figure 23: OEM Yanmar 6-mm diameter threshing tooth obtained at Georgia Tech 

(Anonymous, 2023c). 

 

A third literature review for the fodder chopper blade reveals no published articles 

on its manufacture. Partners in Bangladesh were able to send Georgia Tech researchers a 

drawing and image of the blade used in their equipment as shown in Figure 24 and Figure 
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25, respectively (Anonymous, 2024c). Non-OEM parts are also available through online 

marketplaces such as Alibaba. Published documentation and engineering drawings do not 

exist because the entire fodder chopping machine is designed and made in Bangladesh. As 

there are multiple manufacturers who have slightly different designs, a representative 

machine and corresponding documentation does not exist. Due to the simple geometry of 

the fodder chopper blade, there is no need to obtain an example of the blade at Georgia 

Tech for measurement or inspection: the ones viewed digitally from Bangladesh suffice. 

 

Figure 24: Engineering drawing of fodder chopper blade drawn by Bangladeshi 

manufacturing partners (Anonymous, 2024c). 
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Figure 25: Image of an unused fodder chopper blade used in Bangladesh 

(Anonymous, 2024c). 

 

The literature review pertaining to the manufacturing analysis of all three of the 

agricultural parts is now discussed. The first step of the analysis is to complete analytical 

calculations for simplified deformation operations according to the individual material 

properties of the workpieces and the environmental conditions experienced in the 

deformation operation. Those analytical calculations are completed using equations taught 

in the ME 6222: Manufacturing Processes and Systems course at Georgia Institute of 

Technology (Colton, 2022).  

The first deformation process discussed is shearing. The force required to shear is 

presented in Equation 1 

╕▼▐▄╪► ȢϽⱭ╤╣╢Ͻ▬Ͻἢ Equation 1 
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where Ὂ  is the force required to shear the material, „  is the ultimate tensile strength 

of the workpiece materials, ὴ is the perimeter or length of the sheared geometry, and Ὕ is 

the thickness of the workpiece parallel to the shearing operation (Colton, 2022). The 

thickness of the cut is assumed to be constant. Equation 1 is also used to calculate the force 

required to perform a punching operation.  

There are two workpiece solid geometries used in forging operations that are 

analyzed: rectangular prisms and cylinders. Rectangular forging equations are used for the 

initial rectangular prism shaped tiller blade workpiece to form the sharpened edge and the 

flats on the threshing teeth. Even though the threshing teeth flat forging operation is 

completed on a cylinder, the cylindrical forging equation constraints dictate that the forces 

to be applied to the circular faces of a cylinder. Accordingly, cylindrical forging equations 

are used to estimate the bolt head forging operation forces. Different equations are also 

used based upon the friction coefficient between the workpiece and the dies. The 

coefficients are tabulated at the conclusion of this literature review section. The ñsliding 

regionò is where the flow force is greater than the frictional force, and the parts slide over 

each other. The ñsticking regionò is where the flow force is less than or equal to the 

frictional force, and the workpiece sticks to the dies. The equations presented below 

incorporate all-sliding, all-sticking, sliding region, and sticking region scenarios. To begin, 

the transition dimensional value for the sliding region to transition to the sticking region 

for rectangular forging is shown in Equation 2 

●▓
▐

Ⱨ
ἴἶ

Ⱨ
 Equation 2 
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where ὼ is the sliding/sticking transition, Ὤ is the initial height of the workpiece, and ‘ is 

the friction coefficient between the workpiece and die materials (Colton, 2022). Equation 

2 is a function of the coefficient of friction between the die and workpiece material. The 

smaller the value of ὼ the more force will be required in the forging operation because 

there is only a minimal amount of sliding that occurs. Equation 2 assumes a perfectly 

symmetrical spread of the material as measured from the symmetrical midline of the 

original rectangular prism. When the sliding/sticking transition is greater than zero but less 

than the final width of the workpiece, the sliding region rectangular forging force is defined 

as Equation 3 

╕█▫►▌░▪▌Ȣ ϽⱭ█■▫◌Ͻ
▐

Ⱨ●▓
ϽἭὀἸ

Ⱨ●▓
▐

Ͻ●▓Ͻ▀ Equation 3 

where Ὂ  is the forging force, „  is the flow stress, and Ὠ is the depth in and out 

of the 2-Dimensional plane (Colton, 2022). If the sliding sticking transition is equal to or 

larger than the width of the part, the forging operation can be assumed to be an all-sliding 

approximation. The all-sliding approximation for rectangular forging force is defined as 

Equation 4 

╕█▫►▌░▪▌Ȣ ϽⱭ█■▫◌Ͻ
Ⱨ◌

▐
Ͻ◌Ͻ▀ Equation 4 

where ύ is the width of the part (Colton, 2022). The sticking region of the forging operation 

occurs when the sliding/sticking transition is less than the width of the part but greater than 

zero. The rectangular forging force for the sticking region is defined as Equation 5:  
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Equation 5 

(Colton, 2022). The last rectangular forging force equation used is the all-sticking 

approximation which occurs when the sliding/sticking transition is less than or equal to 

zero. The all-sticking approximation for rectangular forging force is shown in Equation 6: 

╕█▫►▌░▪▌Ȣ ϽⱭ█■▫◌Ͻ
◌

▐
 Ͻ◌Ͻ▀ Equation 6 

(Colton, 2022). Equation 3, Equation 4, Equation 5, and Equation 6 all make the 

assumption that the workpiece is a simple rectangular prism defined by dimensions ύ, Ὠ, 

and Ὤ. If there is a combination of sticking and sliding forces in one forging operation as 

found through the value of ὼ, then the total forging force is found by summing the sliding 

and sticking region forces. The second forging operation analyzed in this thesis is 

cylindrical forging.  

 The calculations for the cylindrical forging forces are similar to those of rectangular 

forging. A calculation similar to the rectangular forgingôs sliding/sticking transition region 

needs to be completed for the radial transition dimension as shown in Equation 7 

►▓  ╡
▐

Ⱨ
ἴἶ

Ⱨ
 Equation 7 
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where ὶ is the sliding/sticking transition radius, Ὑ is the initial radius of the workpiece, 

and Ὤ is the initial height of the workpiece (Colton, 2022). Equation 7 assumes axially 

symmetric radial spread of the material. When the sliding to sticking region transition 

radius is greater than zero but less than the final radius of the part, the cylindrical forging 

force for the sliding region can be found using Equation 8: 

╕█▫►▌░▪▌ⱫϽⱭ█■▫◌

Ͻ
▐

Ⱨ
ἭὀἸ

Ⱨ╡ ►▓
▐

Ͻ
Ⱨ►▓
▐

Ⱨ╡

▐

 

Equation 8 

(Colton, 2022). If the sliding/sticking transition region radius is greater than the final radius 

of the forged part, the cylindrical forging force for the all-sliding approximation can be 

found using Equation 9 

╕█▫►▌░▪▌Ɑ█■▫◌Ͻ
Ⱨ╡

▐
ϽⱫ╡  Equation 9 

where “ is the value of Pi (3.1415) (Colton, 2022). To continue, when the sliding/sticking 

transition region is between zero and the final radius of the part, the cylindrical forging 

force for the sticking region is shown in Equation 10: 

╕█▫►▌░▪▌Ɑ█■▫◌ϽἭὀἸ
Ⱨ

▐
╡ ►▓

►▓
▐
ϽⱫϽ►▓ Equation 10 

(Colton, 2022). In conclusion, when the sliding/sticking transition region dimension, ὶ, is 

found to be between zero and the final radius of the part, the forging force required can be 
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found by summing the sliding and sticking region forces. Equation 8, Equation 9, and 

Equation 10 all assume that the workpiece is a simple cylindrical volume defined by 

dimensions ὶ and Ὤ.  

A material property found in all of the forging equations discussed above is the 

flow stress. Flow stress is defined as the instantaneous value of stress applied to cause 

plastic deformation (Kalpakjian & Schmid, 2017). Though flow stress is an instantaneous 

value, the analysis completed below uses average values of strain and strain rate recorded 

by the FEA simulation software to determine a flow stress for an entire deformation 

operation. The analytical calculations only provide a preliminary estimate of force for the 

forging operations. The small inaccuracies resulting from the calculations are remedied by 

the simulations and experimental tests described later in this thesis. Flow stress is a material 

dependent property, and it is a function of strain, strain rate, and temperature. Two sources 

are used to determine flow stress values, and their resulting forging analytical calculations 

are compared in CHAPTER 5 Results and Discussion. The sources are Manufacturing 

Processes for Engineering Materials and the DEFORM material library (Corporation, 

2012; Kalpakjian & Schmid, 2017). Flow stress is also an under-researched topic, so there 

is not a significant amount of data for all metals, especially metals at elevated temperatures. 

The values of the flow stress from the textbook are tabulated in Table 2 (Kalpakjian 

& Schmid, 2017). Some of the materials presented in Table 2 are not exact material 

matches to those used in this thesis, but they have similar material properties. The material 

from the textbook is listed in the first column, followed by the material used in this thesis 

presented in brackets. In cold forging operations (below the metalôs recrystallization 

temperature), the flow stress is calculated using Equation 11  
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where ὑ and ὲ, according to the Tresca criterion, are cold strain hardening constants used 

in cold forging and are material dependent (Colton, 2022). Ὤ is the initial height and Ὤ is 

the final height (Colton, 2022). Cold strain hardening is rate independent, so the speed of 

the forging operation is not part of the calculation. For forging operations performed above 

the materialôs recrystallization temperature (hot forging), Equation 12 is used,  

where ὅ and ὲ, according to the Tresca criterion, are the hot strain rate effect constants that 

are material dependent, and ὸ is the total time of the forging operation (Colton, 2022). It 

can be seen that Equation 12 is rate dependent, so the speed of the operation needs to be 

incorporated in the flow stress calculation. 

Ɑ█■▫◌╚Ͻ■▪
▐░
▐█

▪

 Equation 11 

Ɑ█■▫◌╒Ͻ
▐█ ▐░

▐█Ͻ◄

□

 Equation 12 
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Table 2: Flow stress constants and calculated values used in analytical forging 

calculations for materials at different temperatures and forging speeds (Kalpakjian 

& Schmid, 2017). 

Material  

[Material Match and 

Temperature] 

Speed 

(mm/s) 

╚ 

(MPa) 
▪ 

╒ 

(MPa) 
□ 

Ɑ█■▫◌ 

(MPa) 

Aluminum, 1100-O 

[Aluminum 1100 (20°C)] 
n/a 180 0.20 n/a n/a 167.28 

1045, Hot Rolled 

[AISI 1043 Steel (20°C)] 
n/a 965 0.14 n/a n/a 916.73 

Steel, Medium Carbon 

[AISI 1043 Steel (700°C), 

AISI 1018 Steel (600°C)] 

10 n/a n/a 160 0.07 176.30 

Steel, Medium Carbon 

[AISI 1043 Steel (700°C), 

AISI 1018 Steel (600°C)] 

100 n/a n/a 160 0.07 207.14 

Steel, Medium Carbon 

[AISI 1043 Steel (1000°C), 

AISI 1018 Steel (1000°C)] 

10 n/a n/a 48 0.24 66.948 

Steel, Medium Carbon 

[AISI 1043 Steel (1000°C), 

AISI 1018 Steel (1000°C)] 

100 n/a n/a 48 0.24 116.34 

Steel, Low Carbon, 4340, Annealed 

[AISI 1018 Steel (20°C)] 
n/a 640 0.15 n/a n/a 692.68 

 

The second source of flow stress data is the DEFORM material library. The flow 

stress, strain, and strain rate data are plotted at a specific temperature of cold, warm, and 

hot forging according to the data available in the DEFORM material library. The data are 

plotted with the MATLAB Curve Fitter Toolbox, a programming and graphing tool that is 

used for data analysis in this thesis (Rundquist, 2023). By using MATLAB, the 3-

Dimensional curves are generated, and a polynomial fit is applied to find equations for the 

graphs. The strain and strain rate average for each simulation completed are applied to the 

MATLAB formulas to find the corresponding average flow stress experienced in the 

operation. That flow stress is then plugged into the forging formulas presented above. An 
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example of the curve generated can be seen in Figure 26 for AISI 1100 aluminum at room 

temperature (20°C). The polynomial equations that best fit the curves for each material 

used in the DEFORM simulations are displayed in Table 3. The corresponding ñpò values 

can be found in APPENDIX B. Flow Stress Curve Polynomial Fit Values in Table B 1 

through Table B 7. Some of the equations show that the flow stress is independent of strain 

rate, but they are still plotted in the 3-Dimensional space. This is done to ensure that any 

dependence, even if slight, would be recognized based on an analysis of the R-Square 

value. 

 

Figure 26: Flow stress curve for room temperature (20°C) AISI 1100 aluminum 

generated from the DEFORM material library  flow stress data in the MATLAB 

Curve Fitter toolbox (Rundquist, 2023). 
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Table 3: Polynomial fit  equations for  the material flow stress curves for various 

materials from the DEFORM material library  (Rundquist, 2023). 

Material and 

Temperature 
Formula 

R-

Square 

Value 

AISI Aluminum 1100  

(20°C) 

ÆØȟÙ  Ðππ  ÐρπϽØ  ÐπρϽÙ  ÐςπϽὼ 
 ÐρρϽØϽÙ  ÐσπϽὼ  Ðςρ
ϽὼØϽÙ  ÐτπϽὼ  ÐσρϽὼϽÙ 
 ÐυπϽὼ  ÐτρϽὼϽÙ 

0.99924 

AISI-1043 Steel 

(20°C) 

ÆØȟÙ  Ðππ  ÐρπϽØ  ÐςπϽὼ  ÐρρϽØ
ϽÙ  ÐσπϽὼ  ÐςρϽὼϽÙ 

1 

AISI-1043 Steel 

(700°C) 

ÆØȟÙ  Ðππ  ÐρπϽØ  ÐςπϽὼ  ÐρρϽØ
ϽÙ  ÐσπϽὼ  ÐςρϽὼϽÙ 

1 

AISI-1043 Steel 

(1,000°C) 

ÆØȟÙ  Ðππ  ÐρπϽØ  ÐπρϽÙ  ÐςπϽὼ 
 ÐρρϽØϽÙ  ÐσπϽὼ  ÐςρϽὼ
ϽÙ  ÐτπϽὼ  ÐσρϽὼϽÙ 
 ÐυπϽὼ  ÐτρϽὼϽÙ 

0.99994 

AISI-4140 Steel 

(20°C) 

ÆØȟÙ  Ðππ  ÐρπϽØ  ÐπςϽÙ  ÐρρϽØϽÙ 
 ÐπςϽώ  ÐσπϽὼ  ÐςρϽὼ
ϽÙ  ÐρςϽØϽώ  ÐπσϽώ 
 ÐτπϽὼ  ÐσρϽὼϽÙ  Ðςς
ϽὼϽώ  ÐρσϽØϽώ  ÐπτϽώ 
 ÐυπϽὼ  ÐτρϽØϽώ  Ðσς
ϽὼϽώ  ÐςσϽὼϽώ  ÐρτϽØ
Ͻώ  ÐπυϽώ 

0.09948 

AISI-4140 Steel 

(800°C) 

ÆØȟÙ  Ðππ  ÐρπϽØ  ÐπςϽÙ  ÐρρϽØϽÙ 
 ÐπςϽώ  ÐσπϽὼ  ÐςρϽὼ
ϽÙ  ÐρςϽØϽώ  ÐπσϽώ 
 ÐτπϽὼ  ÐσρϽὼϽÙ  Ðςς
ϽὼϽώ  ÐρσϽØϽώ  ÐπτϽώ 
 ÐυπϽὼ  ÐτρϽØϽώ  Ðσς
ϽὼϽώ  ÐςσϽὼϽώ  ÐρτϽØ
Ͻώ  ÐπυϽώ 

0.99749 

AISI-4140 Steel 

(1,000°C) 

ÆØȟÙ  Ðππ  ÐρπϽØ  ÐπςϽÙ  ÐρρϽØϽÙ 
 ÐπςϽώ  ÐσπϽὼ  ÐςρϽὼ
ϽÙ  ÐρςϽØϽώ  ÐπσϽώ 
 ÐτπϽὼ  ÐσρϽὼϽÙ  Ðςς
ϽὼϽώ  ÐρσϽØϽώ  ÐπτϽώ 
 ÐυπϽὼ  ÐτρϽØϽώ  Ðσς
ϽὼϽώ  ÐςσϽὼϽώ  ÐρτϽØ
Ͻώ  ÐπυϽώ 

0.98498 
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The bending deformation operations incorporate the force required to bend and the 

corresponding spring back of the material, which is important to the geometry of the final 

part. The following equations presented incorporate the bottoming die bending (V-

bending) scenario (Colton, 2022). This is where the horizontal unbent workpiece is 

supported by the two shoulders of the bottom die, and the top die lowers to bend the 

workpiece (Colton, 2022). The bending equations presented assume that the width of the 

workpiece is significantly greater than its thickness. The bending equations are applicable 

only to cold forming (forming below the recrystallization temperature of material). The 

strain hardening moment is found using Equation 13 

where ὓ  is the moment produced by strain hardening, „  is the yield stress of the 

workpiece material, ὦ is the width of the part, and „ is the strain hardening stress at the 

processing condition ñ1ò (Colton, 2022). The strain hardening assumption is used because 

plastic deformation occurs when the workpiece is bent. The maximum force required for 

bending occurs at a certain angle reached mid bending process. That angle is calculated 

using Equation 14 

where ‌ is the maximum bending force angle (Colton, 2022). The bending force of that 

angle is found using Equation 15 

╜╫
Ɑ◐░▄■▀Ͻ╫Ͻ◄

Ͻ
Ɑ
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 Equation 13 

♪ ◄╪▪Ⱨ Equation 14 
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╕╫▄▪▀░▪▌
╜╫
■
Ͻ╬▫▼♪ ἻἱἶϽἫἷἻ  Equation 15 

where Ὂ  is the maximum bending force and ὰ is the length of the workpiece (Colton, 

2022). The last bending calculation completed is the amount of spring back, measured in 

degrees, that the part experiences once the force is released. The strain hardening spring 

back angle is defined as Equation 16 

Ў♪ ►▬
╣
Ͻ
Ɑ◐░▄■▀

╔Ͻἢ
Ͻ

Ɑ

Ɑ◐░▄■▀
 Equation 16 

where Ў‌ is the spring back angle and ὶ is the punch radius (Colton, 2022).  

Additional formulas are used to determine strengths and ensure die feasibility. The 

hoop stress formula is used to analyze the bolt head forging dies for the threshing teeth. 

Equation 17 is used to determine the pressure exerted on the inner hollowed cylinder of the 

top die from the workpiece due to the forging force 

Ɑ╬
▬░►░ ▬▫►▫

►▫ ►░

►░Ͻ►▫Ͻ▬▫ ▬░

►Ͻ►▫ ►░
 Equation 17 

where „ represents flow stress, ὴ and ὴ are internal and external pressures, and ὶ and ὶ 

are the inner and outer radius (Budynas & Nisbett, 2014). It is assumed that the external 

pressure is equal to zero, because the pressure measurement is a gauge pressure. Welding 

is used to create the tiller blade bending die protection jig described in section 3.3 Design 
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of Dies and Tooling. The force that a weld can experience before failure is given by 

Equation 18 

╕◌ ȢϽⱭ◄ȟ◌Ͻ═◌ Equation 18 

where Ὂ is the allowable force for a weld before failure, „ȟ is the tensile strength of the 

weld material, and ὃ  is the area the weld covers (Budynas & Nisbett, 2014). Material 

characterization is also necessary considering the various materials available in 

Bangladesh. The conversion of the Brinell Hardness (HB) value of a material to its 

corresponding ultimate tensile strength is shown in Equation 19 

Ɑ╤╣╢ Ȣ Ͻ╗║ Equation 19 

where Ὄὄ is the Brinell hardness value of a material. This concludes the presentation of 

the equations used in this thesis.  

 Accurate material properties including the elastic modulus, tensile strength, 

ultimate tensile strength, and friction coefficients are critical to the accuracy of the 

preliminary analytical calculations. The material properties at room and elevated 

temperatures are tabulated in Table 4, because many of the deformation processes should 

be completed at elevated temperatures. A note can be made that material properties for 

steels at elevated temperatures are an understudied research topic. A visible trend is that as 

the temperatures increase, the elastic modulus, yield strength, and ultimate tensile strength 

decrease significantly. Correspondingly, the elongation at break percentage increases. 
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Metals are much weaker at higher temperatures but are more ductile, facilitating 

deformation. 

Table 4: Material properties of each material at different temperatures used 

throughout the analyses in this thesis (Anonymous, 1996, 2020a, 2024a; Franssen & 

Real, 2012; Handbook, 2000; Institute; International, 1998, 2003; Jia et al., 2016; 

Outinen & Makelainen, 2004; Technology, 2018).  

Material  
Temperature 

(°C) 

Elastic 

Modulus 

(MPa) 

Yield 

Tensile 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Elongation 

at Break 

(%)  

AISI 1100 

Aluminum 
20 69,000 29 88 8.2 

AISI 304 

Stainless Steel 
20 200,000 460 670 28 

AISI 1018 Steel 20 190,000 400 480 27 

AISI 1018 Steel 600 60,000 118 360 n/a 

AISI 1043 

Carbon Steel 
20 190,000 600 710 13 

AISI 1043 

Carbon Steel 
700 30,000 440 479 31 

AISI 1043 

Carbon Steel 
1,000 1,000 30 69 80 

AISI 1522 Steel 20 200,000 365 531 20 

AISI 4140 Steel 20 190,000 590 690 26 

AISI 4140 Steel 600 n/a 151 586 22 

AISI 4140 Steel 800 137,500 172.5 345 70 

AISI 4140 Steel 1,000 140 30 60 90 

  

Another critical component to plug into the analytical calculation equations is the 

friction coefficient. Friction coefficient values depend on the two contacting materials, the 

temperatures of those materials, and any lubricant present. Unfortunately, the literature is 

sparse for friction coefficients of many materials at high temperatures. Table 5 organizes 

the friction coefficients depending on the environments. 
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Table 5: Friction coefficients based on materials in contact, lubrication, and 

temperature (Anonymous, 2024b; Asai & Kitamura, 2014; Barrau et al., 2003; Egea 

et al., 2019; Felder & Montagut, 1980; Gontarz et al., 2015; Li et al., 2010; Mu et al., 

2004; Nautiyal & Schey, 1990; Shahriari et al., 2011). 

Material 

#1 

Material 

#2 

Temperature 

(°C) 
Lubrication  

Friction 

Coefficient 

Aluminum Steel 20 Lubricated 0.15 

Aluminum Steel 20 Not Lubricated 0.47 

Steel Steel 20 Lubricated 0.15 

Steel Steel 20 Not Lubricated 0.42 

Steel Steel 600 Lubricated 0.2 

Steel Steel 600 Not Lubricated 0.42 

Steel Steel 700 Lubricated 0.2 

Steel Steel 700 Not Lubricated 0.42 

Steel Steel 800 Lubricated 0.2 

Steel Steel 800 Not Lubricated 0.42 

Steel Steel 1,000 Lubricated 0.15 

Steel Steel 1,000 Not Lubricated 0.42 

 

The last material properties discussed are the die materials used in both the 

DEFORM simulations and experiments. Again, due to the limitations of the DEFORM 

material library, the simulations included materials similar to those used in experiments 

rather than exact matches. AISI D2 tool steel is the die material closest to the ASTM A36 

steel used for the tiller blade deformation dies and to the AISI A2 tool steel used for the 

threshing teeth deformation dies. Their material properties are listed in Table 6. These 

specific materials are discussed because they are used in for the mesh convergence studies 

completed on the deformation dies in CHAPTER 5 Results and Discussion. AISI A2 and 

AISI D2 tool steels are hardened for increased durability in operation. ASTM A36 steel 

does not have reported yield and ultimate tensile strengths because it is case hardened in 

use. The hardness of ASTM A36 steel is of greatest importance in the context of the 
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analyses. Also, ASTM A36 steel is equivalent to AISI 1018 steel, including their hardening 

characteristics.  

Table 6: Die material properties for die stress mesh convergence studies (Anonymous, 

2020b, 2020d, 2020e). 

Material  

Elastic 

Modulus 

(MPa) 

Yield 

Tensile 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

HRC 

Hardness 

AISI D2 Tool Steel (Hardened) 190,000 1,510 2,000 62 

AISI A2 Tool Steel (Hardened) 190,000 1,900 2,040 63 

ASTM A36 Steel (Case Hardened) 190,000 n/a n/a 66 

 

2.6 Chapter Summary 

This chapter discusses the in-use operations of the tiller blades, threshing teeth, and 

fodder chopper blades in agriculture in Bangladesh. The manufacturing processes used in 

other countries are explained in detail. The literature review then begins with the 

information obtained by CSISA-MEA partners and engineers on the geometries of the tiller 

blades, threshing teeth, and fodder chopper blades. Next, the equations that are used in the 

preliminary analytical calculations are described as well as how to incorporate the flow 

stress material property. The literature review concludes the chapter with material property 

and friction coefficient descriptions. The next chapter discusses the theory that is used to 

generate and analyze the manufacturing processes to make the agricultural parts. 
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CHAPTER 3. THEORY  

3.1 Introduction  

A reverse engineering analysis is used to determine the manufacturing methods to 

create the tiller blades, threshing teeth, and fodder chopper blades. This is performed using 

knowledge of manufacturing processes commonly present in industry and matching those 

to the markings left on the final parts obtained at Georgia Tech or viewed virtually. Using 

the completed reverse engineering analysis, a set of morphological processes are 

determined, which show the step-by-step process of how each part is manufactured. While 

there can be many combinations of manufacturing techniques used in different orders to 

create a part, many are excluded. Their exclusion is based on the feasibility of application 

in Bangladesh, and the efficiency and ease of the manufacturing process depending on 

volume of production. Each part analyzed in this thesis has different morphological 

processes. 

 

3.2 Manufacturing Method Selection 

3.2.1 Tiller Blade Morphological Process 

Beginning with the analysis of the tiller blades, a visual inspection is completed on 

the marks, scratches, and material texture of the non-OEM blades shown in Figure 20. 

Proceeding in the order of the manufacturing processes, the outer geometry that was 

sheared from a flat workpiece is shown in Figure 27. The shearing deformation process is 

evident by the filleted, rounded, edge contour shown on the inner (leftmost) portion of the 
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red circle of Figure 27. The opposite edge in the righthand portion of the circle is jagged 

and slightly extended from the flat side of the tiller blade. The shearing blade began cutting 

on the inner portion of the tiller blade and cut through to the backside.  

 

Figure 27: Shear markings shown on the rounded edge of non-OEM black tiller blade 

in a red circle. 

 

The tiller blade mounting holes were formed using a punching operation due to the 

similar attributes found on the holes as those found on the outer edge sheared geometry. In 

Figure 28, the slightly jagged and protruding metal (burr) at the circumferences of the 

mounting holes show that a punching operation was used in manufacturing. In Figure 28, 

both views are shown: the painted blade and the sandblasted blade. Not shown in Figure 

28 is the filleted contour at the circumference of the mounting holes on the opposite side 

of the tiller blade. The punch tool was forced through the blade and exited on the side of 

the blade that the burr is present.  
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Figure 28: Punch markings on both mounting holes of a painted (left) and sandblasted 

(right) non-OEM black tiller blade. 

 

The sharpened edge was formed by forging. The movement pattern of the forged 

material can be seen in the shapes and markings left on the final piece, as shown in Figure 

29. The markings are differentiated from the surrounding tiller blade material because they 

are flatter and have imprinted lines whereas most of the surrounding tiller blade material 

has round scale marks present. The red circles in Figure 29 encompass the transition 

between the flat and scaled texture of the tiller blade. Views of both the painted and 

sandblasted blade are shown. The scaling is present in the portions of the tiller blade that 

are not in the processed segment of the sharp region.  
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Figure 29: Sharp edge forging markings on non-OEM black tiller blade painted (left) 

and sandblasted (right) shown in red circles. 

 

The bending marks on the blade are shown in Figure 30. Each of the blades obtained 

has similar markings on the very center of the bladeôs bend. They are evident due to the 

clear distinction between the round scale marks and the lines formed on the tiller blade by 

the upper die punch.  

 

Figure 30: Bending scuff marks shown within the red circle on the inner bend of a 

non-OEM black tiller blade. 

 

 With the information gained through the reverse engineering analysis of the non-

OEM black tiller blades, three different sets of potential manufacturing processes are 
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created. These sets also incorporate the potential constraints found within the 

manufacturing facilities in Bangladesh. Those constraints could include labor availability 

and outdated equipment and technology. A morphological chart, shown for the tiller blade 

manufacturing in Table 7, is a theoretical list of the manufacturing steps and techniques 

that could be used to generate a final product (Colton, 2022). A description of the seven 

steps mentioned in Table 7 needs to be completed before discussing the individual 

manufacturing operations. First, the planar 2-Dimensional geometry is cut from stock 

material. That stock could be in the shape of long bars or flat plates. The operation to cut 

the geometry depends on the shape of the input stock metal. A long bar requires shearing, 

but a flat plate requires plasma cutting. If the mounting holes are not cut at the same time 

as the outer geometry, they need to be cut in a secondary step. Third, the workpieces are 

heated to at least 600°C or 700°C to require less force in the deformation operations. 

Fourth, the sharp edge is forged onto the flat workpiece. Fifth, the flat blade is bent to a 

final angle. The sixth and seventh steps are quenching and painting the part to improve 

wear resistance and appearance. Care needs to be taken to ensure that the hardening process 

does not make the final part too brittle, or it will prematurely fail in use.  
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Table 7: Morphological processes for manufacturing tiller blades (Colton, 2022; T. 

Skills, 2023; USA, 2014). 

Feature Process #1 Process #2 Process #3 

Planar 

Geometry 

Shear 

 

 

 

Plasma Cutting 

 
 

 

 

Blanking 

 
 

Mounting 

Holes 

Drill  

 

Heating 

Furnace 

 

Sharp Edge 

Grinding 

 

Forging Press 

  

Angled 

Bend 

Bending Die Forging Press 

 

Quenching 

Water/Oil Bath 
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Painting 

Powder Spray Painting 

 

 

The operations to complete the aforementioned steps are now discussed. Potential 

equipment is shown in Table 7. Some steps, such as heating, bending, quenching, and 

painting, are kept the same for each different set of processes. Correspondingly, there are 

different options to generate the planar geometry, mounting holes, and sharp edge. 

Choosing between the options requires knowledge of the number of blades to be 

manufactured and the equipment available in Bangladeshi facilities. Plasma cutting is the 

most feasible operation for an input stock of large flat sheets. Shearing and blanking are 

ideal for cutting long bar stock. 

In the first process set listed in Table 7, the volume of tiller blades produced would 

be lower. There are two separate processes used to generate the outer geometry and 

mounting holes: shearing and drilling. More time and labor are required to complete these 

steps compared to processes sets two and three. Similarly, the grinding of the sharp edge 

will take longer and more intense labor than the operation of a press or forge. With more 

efficient equipment and/or a greater volume of tiller blades desired, process sets labeled 

two or three should be implemented. The only difference between process sets two and 

three is the use of a plasma cutter or blanking to cut out the 2-Dimensional (perimeter) 

geometry. Plasma cutting does not require as much human labor as blanking, but the 

processing time to complete the step would be greater than that of blanking. In summary, 

the process sets are ordered according to the speed of manufacturing from one to three. A 
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reverse engineering analysis and generation of a morphological process for the threshing 

teeth is completed next.  

 

3.2.2 Threshing Teeth Morphological Process 

The reverse engineering analysis of the Yanmar OEM threshing teeth, displayed in 

Figure 23, is discussed in morphological order. To begin, the bolt head forging operation 

that generates the flanged bolt head on either end of the threshing tooth is described. As 

shown in Figure 31, there are two raised markings located symmetrically at the base of the 

bolt head flange, labeled with the two white arrows. These marks were formed from a two-

piece die gripping the workpiece during forging. The closing point of the two bottom dies 

left the marks behind, where the material slightly flashed into the gap. This two-piece 

gripping die would not incorporate an ejector pin system that will be discussed in more 

detail in section 3.3 Design of Dies and Tooling. 

 

Figure 31: Flanged bolt head on the end of a Yanmar OEM threshing tooth with 

manufacturing markings indicated by the white arrows. 
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Determining if the threads were rolled or cut is done by examining the threads to 

see if they are sharp or rounded at the pitch, as seen in Figure 32. The threads were 

determined to be sharp and verified by applying an M6 1.0 die along the threads with little 

resistance. As discussed in the morphological process below, both rolling and cutting the 

threads are feasible manufacturing options.  

 

Figure 32: Threads on either end of the Yanmar OEM threshing tooth. 

 

A small bending mark can be seen in the center of each Yanmar OEM threshing 

tooth as shown in Figure 33. This indentation shows that a top die contacted a flat 

cylindrical workpiece held horizontally by a bottom bending die. It can be inferred that 

there was minimal contact between the workpiece and the top die due to the small size of 

the indentation. The indentation can be seen more clearly in the rightmost image in Figure 

33 after the part has been cleaned by sandblasting.  
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Figure 33: Bend marking indicated by the white arrows on a Yanmar OEM threshing 

tooth painted (left) and sandblasted (right). 

 

 By completing the reverse engineering process on the threshing teeth, two sets of 

feasible morphological processes are generated. The individual steps for each attribute of 

the threshing teeth are described before detailing the operations and deformation processes 

found in Table 8. First, the cylindrical rod workpieces are cut to length. Second, the 

workpieces are heated to at least 600°C. This temperature reduces the force required in the 

bolt head forging operation and increases the ease in removing the workpiece from the dies. 

Third, the bolt head flange is formed on either side of the straight workpiece. Fourth, the 

ends above the flanges on the straight workpiece are threaded, ideally on a cooled 

workpiece. The fifth and sixth steps are to reheat the workpiece and then perform the 

bending operation. If flats are required on the final geometry, there would be an additional 

forging step using the same equipment used in bolt head forging. Quenching can be done 

in a seventh step to strengthen the part and improve wear resistance if desired. Care needs 
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to be taken in order to ensure that the teeth are not too brittle after hardening. The last step 

is painting for more wear resistance and appearance.  

Table 8: Morphological processes for manufacturing threshing teeth (Colton, 2022). 

Feature Process #1 Process #2 

Cutting to 

Length 

Angle Grinder

 

Shear 

 

Heating 

Furnace 

 

Bolt Head 

Flange 

Forging Press 

 

Threads 

Lathe 

 

Thread Rolling Dies 
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Heating 

Furnace 

 

Angled 

Bend 

Forging Press 

 

Press Brake 

 

Quenching 

Water/Oil Bath 

 

Painting 

Powder Spray Painting 

 

 

The individual operations for each step are now described. The two process sets, 

shown in Table 8, have similarities in the heating, bolt head forging, quenching, and 

painting steps. The major difference between the first and second process sets is the time 

it takes to fabricate a threshing tooth, with the first process being the slower of the two. 

Using an angle grinder to cut each workpiece from the stock takes more time than shearing 

each piece. Similarly, cutting the threads with a die or an indexable insert using a lathe 

takes significantly more skilled human labor than creating the threads with a thread rolling 
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machine. Whichever threading process is used, the workpiece must be at room temperature 

for the operation. Due to die wear, as will be discussed in section 5.12 Discussion and 

Recommendations, the bending process is recommended to take place with an elevated 

temperature workpiece. Bending is the last deformation process because the straight 

workpiece is the only geometry that can adhere to the equipment operation constraints of 

the bolt head forging and threading operations. Forming the angled bend in the threshing 

tooth does not have a significant time difference between using the press or the press brake. 

A reverse engineering analysis and generation of morphological processes for the fodder 

chopper blade are completed next.  

 

3.2.3 Fodder Chopper Blade Morphological Process 

A reverse engineering analysis is completed for the fodder chopper blades. The 

analysis is completed using the image and drawings provided by CSISA-MEA of a new 

blade shown in Figure 25. In morphological process order, the 2-Dimensional (perimeter) 

planar geometry was most likely cut by shearing. This is evident due to the slightly filleted 

edges of the blade, as shown in the zoomed in upper left corner of the fodder chopper blade 

in Figure 34. With only an image to analyze, it is undetermined if the edges have been 

rounded by deburring with an angle grinder during cutting with that tool.  
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Figure 34: Fodder chopper blade planar geometry boarder showing shearing or 

grinding manufacturing process. 

 

The mounting holes were most likely created with a punch (Things, 2024). The 

upper left mounting hole is shown enlarged in Figure 35. As mentioned in the mounting 

hole forming step in the tiller blade manufacturing process, the rounded edges and sharp 

jagged backside of the holes indicate a punching operation. The jagged portions are marked 

with white arrows in Figure 35.  

 

Figure 35: Enlarged lefthand mounting hole in fodder chopper blade with white 

arrows showing jagged edge.  
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The last manufacturing operation analyzed for the fodder chopper blade is the 

formation of the sharpened edge. The grinding marks on the silver portion at the very edge 

of the blade imply that the blade was ground in the direction of the lines with a grinding 

wheel. A note can be made on the color differences found in Figure 36: black versus silver. 

This implies that the sharp edge was ground after the painting process because the silver 

portion is bare metal.  

 

Figure 36: Enlarged image of the sharpened edge of a fodder chopper blade showing 

the color difference between the black painted inner portion and grey ground sharp 

edge. 

 

 The morphological processes shown in Table 9 were generated after analyzing the 

images of the new fodder chopper blade. The steps for each attribute of the blade are as 

follows. First, the planar geometry is produced. Second, if that step does not include the 

mounting holes, those need to be punched in a second step. Third, the flat blades are painted 

for wear resistance and appearance. Fourth, the sharp edge is ground. If heat treatment is 

necessary, heating in a furnace and quenching will need to be completed after all planar 

geometry has been generated and before painting. By including this heat treatment step, 
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the wear resistance will be improved for the part in use, but heat treatment is not essential 

to the functionality of the fodder chopper blade. If the heat treatment step were to be 

implemented, the final material properties need to have a combination of ductility and 

hardness so that the thin blade does not break in operation. 
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Table 9: Morphological processes for manufacturing fodder chopper blades (Colton, 

2022; R. Skills, 2023; Spotter, 2021). 

Feature Process #1 Process #2 Process #3 

Planar 

Geometry 

Angle Grinder 

 

Shear 

 

Plasma Cutting 

 
 Mounting 

Holes 

Punch 

 

Painting 

Powder Spray Painting 

 

Sharpened 

Edge 

Grinding 
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There are three proposed morphological process sets presented in Table 9. Grinding 

and painting use the same operations, but the formation of the planar geometries has 

multiple operation options. The slowest process set is number one, where flat stock is cut 

with an angle grinder from a traced image of the fodder chopper blade. The mounting holes 

would need to be punched out due to their square geometry because using a drill press is 

not feasible. Process set number two uses a shear to cut out the boundary geometry and a 

punch like process number one. The fact that process sets one and two have two steps to 

make the 2-Dimensional (perimeter) planar geometry and mounting holes means that they 

would take more time and more human labor to implement. With a plasma cutter, the 

human labor input is minimized, and all planar geometry can be achieved with just one 

piece of equipment. This concludes the reverse manufacturing analysis of the tiller blade, 

threshing teeth, and fodder chopper blade. 

 

3.3 Design of Dies and Tooling 

The design of the dies began with scanning and modeling the obtained tiller blade 

and threshing teeth. Each part is scanned using the Handheld Scanner, Model # EinScan 

Pro HD (Shining 3D Tech Co., Ltd, Zhejiang, China) and then the resulting standard 

triangle language (STL) mesh is imported into SolidWorks (Systems, 2024). Angles, 

lengths, thicknesses, and other dimensions are measured. A CAD model is generated in 

SolidWorks to incorporate the measured dimensions and 3-Dimensional scan. The CAD 

models and the scans of the tiller blades and threshing teeth can be seen in Figure 37 and 

Figure 38. The CAD models are manipulated to create planar versions of both the tiller 
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blade and threshing tooth that represent the initial blanks. The initial blanks are deformed 

to the final geometries using the dies discussed below. 

 

Figure 37: CAD model (left) and STL scan (right) for the 5-mm thick tiller  blade. 
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Figure 38: CAD model (left) and STL scan (right) for the 6-mm diameter threshing 

tooth. 

 

The forging dies are discussed first because they are used in the first manufacturing 

processes for both the tiller blades and threshing teeth. Two designs of forging dies are 

simulated and used in experiments. Beginning with the first tiller blade sharp edge forging 

die, the top and bottom dies for the 5-mm thick blades can be seen in the CAD drawings in 

Figure 39 and Figure 40. The dies are manufactured from as-received ASTM A36 steel and 

then heat treated at Braddock Metallurgical (Atlanta, GA) to provide additional strength. 

Heat treatment increased the hardness from 82.6 Rockwell Hardness B (HRB) to 66 

Rockwell Hardness C (HRC). The top and bottom dies contain a pocket with the same 

geometry as the flat starting workpiece. The diesô pocket faces mirror each other. With 

these pockets, the workpiece rests in the proper initial position before the deformation 

process takes place. As the dies close, the workpiece is forged between the two angled 

portions, which form the sharp edge. The vertical wall on the opposite side of the pocket 



 63 

from the angled portion prevents the workpiece from sliding away from the sharp edge 

feature. The angled portions of the dies are set at 13 degrees with respect to the face of the 

dies. This creates a total angle for the sharp edge of 26 degrees, which is the measured 

angle of the original purchased tiller blades. Any sharp corners within the pockets are 

filleted with a radius of 0.5-mm to avoid stress concentrations and to prevent seizing of the 

workpiece within the die during the deformation process. A corner relief, commonly 

referred to as ñMickey Mouseò ears in machining, is used in the innermost pocket corner 

to avoid a right-angle corner that is not feasible in a milling operation with a circular 

endmill. In Figure 39 and Figure 40, the relief is labeled as ñR3.25.ò This solution still 

allowed the workpiece, which possesses a right-angled corner, to sit flush in the pocket 

without interference. The radius of the corner relief is maintained with the radius of the 

endmill used in machining. 
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Figure 39: Tiller blade sharp edge forging top die for the 5-mm thick workpiece. 
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Figure 40: Tiller blade sharp edge forging bottom die for the 5-mm thick workpiece. 

  

A similar design with slight variations can be seen in Figure 41 and Figure 42 and 

is used to forge the sharp edge onto the 6-mm thick blades. The dies were heat treated at 

Braddock Metallurgical to the same specifications as the 5-mm sharp edge forging dies. 

Each design, incorporating the appropriate geometries for the thickness of the workpiece, 

can be applied to either workpiece thickness, but for experimental variation, different 

workpiece thicknesses are used for each die design. The design incorporates the same 13-

degree forging angle and workpiece holding pocket on the bottom die. The main difference 

in this second forging die design compared to the first is the top die. As the dies close, the 
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top die falls into the deeper workpiece pocket. This die is referred to as the non-mirrored 

or insert die design in this thesis. The pocket in the bottom die is deeper than the pockets 

in the first design above, allowing both the workpiece and top die to rest within the pocket. 

This prevents the workpiece from sliding in the opposite direction of the sharpened edge. 

If the workpiece is not contained by the pocket barrier, the sharp edge forging would not 

be as prominent on the final piece. In simulations of the first die design, there are some 

markings on the workpiece where the dies closed on the opposite side of the sharp edge 

forging portion due to the workpiece sliding that direction. To avoid significant sliding, a 

deeper pocket design was also generated. To continue, the bottom die geometry marked in 

the red circle in Figure 42 is left open, not enclosed by the pocket extending to the edge of 

the die. This design is incorporated so that the blade can flash out of the die allowing the 

sharp edge to form at that corner of the workpiece instead of hitting the pocket wall and 

forming a perpendicular flat edge. This is to ensure that the sharp edge tapers to the very 

end of the geometry of the workpiece.  
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Figure 41: Edge forging top die non-mirrored design for the 6-mm thick tiller blade 

workpiece. 
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Figure 42: Edge forging bottom die non-mirrored design for the 6-mm thick tiller 

blade workpiece with the red circle showing the open portion for the workpiece to 

flash out. 

 

The threshing tooth bolt head forging dies are now described. The basic die design 

originated from literature describing how bolt heading dies are designed in industrial 

applications (Anonymous, 2001). As shown in Figure 43, the dies incorporate the geometry 

of an arbitrary final workpiece in addition to a knockout pin. The knockout pin is crucial 

to the removal of the workpiece following the deformation process. Due to the radial 

pressure exerted on the upper die by the workpiece shown leftmost in Figure 43, the 

workpiece requires significant force for removal. The hoop stress experienced in the die is 
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calculated according to Equation 17. The hoop stress during the forming of a room 

temperature 6-mm diameter workpiece is about 540 MPa. With a heat treated AISI A2 tool 

steel die with strength increased from 91 HRB to approximately 52.4 HRC, the 540 MPa 

stress does not compromise the die. When the workpiece is heated to 600°C in 

experimentation, the hoop stress experienced is about 471 MPa, which is much less than 

that of the room temperature workpiece. The yield strength for the hardened AISI A2 tool 

steel is approximately 1900 MPa, so a safety factor of over 3.0 is present for forging the 

600°C workpiece (Anonymous, 2010). To implement the design shown in Figure 43 into 

the experimental dies, an ejector pin, also known as a knockout pin, typically used in plastic 

injection molding, is used. The process, as explained in section 4.3.5 Experimental 

Procedures includes first forging the head and then removing the die from the press, 

inserting the ejector pin into the die, reinserting the die into the press, and then pressing the 

workpiece from the die using the ejector pin system.  

 

Figure 43: Section view of the design of bolt heading dies including knockout (ejector) 

pin used in industrial applications (Anonymous, 2001). 
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The dies used in experimentation are machined from AISI A2 tool steel and then 

hardened at Georgia Tech from about 91 HRB to approximately 62 HRC for additional 

strength. Figure 44 shows the CAD model of the top bolt head forging die for the 6-mm 

diameter workpiece. The geometry includes a through hole in the center of the die where 

the ejector pin is inserted. The hollow internal geometry has a three-degree taper where the 

diameter is wider at the face and smaller internally in the die. Similar to the draft on a 

plastic injection molding die, it facilitates the removal of the workpiece from the die. The 

outer diameter of the dies also needs to be large enough to withstand the internal pressure 

of the workpiece being forged at the inner diameter. For this reason, the hoop stress is 

calculated with a safety factor as discussed above.  
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Figure 44: Top bolt head forging die for the 6-mm diameter threshing tooth 

workpiece. 

 

The bottom portion of the bolt head forging die assembly incorporates a taper but 

not an ejector pin. The 10-degree taper, shown in Figure 45, combined with lubrication, 

allows the part to be removed easily from the die without the use of an ejector pin. The 

workpiece surface area deformed in the bottom of the die is also much smaller than that of 

the top die, decreasing radial stress imposed on the die. A simple cuff, shown in Figure 46, 

made of scrap carbon steel is placed around the two dies and workpieces to prevent either 

die from slipping in the horizontal plane. The cuff helps to maintain the central z-axis in 

the direction of the compression force applied. This cuff is about 2-mm larger in diameter 
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than the diameters of the bolt head forging dies to ensure that when the dies expand during 

hot deformation processing, they do not seize within the cuff. 

 

Figure 45: Bottom bolt head forging die for the 6-mm diameter threshing tooth 

workpiece. 
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Figure 46: Steel cuff that encapsulates the top and bottom bolt head forging dies 

during bolt head forging experimentation. 

 

It is evident from Figure 44 and Figure 45 that a single straight rod of the required 

length to make a final threshing tooth will not fit into the dies. The die design is made this 

way to meet the constraints of the equipment available at Georgia Tech, which will be 

discussed in section 4.3.4 Experimental Equipment. A smaller workpiece, incorporating 

only the volume of the threshing tooth head, is used in the simulations and experimental 

testing for this operation. This way, the initial length of the straight rod does not exceed 

with the 180-mm opening available of Georgia Techôs Wabash Press. In actual 

manufacturing of this part, the entire rod will be clamped into a bottom die and the flange 

will be forged. This is discussed in section 3.2.2 Threshing Teeth Morphological Process 

for how the 6-mm diameter OEM threshing tooth was manufactured. 

 The design of the bending dies for the tiller blades will now be discussed. First, a 

barrier, seen in Figure 47, keeps the steel workpiece from slipping during the slow-moving 
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compression provided by the Instron. Calculations ensure that the barrier can withstand the 

reaction force of the tiller blade being bent. The expected force experienced by the barrier 

is estimated to be half of the maximum force available from the Instron, 50 kN, because 

the bending moment is distributed equally on either side of the tiller blade. The strength of 

the weld according to its material properties and geometry is found to be 191 kN before 

yielding occurs, according to Equation 18 (Budynas & Nisbett, 2014). The five bolts used 

also provide additional strength but mainly secure the jig to the die. At higher speeds of 

closure, the steel workpieces do not slip significantly and do not require the barrier. At the 

same low speeds experienced by the aluminum workpiece, there is also no significant 

slippage. The reason that the slippage occurs with the AISI 304 stainless steel workpieces 

is due to the stiffness, described by the elastic modulus. It is much greater for steel as 

compared to aluminum, as tabulated in Table 4. The top and bottom portions of the bending 

dies are described next. 
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Figure 47: Image of the tiller blade die barrier with the blue arrow pointing to one of 

five mounting holes, and the red arrow indicating the weld. 

 

There are two versions of tiller blade bending dies depending on the blade thickness 

of 5-mm or 6-mm. The 5-mm bending dies are discussed specifically (Figure 48 and Figure 

49). Their design incorporates a stationary base and top die that translates vertically to 

compress the workpiece. Both the top and bottom dies are machined from ASTM A36 

steel, and no heat treatment to increase strength is required due to the minimal die stress 

experienced. There are two horizontal flats on either side of the radius divot in the bottom 

die. Those flat portions serve as a resting mechanism for the workpiece before deformation 

takes place. The top die has a mounting hole drilled in its center to connect it to the Instron 

for testing. This mounting hole does not impact the function of the dies. The barrier that is 

fixed with the five bolts to the bottom die can be seen in the assembly in Figure 50.  
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Figure 48: Bottom bending die CAD drawing for the 5-mm thick tiller blade 

workpiece. 
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Figure 49: Top bending die CAD drawing for the 5-mm thick tiller blade workpiece. 
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Figure 50: Assembly of tiller bending dies with workpiece and barrier for the 5-mm 

thick workpiece and corresponding dies. 

 

The top and bottom bending dies for the threshing teeth are machined from AISI 

A2 tool steel. The CAD drawing for the 6-mm diameter workpiece bottom and top bending 

dies can be seen in Figure 51 and Figure 52, respectively. Experiments are performed using 

dies that are not heat treated because the properties of the as-received metal are adequate 

for the low iteration testing completed at Georgia Tech. The bottom die has a radial notch 

machined across its top horizontal surface to keep the straight workpiece from rolling off 

the die before the deformation operation. The bottom die also has two through holes drilled 

into each lower corner to affix small aluminum ñfeetò to avoid tipping during the 

deformation process. In practice the die would be mounted and stationary throughout the 
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process, not requiring the extra ñfeetò needed in Instron testing. The top die for bending 

the threshing tooth has a mounting hole similar to the tiller blade bending die. The 

mounting hole does not detract from the functionality of the die. An assembly view of the 

top die, bottom die, feet, hardware, and workpiece can be seen in Figure 53. The bending 

dies for the 8-mm diameter workpiece can be found in APPENDIX A. Additional 

Drawings as Figure A 9 and Figure A 10. 

 

Figure 51: Bottom bending die CAD drawing for the 6-mm diameter threshing tooth 

workpiece. 
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Figure 52: Top bending die CAD drawing for the 6-mm diameter threshing tooth 

workpiece. 
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Figure 53: Assembly view of the threshing teeth bending die with 8-mm diameter 

threshing tooth workpiece included. 

 

The final set of dies created are the simplest, as they are flat plates used to compress 

the bent threshing tooth workpiece to produce flats identical to those mentioned in Table 

1. The forging dies and an 8-mm diameter threshing tooth workpiece can be seen in the 

assembly view in Figure 54. The plates are designed to fit the geometric constraints of the 

bent tooth. The bottom die incorporates the same ñMickey Mouse Earsò as the sharp edge 

forging dies. The bottom die also includes a ridge that rises 2-mm along three sides of the 

perimeter of the bottom die. This serves as a jig or backstop to ensure that the same amount 

of the threshing tooth is inserted, making contact with the ridge, and forged for each 

iteration of the process. Both the top and bottom dies are made from as-received AISI A2 

tool steel without hardening. The dimensions of the dies are not critical because they are 
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simply two flat plates. This forging step serves as the last deformation process in 

manufacturing the threshing teeth. 

 

 

Figure 54: Assembly drawing of threshing teeth forging dies and the 8-mm diameter 

threshing tooth workpiece. 

 

3.4 Comparison of Analytical Calculations and Calibrated Simulations 

Analytical calculations are completed to provide a preliminary expectation for the 

forces and stresses to be experienced in the deformation operations. The calculations 

include those to determine the shearing, forging, and bending forces. As the equations 

presented in section 2.5 Literature Review are simple cases of deformation, calibrated 

simulations are designed and completed in DEFORM to match the simplistic geometric 

constraints. Calibrating the forging simulations involved simplifying the geometry of both 
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the dies and workpiece. For the rectangular forging operations, a matching volume 

rectangular prism is forged between two flat platens. For cylindrical forging, a cylinder is 

forged between two flat platens. With these calibrated simulations, a more accurate 

comparison between the forging analytical calculation results and the calibrated forging 

simulation results could be completed. The results of this analysis are presented in 

CHAPTER 5 Results and Discussion. 

 

3.5 Chapter Summary 

CHAPTER 3 begins by describing potential morphological processes to fabricate 

the tiller blades, threshing teeth, and fodder chopper blades. The processes are verified with 

a visual analysis of the markings and indications left on the individual parts. The design of 

the dies used at Georgia Tech for experimentation along with the corresponding CAD 

drawings are then described. The next chapter discusses the equipment and experimental 

setups used for the simulation and physical experimentation of the deformation of the parts. 

  



 84 

CHAPTER 4. EXPERIMENTAL METHODS AND PROCEDURES  

4.1 Introduction  

This chapter presents the experimental parameters used for simulating and 

fabricating the tiller blades and threshing teeth. The simulations are performed using the 

DEFORM software. DEFORM is a FEA software specifically used to simulate 

manufacturing techniques such as bending, forging, and machining (Corporation, 2012). 

Simulations parameters including material, temperature, friction coefficient, die speed, and 

die geometry are varied to determine their effects on processing forces. These simulation 

settings are discussed in this section. The experimental equipment and parameters also are 

described. The four categories of equipment used are material characterization, heat 

treatment, machining, and experimentation. 

 

4.2 DEFORM Setup 

The bending and forging simulations are performed in the DEFORM Multiple 

Operations 2D/3D layout with the 3D Forming Multiple Operations preprocessor. Figure 

55 shows these initial conditions in the settings window. The initial conditions are the same 

for all deformation processes on all parts, serving as the initial simulation before applying 

the Design of Experiments (DOE) feature discussed later. These settings do not define all 

of the initial constraints for forming operations. After importing the geometry for the 

workpiece and dies as STL files and applying a predetermined mesh size, the movement, 
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material, temperature, boundary conditions, friction coefficients, and step sizes need to be 

applied.  

 

Figure 55: DEFORM 3D Forming Multiple Operations preprocessor initial settings 

window (Corporation, 2012). 

 

The DOE feature available in DEFORM allows multiple iterations of a simulation 

to be performed under different initial conditions. While the geometry, material, mesh size, 
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number of steps, and step size remain constant throughout the entire DOE, all other settings 

can be edited to be a range of values in combination with other settings. For example, as 

the temperature of the workpiece changes from a cold to a hot forming process, the friction 

coefficients between the dies and workpiece need to be adjusted. Before running the DOE 

feature on a simulation, an initial simulation needs to be performed with the three 

geometries, mesh size of the workpiece, material, and step size. The geometry for the 

workpiece and top and bottom dies are imported from SolidWorks CAD as three separate 

STL files (Systems, 2024). The mesh is generated by inputting a specific number of 

elements. That number is determined through mesh convergence studies that are completed 

in CHAPTER 5 Results and Discussion. The number of elements differed for each 

operation simulation due to the different geometries of each die and workpiece. The DOE 

feature is used to generate the simulations that are presented in CHAPTER 5 Results and 

Discussion. A summary of each of the simulation setting matrices is presented in tabular 

format below. 

Beginning with simulating sharp edge forging of AISI 1100 aluminum for 5-mm 

and 6-mm thick tiller blades, the geometries of the workpiece and dies change between 

simulations, but the settings listed in Table 10 are constant between the two. The sliding 

friction coefficients for aluminum on steel dies are selected to be 0.15 for lubricated dies 

and 0.47 for unlubricated dies. (Anonymous, 2024b). Also, the speeds of the sharp edge 

forging operations are set at 10 mm/s and 100 mm/s because the press at Georgia Tech 

closes at an average rate of 10 mm/s. This estimate was made by determining the time it 

takes for the empty press platens to close from a known gap. The exact rate during 

experiments is not known because that set of data is not recorded by the machine. These 
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speed selections remain constant for both 5-mm and 6-mm workpiece sharp edge forging 

operations. For a realistic manufacturing practice in Bangladesh, the operation will occur 

at a much faster rate of speed of approximately 100 mm/s. This is an average of typical 

speeds found for metal forming equipment in manufacturing settings. The material library 

in DEFORM identifies the metal selected as Aluminum: 1100 [70-500F(20-250C)], but its 

flow stress curve indicates that the material properties correspond to annealed AISI 1100 

H14 aluminum. The flow stress curve can be seen from the DEFORM material library in 

Figure 56. It is comparable to the curve shown in Figure 57 for annealed AISI 1100 

aluminum. The AISI 1100 H14 aluminum purchased for experiments was not annealed, so 

the unannealed workpieces are water jet cut out according to their 2-Dimensional geometry 

as shown in Figure 7. Then they are annealed according to the process described in section 

4.3.2 Heat Treatment Equipment. 
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Figure 56: DEFORM flow stress curve (MPa) for AISI 1100 aluminum material at 

strain rates of 0.25 ▼  and 10 ▼  (Corporation, 2012). 
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Figure 57: Stress strain curve (ksi) for annealed AISI 1100 aluminum (Khan & Hsiao, 

1991). 

 

The experiments and simulations for sharp edge forging AISI 1100 aluminum are 

performed at room temperature (20°C). The workpieces are deformed at room temperature 

because aluminum requires less force to forge than steel. The low force requirements could 

be achieved with the equipment available at Georgia Tech without heating the workpieces. 

The flow stress characteristics of AISI 1100 aluminum are also similar to steel at elevated 

temperatures, making it an appropriate indicator of steel behavior at the recommended 

elevated workpiece temperatures. Additional constants are the mesh size of 140,000 

elements and 400 steps at 0.0225-mm per step for 5-mm and 6-mm thicknesses. The step 

size indicates the distance that the top die traveled in one data collection iteration of the 

software. The experimental settings can be seen in Table 10. The CAD geometries used in 
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this set of simulations are those shown in Figure 39, Figure 40, Figure 41, and Figure 42 

as well as the corresponding figures in APPENDIX A. Additional Drawings including 

Figure A 3, Figure A 4, Figure A 5, and Figure A 6. 

Table 10: DOE settings for sharp edge forging AISI 1100 aluminum 5-mm and 6-mm 

thick tiller blade workpieces. 

Iteration Number  Temperature (°C) Friction Coefficient Speed (mm/s) 

1 20 0.15 10 

2 20 0.47 10 

3 20 0.15 100 

4 20 0.47 100 

 

The bending simulation of the AISI 1100 aluminum used the same material 

Aluminum: 1100 [70-500F(20-250C)] from the DEFORM material library. The bending 

CAD models used matched those of Figure 48, Figure 49, and Figure 50, as well as the 

images in APPENDIX A. Additional Drawings including Figure A 7 and Figure A 8. 

Additional constants include 140,000 elements for the mesh size of the workpiece and 800 

steps of movement in each direction for a total of 1600 steps for a spring back release after 

full compression. The direction is simply positive and negative maintained along the same 

axis. The step size for bending 5-mm tiller blades is 0.07625-mm per step. Six-mm tiller 

blades have a step size of 0.075-mm per step. A note can be made for the speeds of the die 

travel. The Instron used for the bending experiments could only travel at a maximum speed 

of 1 mm/s. In manufacturing practice, the operation would take place quickly, with the die 

closing at an estimated 100 mm/s. Both speeds are used in the simulations as shown with 

the rest of the settings in Table 11. While these simulations are performed as well as the 

experimental counterparts under the same conditions, the results for the AISI 304 stainless 
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steel bending experiments are more pertinent to the tiller bending analysis. This is because 

bending AISI 304 stainless steel tiller blades is achievable at Georgia Tech due to the 

smaller forces required for bending compared to forging. The results for aluminum tiller 

blades in simulations and experiments show that the dies do generate the shape desired of 

the workpiece with a sharpened edge portion. The flow stress of AISI 1100 aluminum is 

also very similar to that of steel at elevated temperatures, so it does provide accurate 

predictions for how the steel will behave.  

Table 11: DOE settings for simulating bending of the 5-mm and 6-mm thick AISI 

1100 aluminum tiller blade workpieces.  

Iteration Number  Temperature (°C) Friction Coefficient Speed (mm/s) 

1 20 0.15 1 

2 20 0.47 1 

3 20 0.15 100 

4 20 0.47 100 

  

Bending simulations on AISI 304 stainless steel are also performed. Whereas AISI 

1043 carbon steel or a similar material will be used in Bangladesh, AISI 304 stainless steel 

is the closest material property match for a metal available for purchase in the United 

States. The material properties are compared in Table 12. The bending of 5-mm and 6-mm 

thick AISI 304 stainless steel tiller blades is simulated with the settings in Table 13. 

Additional constants include 140,000 elements for the mesh size and a total of 800 steps 

for a total of 1600 steps for a spring back release after full compression. The material input 

setting is AISI-304 [70-2020F(20-1100C)] as listed in the DEFORM material library. 
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Table 12: Material property comparison of AISI 1043 carbon steel, AISI 304 stainless 

steel, and AISI 1522 steel (Anonymous, 1996, 2020f, 2024a). 

Material Property (Unit)  

SAE-AISI 

1043 (G10430) 

Carbon Steel 

UNS S32304 

(Alloy 2304) 

Stainless Steel 

AISI 1522 

(UNS G15220) 

Steel 

Brinell Hardness (HB) 200 250 157 

Elastic Modulus (GPa) 190 200 200 

Elongation at Break (%) 18 28 20 

Ultimate Tensile Strength (MPa) 710 670 531 

Yield Strength (MPa) 600 460 365 

Poissonôs Ratio 0.29 0.27 0.29 

Shear Modulus (GPa) 73 79 78 

Shear Strength (MPa) 430 440 n/a 

 

Table 13: DOE settings for bending simulations of 5-mm and 6-mm thick AISI 304 

stainless steel tiller blades. 

Iteration Number  Temperature (°C) Friction Coefficient Speed (mm/s) 

1 20 0.15 1 

2 20 0.42 1 

3 20 0.15 100 

4 20 0.42 100 

 

The simulations completed for edging 5-mm and 6-mm tiller blades are also 

completed for AISI 1043 carbon steel. The material input settings are AISI 1043 Cold, 

AISI-1043, COLD [70-200F(20-100C)], and AISI 1043 Hot, AISI-1043[1300-2000F(700-

1100C)] as listed in the DEFORM material library. Those two materials listed are the same 

except that the library stores the higher temperature characteristics in a file separate from 

the colder temperature material properties. The cold AISI 1043 material is used for the 

room temperature simulations while the hot AISI 1043 material is used for the 700°C and 

1,000°C simulations. The number of elements in the mesh is set to 140,000. For both sharp 

edge forging operations, the step size is 0.0225-mm. The rest of the DOE settings can be 
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viewed in Table 14. The same settings in Table 14 are used in the calibrated forging 

simulations for the 5-mm and 6-mm-thick AISI 1043 carbon steel workpieces. The 

calibrated simulations will be discussed further in this section.  

Table 14: DOE settings for simulating sharp edge forging of 5-mm and 6-mm thick 

AISI 1043 carbon steel tiller blades. 

Iteration Number  Temperature (°C) Friction Coefficient Speed (mm/s) 

1 20 0.15 10 

2 20 0.42 10 

3 20 0.15 100 

4 20 0.42 100 

5 700 0.2 10 

6 700 0.42 10 

7 700 0.2 100 

8 700 0.42 100 

9 1,000 0.15 10 

10 1,000 0.42 10 

11 1,000 0.15 100 

12 1,000 0.42 100 

 

The bending of 5-mm and 6-mm thick 1043 carbon steel tiller blades are simulated 

using the settings shown in Table 15. Additional constants include the number of elements 

of 140,000 for the mesh size and a total of 800 steps for a total of 1600 steps for a spring 

back release after full compression. The step sizes varied depending on the workpiece 

thickness. For both sharp edge forging operations, the step size is 0.0225-mm. For the 

bending operations, the step size is 0.07625-mm and 0.075-mm for 5-mm and 6-mm-thick 

workpieces, respectively. These varying step sizes are a result of the slight geometry 

changes between the dies designed for each thickness.  



 94 

Table 15: DOE settings for simulating bending of 5-mm and 6-mm thick AISI 1043 

carbon steel tiller blades. 

Iteration Number  Temperature (°C) Friction Coefficient Speed (mm/s) 

1 20 0.15 1 

2 20 0.42 1 

3 20 0.15 100 

4 20 0.42 100 

5 700 0.2 1 

6 700 0.42 1 

7 700 0.2 100 

8 700 0.42 100 

9 1,000 0.15 1 

10 1,000 0.42 1 

11 1,000 0.15 100 

12 1,000 0.42 100 

 

As stated in section 3.4 Comparison of Analytical Calculations and Calibrated 

Simulations, another set of simulations is performed using simple geometries to better 

match the assumptions made in the analytical calculations and formulas found in section 

2.5 Literature Review. Table 14 also represents the simulation settings used for the 

calibrated sharp edge forging simulations. Those simulations are performed using two flat 

plates and workpiece geometries of 5 by 5 by 184-mm and 5 by 6 by 184-mm to represent 

the thickness of each workpiece and the corresponding volumes of the portion of the blade 

being forged. Both simulations are performed for 400 steps with a step size of 0.00875 and 

0.0175-mm per step for 5-mm and 6-mm thicknesses, respectively. Figure 58 is a 

screenshot of the 5-mm thickness calibrated sharp edge forging operation in the DEFORM 

software. This concludes the simulation settings for deformation operations on the tiller 

blades. 
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Figure 58: Calibrated edge forming simulation screenshot for 5-mm thick AISI 1043 

carbon steel tiller blade sample in yellow with dies shown in grey. 

 

The following simulation settings descriptions apply to the deformation operations 

performed on the threshing teeth. The threshing teeth are initially cylindrical rod 

workpieces, which have diameters of 6-mm or 8-mm. Table 16 summarizes the material 

properties of the three steels incorporated in the threshing teeth analysis. The material used 

throughout all threshing teeth deformation simulations is AISI 4140 steel: AISI-4140[70-

2200F(20-1200C)] as listed in the DEFORM material library. This steel is not annealed or 

normalized as shown by the corresponding DEFORM flow stress curve to the AISI 4140 

steel experimental curve (Szala et al., 2020). The OEM Yanmar threshing teeth obtained 

Georgia Tech are made from AISI 1020 carbon steel, and ideally, researchers would like 

to emulate the manufacturing process with the same material. Unfortunately, the only steel 

available for purchase in the correct size and geometry for the present research is AISI 

1018 steel. AISI 4140 steel is the closest material property match in the DEFORM material 

library to the AISI 1018 and AISI 1020 steels (Anonymous, 2024d).  
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Table 16: Material property comparisons of AISI 1018 steel, AISI 1020 carbon steel, 

and AISI 4041 steel (Anonymous, 2020c, 2024d). 

Material Property 

(Unit)  

SAE-AISI 1018 

Steel 

SAE-AISI 1020 

Steel 

Cold Finished 

AISI 4140 Cr-Mo 

Steel 

Brinell Hardness (HB) 140 130 210 

Elastic Modulus (GPa) 190 190 190 

Elongation at Break (%) 27 28 11 

Ultimate Tensile Strength 

(MPa) 
480 460 690 

Yield Strength (MPa) 400 380 590 

Poissonôs Ratio 0.29 0.29 0.29 

Shear Modulus (GPa) 73 73 73 

Shear Strength (MPa) 300 280 410 

 

The simulations for bolt head forging the flanges on the two ends of the threshing 

teeth are described first. Only the 6-mm diameter workpiece bolt head forging is simulated 

and verified with experiments due to the die stock availability. The number of steps is 400 

with 0.0975-mm per step and 90,000 elements in the mesh. The rest of the DOE settings 

are summarized in Table 17. The simulations are performed at cold, warm, and hot forging 

temperatures. As previously stated, the friction coefficients reflect the steel-on-steel kinetic 

friction for lubricated and unlubricated dies. Also, the speeds used reflect the speed of the 

press used at Georgia Tech and the speed of realistic actual manufacturing equipment at 10 

mm/s and 100 mm/s, respectively.  
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Table 17: DOE settings for bolt head forging, bending, and flat forging the 6-mm and 

8-mm diameter AISI 4140 steel threshing tooth workpieces.  

Iteration Number  Temperature (°C) Friction Coefficient Speed (mm/s) 

1 20 0.15 10 

2 20 0.42 10 

3 20 0.15 100 

4 20 0.42 100 

5 700 0.2 10 

6 700 0.42 10 

7 700 0.2 100 

8 700 0.42 100 

9 1,000 0.15 10 

10 1,000 0.42 10 

11 1,000 0.15 100 

12 1,000 0.42 100 

 

The same simulation settings shown in Table 17 are used in the calibrated 

cylindrical forging simulations used to verify the analytical calculations described in 

section 2.5 Literature Review. Only the 6-mm diameter initial diameter rod with a length 

of 5.443-mm is simulated as a calibrated simulation. This simulation is run for 400 steps 

and a step size of 0.0125-mm per step. A screenshot of the calibrated bolt head forging 

simulation in the DEFORM software can be seen in Figure 59.  
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Figure 59: Simplified bolt head forging simulation from the DEFORM software for a 

6-mm diameter rod of AISI 4140 steel shown in yellow with the dies shown in grey. 

 

The simulations for bending are performed for both the 6-mm and 8-mm diameter 

tooth workpieces. The CAD geometry used in the simulations can be found in Figure 51 

and Figure 52 as well as in APPENDIX A. Additional Drawings including Figure A 9 and 

Figure A 10. The mesh size is 50,000 elements, and the number of steps is 400 in both 

movement directions for a total of 800 steps to show spring back. The direction of die 

movement is positive and negative along the same axis and allows a spring back analysis 

to take place when the die force is released from the workpiece. The step sizes are 0.185-

mm per step and 0.2-mm per step for the 6-mm and 8-mm diameter workpieces, 

respectively. The additional settings are the exact same as those shown in Table 17.  

 The final simulation performed is forging the threshing tooth so that there are flats 

made on either side of the pointed bend. Conveniently, the DOE settings are the same as 

those for forging and bending the tooth seen in Table 17. The mesh size included 90,000 

elements with 400 steps and a step size of 0.015-mm per step. The calibrated simulations 

for this forging operation also are completed using the settings found in Table 17. A 
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screenshot of the calibrated simulation in the DEFORM software can be found in Figure 

60. The workpiece used for the calibrated simulation is an 8-mm diameter rod with a length 

of 121-mm. The workpiece is cylindrical because the bend in the final tooth is initially still 

a cylindrical rod shape. This simulation is performed for 400 steps with a step size of 0.01-

mm per step. Figure 60 shows the simple workpiece and flat platens that match the 

simplified assumptions made by the forging analytical calculations described in section 2.5 

Literature Review. 

 

Figure 60: Threshing tooth flats forging calibrated simulation from DEFORM for 8 -

mm diameter rod of AISI 4140 steel shown in yellow with the dies shown in grey. 

 

This section discussed the simulation settings used in the DEFORM software for 

the deformation processes of the tiller blades and threshing tooth. The next section 

discusses the physical equipment used in material characterization, heat treatment, 

machining, and experimental verification. 
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4.3 Equipment and Measurements 

4.3.1 Material Characterization Equipment 

This section focuses on the experimental equipment used for the experimental 

procedures completed in this thesis. The equipment is categorized into four groups: 

material property characterization, heat treatment, machining, and experimentation. To 

begin, material characterization is completed using X-Ray Fluorescence Spectroscopy 

(XRF). The two XRF devices used are the Bruker Tornado XRF, Model # M4 (Bruker, 

Madison, WI) and the Handheld XRF, Model # X-MET8000 (Oxford, United Kingdom). 

Hardness was also found. The two different hardness testers used depends on the hardness 

of the samples: the Buehler Micromet 2100 Series Microhardness Tester, Model # 1600-

6406 (Wolpert Group, Lake Bluff, IL) for Vickers Hardness (HV) and the Wilson Hardness 

Rockwell 574, Serial # R574-00-1184 (Illinois Tool Works, Glenview, IL) for HRB and 

HRC hardness.  

In order to use the handheld version of the XRF device, the metal samples were cut 

to fit the devices. The sample needed to be approximately 50-mm by 50-mm and flat to 

cover the laser reading screen completely. Polishing is not necessary for the XRF devices 

because the material composition reading takes place 2-mm below the surface of the 

sample. The bed inside the Bruker XRF is much larger, and a much larger sample with a 

flattened horizontal portion can be placed inside. To save time and materials, the same 50-

mm by 50-mm sized samples are used in both devices. The XRF devices are used to 

determine the material composition of the non-OEM tiller blades and OEM threshing teeth 

obtained at Georgia Tech.  
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The samples used in both hardness testers need to be small (50-mm by 50-mm) and 

flat. The samples were polished with sandpaper grit iterations down to 2,000 grit in order 

for the hardness testing tips to penetrate a flat surface with a visible and measurable 

indentation, especially important in HV testing. A hardness conversion chart is used for 

converting and verifying hardness values collected between different hardness tests 

(Buehler, 2020). The tiller blades and threshing teeth that were obtained by Georgia Tech 

are tested on the HRB, HRC, and HV scales. When annealing the AISI 1100 H14 aluminum 

workpieces, the original and annealed blades are measured on the HV scale because they 

are too soft to provide accurate HRB and HRC readings. Finally, the forging dies are tested 

on the HRB and HRC scales before and after strengthening heat treatment. This included 

the dies made from ASTM A36 steel and AISI A2 tool steel. The heat treatment equipment 

is discussed next.  

 

4.3.2 Heat Treatment Equipment 

Heat treatment is performed using a 1600 Hafo Series, Model #1602 (Sheldon 

Manufacturing, Inc, Corneliue, OR) and a Fisher Scientific Isotemp Muffle Furnace 550 

Series, Model # 550-126 (Thermo Fisher Scientific, Ashville, NC). Heat treatment, 

specifically annealing, is required for the as-received AISI 1100 H14 aluminum to match 

the material properties for AISI 1100 aluminum found in the DEFORM material library. 

Heat treatment also is required for strengthening forging dies for both the tiller blades and 

threshing teeth.  
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The annealing of the as-received AISI 1100 H14 aluminum is discussed first. The 

tiller blade workpieces, both 5-mm and 6-mm thick, are annealed from 37.5 HV to 20.6 

HV. The 2-Dimensional geometry is cut and the individual pieces are annealed using only 

two steps (Hirsch, 2016). The workpieces are placed inside the Isotemp Muffle Furnace 

and brought to a uniform temperature of 343°C. To ensure that all pieces are brought to a 

uniform temperature, they are kept in the furnace for five hours while being monitored by 

an EnnoLogic Infrared Thermometer, Model # eT650D (Cascadia Innovations, Portland, 

OR). The duration of heating at 343°C should be for a minimum of one hour after the 

volume has come to 343°C, but additional time has no effect on the annealing process. 

Following heating, the parts are removed from the furnace and placed on fire brick in 

ambient air to cool to room temperature. The hardness test values of the as-received and 

annealed aluminum are discussed in section 5.3 Hardness Testing Results.  

Next, in order increase the yield stress of the ASTM A36 steel sharp edge forging 

dies used to manufacture the tiller blades, heat treatment is required to achieve additional 

strength. The process of heat treating the ASTM A36 steel tiller blade sharp edge forging 

dies is completed by Braddock Metallurgical. Their processing techniques were not 

provided, but the specifications for the final product stated an HRC value of 60 ± 2. 

The last heat treatment completed increased the yield strength of the AISI A2 tool 

steel dies used in the bolt head forging operation for the threshing teeth. This process 

utilized both an Isotemp Muffle Furnace and a 1600 Hafo Oven. The following steps were 

completed (Anonymous, 2010). First, the individual top and bottom dies are wrapped in 

two layers of butcher paper and then sealed into an envelope of Stainless Steel Foil Heat 

Treating Tool Wrap, Type 321 (Maudlin Products, Kemah, TX). The packaged dies are 
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then placed in the Isotemp Muffle Furnace at a temperature of about 950°C. The dies are 

brought to temperature and soaked for an additional hour. The steel envelope and butcher 

paper ensure an oxygen-free environment throughout heat treatment. When the butcher 

paper burns, the oxygen within the steel wrap envelope is consumed, mostly preventing 

oxidation of the steel die, therefore maintaining a smooth surface quality. After heating, 

the dies are removed from the furnace and forced-air convection cooled to approximately 

60°C. During the convection cooling process, the dies are removed from the steel wrap and 

butcher paper ash. The dies are then tempered in a 1600 Hafo Oven at 232°C for one hour 

to achieve a desired hardness of approximately 60 HRC. The heat treatment process could 

have been altered to obtain a hardness of up to 62 HRC, but the ductility of the die would 

have been significantly decreased. It is necessary for a die experiencing a significant 

amount of radial stress to have some ductility to avoid cracking. The dies were still 

sandblasted following the tempering process to ensure a smooth surface finish to further 

facilitate the removal of the tooth workpieces. The machining equipment used to generate 

the dies and workpieces is discussed in the next section.  

 

4.3.3 Machining Equipment 

Continuing to the machining equipment used, a Maximen Water Jet, Model # 1515 

(Maximen Water Jets, Kent, WA) is used to cut out the 2-Dimensional geometry for both 

the AISI 1100 H14 aluminum and AISI 304 stainless steel tiller blade workpieces from flat 

plates of stock material. A drawing of the flat 6-mm thick tiller blade workpiece is seen in 

Figure 7. The rods for the threshing teeth workpieces are cut out from long cylindrical stock 

on the Marvel Series 8 Mark Band Saw, Model # 8-MARK-II -V (Marvel Manufacturing 
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Co, Inc, Greenville, MI). The 6-mm rods are cut into 186-mm and 35-mm length sections 

for bending and bolt head forging, respectively. The 8-mm rods are cut into 194-mm length 

sections for bending only.  

 The dies for the bending and forging operations for the tiller blades and threshing 

teeth are machined using a Wire Electrical Discharge Machine, Model # M50B (Seibu 

Electric & Machinery Co, LTD, Koga Fukuoka, Japan), a Hardinge CNC (Computer 

Numerical Control) mill, Model # V480 (Hardinge Machine Tools B.V, NanTou, Taiwan), 

and a Harrison Lathe, Model # HARRISON M300 (Clausing Industrial, Inc, Kalamazoo, 

MI). The fabrication of each die is now discussed.  

 First, both top and bottom sections of both tiller blade edge forging die designs are 

made of ASTM A36 steel and are machined only using the CNC mill. The bending dies, 

made of ASTM A36 steel, are machined primarily by the wire EDM to cut from one solid 

block of metal. The holes used to fasten the barrier to the bottom die are machined using 

the CNC mill. The barrier fastened to each bottom bending die is made from scrap carbon 

steel and is machined using the CNC mill as well.  

 The threshing teeth dies have some similarities in their manufacturing processes. 

Dissimilar to the tiller blade forging dies, the cylindrical nature of the bolt head forging 

dies requires the use of the Harrison Lathe to ensure centered cylindrical final geometry in 

the AISI A2 tool steel stock cylinders. The threshing teeth bending dies are manufactured 

using the wire EDM and are cut from one rectangular workpiece. The CNC mill then is 

used to drill and tap the hole in the top die. The last die manufactured is the flat forging die 

on the CNC mill. The threshing teeth dies are made from AISI A2 tool steel. This concludes 
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the manufacturing machining equipment used. The last equipment category, experimental 

equipment, is discussed next.  

 

4.3.4 Experimental Equipment 

 Two main pieces of compression testing equipment used are a Wabash 50 Ton 

Hydraulic Heat Press, Model # 20-1212-2TMX (Wabash, Inc, Lafayette. IN) and an 

Instron, Model # 5982 (Instron, Norwood, MA). The lubrication used in all lubricated 

experiments is kept constant using Hi-Temp C-100 Molybdenum Disulfide Anti-Seize 

Lubricant, Part # 51017, commonly referred to as Moly (Fel-Pro, Inc, Skokie, IL). Each 

deformation experiment is now discussed individually in the last section of this chapter. 

 

4.3.5 Experimental Procedures 

The experimental procedures for each part and each deformation operation will now 

be described. Beginning with the tiller blade sharp edge forging dies, they are either 

lubricated with Moly or left dry. Then, the workpiece is sandwiched between the top and 

bottom dies, as shown in Figure 61. The three assembled pieces are placed in the center of 

the Wabash Press and a closing initial clamping force of about 1,000 lbf (4.45 kN) is 

applied. Force is then applied and held for 30 seconds, at which point the press platens are 

released. After removing and cleaning the workpiece of any leftover lubricant, a fresh 

coating of lubricant is spread evenly along the surfaces of the dies and the next workpiece 

is set in place. If the experiment is performed without lubricant, all lubrication steps are 
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omitted. The forces applied to the 5-mm and 6-mm thick tiller blade using the 

corresponding dies can be seen in Table 18 and  

Table 19, respectively. Lubrication of the die is defined by ñLò for lubricated and 

ñNLò for unlubricated. The measurement of the thickness of the tiller blade edges serves 

as the displacement value for comparison with the DEFORM simulations. At each 

displacement value, or thickness of the tiller blade edge, the simulation reveals the amount 

of force applied at that point, providing the comparison values of force at the same 

condition.  

 

Figure 61: Experimental setup for the sharp edge forging operation in the Wabash 

Press showing the 5-mm mirrored die designs and 5-mm AISI 1100 aluminum tiller 

blade workpiece. 

 



 107 

Table 18: Experimental procedure used for forging the sharp edge on the 5-mm thick 

AISI 1100 aluminum tiller blades. 

Experiment 

Iteration  
Lubrication  

Force Applied 

(Metric Tons) 

Force Applied 

(kN) 

1 Lubricated 20.67 202.7 

2 Lubricated 22.84 224.0 

3 Lubricated 25.94 254.4 

4 Lubricated 26.86 263.4 

5 Lubricated 27.43 269.0 

6 Lubricated 29.94 293.7 

7 Lubricated 31.91 313.0 

8 Not Lubricated 29.99 294.2 

9 Not Lubricated 31.75 311.5 

10 Not Lubricated 33.87 332.2 

11 Not Lubricated 35.33 346.5 

12 Not Lubricated 36.62 359.2 

13 Not Lubricated 38.10 373.7 

14 Not Lubricated 40.13 393.6 

 

Table 19: Experimental procedure used for forging the sharp edge in 6-mm thick 

AISI 1100 aluminum tiller blades. 

Experiment 

Iteration  
Lubrication  

Force Applied 

(Metric Tons) 

Force Applied 

(kN) 

1 Lubricated 20.67 202.7 

2 Lubricated 19.27 189.0 

3 Lubricated 21.31 209.0 

4 Lubricated 22.77 223.4 

5 Lubricated 24.51 240.4 

6 Lubricated 28.24 277.0 

7 Not Lubricated 23.55 231.0 

8 Not Lubricated 25.34 248.6 

9 Not Lubricated 28.43 278.8 

10 Not Lubricated 29.98 294.0 

 

After forging the sharp edges on the AISI 1100 aluminum workpieces, they are bent 

using the Instron. The Instron was selected for this experiment because it has very precise 

data tracking. The bending of the tiller blades does not take a great amount of force, as 
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simulations proved, so it is necessary to track the die movement and force applied carefully 

at lower forces. As shown in Figure 62, the top die is attached to the moving crosshead of 

the Instron, and the bottom die rests on the stationary base of the Instron. The workpiece 

is placed horizontally between the top and bottom die. A small initial force is used to hold 

the workpiece horizontally between the top and bottom die, and the displacement is set at 

zero mm.  

 

Figure 62: Experimental setup for bending AISI 304 stainless steel tiller blades on 

Instron showing the 5-mm bending die designs with the 5-mm workpiece. 

 

The Instron is programmed to reach a maximum force and then immediately stop 

displacement. The force is held for 30 seconds, and then the top die travels up in the 

opposite direction to release the pressure on the workpiece. If the Moly lubricant is used, 

the workpiece is removed, cleaned, and a fresh coating of lubricant is spread on the surfaces 

of the dies. The process is the same for bending both 5-mm and 6-mm thick workpieces 

with the only difference being the set of dies used. If the experiment is performed without 
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lubricant, all lubrication steps are omitted. The experimental forces to bend the 5-mm and 

6-mm AISI 1100 aluminum tiller blades can be found in Table 20 and  

Table 21. The experimental forces used to bend the 5-mm and 6-mm AISI 304 

stainless steel tiller blades can be found in Table 22 and Table 23. The spring back of the 

tiller blades after experiencing the deformation forces is the measurable value between the 

results of the DEFORM simulations and the physical experiments. The angles of the final 

experimental tiller blades were measured using the Starrett Sigma, Model #HB400 (Starrett 

Precision Optical, North Yorkshire, England). At the same force applied in the simulation 

after release of compression, the angle of the tiller blade is measured and compared to the 

physical experiment results. 

Table 20: Experimental force values applied to bend 5-mm thick AISI 1100 aluminum 

tiller blades. 

Experiment Iteration  Lubrication  Force Applied (kN) 

1 Lubricated 1.0 

2 Lubricated 3.0 

3 Lubricated 4.0 

4 Lubricated 5.5 

5 Lubricated 6.5 

6 Lubricated 7.0 

7 Lubricated 9.0 

8 Lubricated 30 

9 Lubricated 50 

10 Lubricated 70 

11 Lubricated 90 

12 Not Lubricated 4.0 

13 Not Lubricated 3.0 

14 Not Lubricated 2.0 

15 Not Lubricated 5.0 

16 Not Lubricated 6.0 

17 Not Lubricated 7.0 

18 Not Lubricated 8.0 
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Table 21: Experimental force values applied to bend 6-mm thick AISI 1100 aluminum 

tiller blades. 

Experiment Iteration  Lubrication  Force Applied (kN) 

1 Lubricated 4.0 

2 Lubricated 5.5 

3 Lubricated 6.0 

4 Lubricated 6.5 

5 Lubricated 7.0 

6 Not Lubricated 4.0 

7 Not Lubricated 4.5 

8 Not Lubricated 5.0 

9 Not Lubricated 5.5 

10 Not Lubricated 6.0 

 

Table 22: Experimental force values applied to bend 5-mm thick AISI 304 stainless 

steel tiller blades. 

Experiment Iteration  Lubrication  Force Applied (kN) 

1 Lubricated 20 

2 Lubricated 40 

3 Lubricated 60 

4 Lubricated 80 

 

Table 23: Experimental force values applied to bend 6-mm thick AISI 304 stainless 

steel tiller blades. 

Experiment Iteration  Lubrication  Force Applied (kN) 

1 Lubricated 7.0 

2 Lubricated 20 

3 Lubricated 50 

4 Lubricated 80 

 

The experimental procedure for the threshing teeth forming operations is now 

presented. The bolt head forging operation is performed on the Wabash Press. The press 

was selected for this operation due to its high temperature capacity and ability to perform 
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the multiple steps necessary to forge the bolt head. Bolt head forging, due to the radial 

stress imposed internally on the dies as the workpiece compresses, needs to be completed 

with a workpiece at approximately 600°C to reduce the forces encountered. The 

temperature of the AISI 1018 steel workpiece is measured according to color of the heated 

workpiece based on the low carbon steel heating chart found in Figure C 1 in APPENDIX 

C. Additional Documents (Austin, 2002). With a heated workpiece, the forces required to 

compress are much lower, producing a significantly smaller radial force on the die. This 

reduces damage to the die and allows the workpiece to be removed using the ejector pin 

system using less than 1,000 lbf (4.45 kN), which is the minimum force the press can 

reliably generate. The first step of this experiment is to heat the workpiece using a 2 kW 

Induction Heater, Model # HS-4W (UltraFlex Power Technologies, Ronkonkoma, NY). 

The workpiece is heated to about 1,000°C but needed to be transferred from the heating 

coil to the die at a distance of approximately 4.5 meters. The heated workpiece is placed in 

the bottom die. Then, the top die is placed on top as shown leftmost in Figure 63, and the 

assembly with the cuff around it is positioned in the center of the Wabash Press platens as 

shown rightmost in Figure 63. In that time and through convection of the air moving around 

the piece due to its motion, the workpiece cooled to approximately 600°C when forging 

began.  
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Figure 63: Experimental setup for bolt head forging the threshing teeth in the Wabash 

Press using the 6-mm AISI 1018 steel workpiece and corresponding dies. 

 

A preselected force value is applied. After 30 seconds, the platens are released. The 

die and workpiece are cooled in ambient air until they are safe to move by hand. The bottom 

die is easily separated from the assembly. The top die is then placed on a raised jig and the 

ejector pin is inserted inside the top die in the Wabash Press as shown in Figure 64. The 

press is closed again, applying only a small amount of clamping force, less than 4.45 kN, 

releasing the workpiece from the top die.  
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Figure 64: Experimental setup for removing the threshing tooth workpiece from the 

top die in the Wabash Press using the bolt head forged 6-mm AISI 1018 steel 

workpiece and dies. 

 

All of the bolt head forging experiments are completed with Moly lubricant. The 

lubricant is cleaned completely from the die and then reapplied for each experimental 

iteration. The reason the lubricant needed to be completely replaced is due to the oxidation 

flakes from the heated workpiece that contaminated and would negatively affect the 

lubricantôs performance during the next iteration. Similar to the sharp edge forging 

operation for the tiller blades, the displacement, measured as the thickness of the flange 

formed on the threshing teeth heads, serves as the comparison value between the DEFORM 

simulations and physical experiments. The forces required to generate those displacements 

are compared between the simulations and experimental results. The force values applied 

in experimentation are listed in Table 24.  
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Table 24: Experimental forces applied to bolt head forge 600°C 6-mm diameter AISI 

1018 steel threshing tooth workpiece. 

Experiment 

Iteration  
Lubrication  

Force Applied 

(Metric Tons) 

Force Applied 

(kN) 

1 Lubricated 0.907 8.895 

2 Lubricated 4.435 43.49 

3 Lubricated 5.505 53.99 

4 Lubricated 6.812 66.80 

5 Lubricated 8.952 87.79 

6 Lubricated 10.10 99.09 

7 Lubricated 11.01 107.98 

8 Lubricated 12.04 118.1 

9 Lubricated 13.18 129.2 

10 Lubricated 14.32 140.4 

11 Lubricated 15.46 151.7 

12 Lubricated 16.34 160.2 

13 Lubricated 17.31 169.7 

14 Lubricated 20.01 196.2 

15 Lubricated 22.81 223.7 

 

The bending experiments for the threshing teeth have many similarities to the 

bending experiments for the tiller blades. As shown in Figure 65, the top die is attached to 

the moving crosshead of the Instron. The bottom die is placed on the stationary base of the 

Instron. The straight cylindrical workpiece is placed horizontally on the bottom die in the 

grove.  
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Figure 65: Experimental setup for threshing tooth bending operation on Instron using 

the 8-mm diameter AISI 1018 steel workpieces and the corresponding 8-mm bending 

die design. 

 

A small initial contact force is applied, and the displacement value is assigned to 

zero mm. The Instron is programed to stop at a certain force applied. The displacement 

value at that stopping force is maintained for 30 seconds before releasing the top die to 

travel up in the opposite direction. If the experiment is performed with Moly lubrication, 

the workpiece is cleaned, and a fresh layer of lubricant is spread on the dies before the next 

iteration. These steps are repeated for both the 6-mm and 8-mm diameter workpieces. If 
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the experiment is performed without lubricant, all lubrication steps are omitted. Table 25 

and  

Table 26 display the forces applied to the cylindrical tooth workpieces to bend 

them. Again, the spring back angle according to the force applied serves as the comparison 

value between the DEFORM simulations and physical experiments. At the force value 

applied and released in the simulation, the angle of the final workpiece is measured and 

compared to the experimental result performed at that same force. 

Table 25: Bending experimental forces applied to the 6-mm diameter AISI 1018 steel 

tooth workpieces.  

Experiment Iteration  Lubrication  Force Applied (kN) 

1 Lubricated 30.0 

2 Lubricated 35.0 

3 Lubricated 50.0 

4 Lubricated 50.0 

5 Lubricated 55.0 

6 Lubricated 60.0 

7 Lubricated 65.0 

8 Lubricated 75.0 

9 Not Lubricated 30.0 

10 Not Lubricated 35.0 

11 Not Lubricated 40.0 

12 Not Lubricated 45.0 

13 Not Lubricated 50.0 

14 Not Lubricated 55.0 

15 Not Lubricated 65.0 

16 Not Lubricated 75.0 
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Table 26: Bending experimental forces applied to the 8-mm diameter AISI 1018 steel 

tooth workpiece. 

Experiment Iteration  Lubrication  Force Applied (kN) 

1 Lubricated 30.0 

2 Lubricated 35.0 

3 Lubricated 35.0 

4 Lubricated 40.0 

5 Lubricated 50.0 

6 Lubricated 60.0 

7 Lubricated 70.0 

8 Lubricated 80.0 

9 Not Lubricated 30.0 

10 Not Lubricated 35.0 

11 Not Lubricated 40.0 

12 Not Lubricated 45.0 

13 Not Lubricated 55.0 

14 Not Lubricated 65.0 

15 Not Lubricated 75.0 

16 Not Lubricated 80.0 

 

The final experiment performed on the threshing teeth was forging the flats onto 

the pointed bend of the tooth. This operation is completed on the Wabash Press because 

the small, thin dies fit best between two platens for even force distribution. The 8-mm 

workpieces that were bent in the previous experiment served as the workpieces in this 

forging experiment. Figure 66 shows the experimental setup for this forging operation.  
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Figure 66: Experimental setup for forging flats onto the bent 8-mm diameter AISI 

1018 steel tooth workpiece using the Wabash Press at Georgia Tech. 

 

If Moly lubricant is used, the dies are coated, and the triangular workpiece is placed 

between them. The assembly is placed and centered between the two Wabash Press platens. 

An initial clamping force of about 1,000 lbf (4.45 kN) is applied, and then a predetermined 

force is applied and held for 30 seconds before releasing. The workpiece is then removed 

from the die, cleaned, and a fresh layer of lubricant is spread on the die surfaces before the 

next iteration. If the experiment is performed without lubricant, all lubrication steps are 

omitted. Table 27 displays the forces applied to the bent tooth workpieces to forge the flats. 

Finally, the displacement, measured as the thickness of the flats formed on the threshing 

teeth, serves as the measurement value used to compare the DEFORM simulations and 

physical experimentation. That thickness measurement is shown in Figure 67 for clarity. 
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Table 27: Experimental forces applied to the 8-mm diameter AISI 1018 steel 

threshing tooth workpiece to forge flats on the bent threshing tooth workpieces. 

Experiment Iteration  Lubrication  Force Applied (kN) 

1 Lubricated 19.99 

2 Lubricated 29.96 

3 Lubricated 39.91 

4 Lubricated 49.99 

5 Not Lubricated 14.72 

6 Not Lubricated 24.83 

7 Not Lubricated 34.88 

8 Not Lubricated 44.87 

 

 

Figure 67: Threshing tooth flats measurement shown in red. 

 

4.4 Chapter Summary 

This chapter focuses both on the simulation settings and experimental procedures 

performed. In the first section, the simulation settings in the DEFORM software are 

discussed in detail as well as the DOE used for the deformation processes of each part. In 

the second section, the experiment design and setup along with testing values are then 

described. The experimental equipment is listed with each individual contribution to the 

experimental process. The next chapter details the material characterizations as well as the 

results of the analytical calculations, simulations, and experimentation.   
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CHAPTER 5. RESULTS AND DISCUSSION 

5.1 Introduction  

This chapter describes the material characterizations and the results of the analytical 

calculations, simulations, and experiments. First, the XRF material characterizations are 

given, followed by the hardness testing results. In anticipation of the discussion of the 

differences found when comparing the simulation and experimental results, two sensitivity 

analyses of the material deviations and friction coefficients are completed. The 

deformation process results are presented, which include shearing, bending, and forging 

used in different combinations to manufacture the tiller blades, threshing teeth, and fodder 

chopper blades. Validation of the simulations is also detailed with a description of the mesh 

convergence studies conducted. The chapter concludes with specific recommendations on 

materials and force requirements with safety factors that can be used in manufacturing 

facilities in Bangladesh.  

 

5.2 XRF Results 

5.2.1 Tiller Blade 

The XRF results presented in this section reveal the atomic composition of the 

metals tested. The experimental procedures for using this equipment are outlined in section 

4.3.1 Material Characterization Equipment. Two different pieces of XRF equipment are 

used to verify one another. The first is a Handheld XRF, Model # X-MET8000. This device 
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provides the user with the closest material match according to its internal database of 

material compositions.  

Beginning with the non-OEM black and grey tiller blades, the flattest portion, near 

the mounting holes, is cut off. The cut portion, shown in Figure 68, is polished and then 

tested with the handheld XRF device. The results of testing are shown in Table 28. The 

ñC-Steelò characterization for the black tiller blade implies that it is an undesignated carbon 

steel (Anonymous, 2014). The two other steels are known alloys.  

 

Figure 68: Example of a polished portion of the black non-OEM tiller blade for XRF 

and hardness testing. 

 

Table 28: Handheld XRF results for the black and grey non-OEM tiller blades using 

the Handheld XRF Model # X-MET8000. 

Sample Number Black Colored Blade Grey Colored Blade 

1 AISI 1522 Carbon Steel Carbon Steel 

2 AISI 1522 Carbon Steel Carbon Steel 

3 AISI 1522 Carbon Steel Carbon Steel 

4 AISI 1522 Carbon Steel Carbon Steel 

5 AISI O2 Tool Steel Carbon Steel 

6 AISI 1522 Carbon Steel Carbon Steel 
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The second piece of XRF equipment, the Bruker Tornado XRF, Model # M4, 

provides a detailed description of the atomic compositions of the blades. The atomic 

composition of the non-OEM black tiller blade is shown in Table 29. The values represent 

the average atomic compositions for three tests of the black tiller blade specimen. Table 30 

displays the atomic composition of the grey tiller blade. Boron is not present in the 

composition because its atomic weight is too low to be detected with the XRF. Based on 

the composition shown in Table 29, the closest matching steel is AISI 1215 carbon steel. 

Based on the information shown in Table 30, AISI 1522 carbon steel is a close match, 

further verifying the accuracy of the Handheld XRF, Model # X-MET8000. The atomic 

composition of the Yanmar OEM threshing teeth is discussed next. 

Table 29: Atomic composition of non-OEM black tiller blades using the Bruker 

Tornado XRF, Model # M4. 

Element Composition (%) 

Oxygen 4.078661428 

Silicon 0.673840743 

Potassium 0.051730133 

Titanium 0.061404225 

Vanadium 0.034418593 

Chromium 0.348826663 

Manganese 1.457110229 

Iron 100.2635675 

Cobalt 0.010026357 

Gallium 0.227915653 

Copper 0.203701176 

Nickel 0.148126273 

Sulfur 0.029086493 

Chlorine 0.001990116 

Molybdenum 0.055658612 

Osmium 0.100983229 

Strontium 0.002944006 
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Table 30: Atomic composition of non-OEM grey tiller blade using the Bruker 

Tornado XRF, Model # M4. 

Element Composition (%) 

Silicon 1.056260579 

Chlorine 0.005095271 

Potassium 0.224457934 

Titanium 0.011042938 

Chromium 0.051192596 

Manganese 1.036118650 

Iron 98.70948341 

Cobalt 0.009870948 

Gallium 0.071332058 

Arsenic 0.052710450 

Vanadium 0.068761342 

 

5.2.2 Threshing Tooth 

XRF tests of the Yanmar OEM threshing teeth required machining to generate a flat surface 

to cover the entire laser window on the Handheld XRF. The piece of the OEM tooth used 

is shown in Figure 69. A Handheld XRF, Model # X-MET8000 is used to obtain general 

information on the type of steel that the tooth is made from. The teeth are determined to be 

a general carbon steel with a close match to AISI 1020 low carbon steel as shown in Table 

31. A Bruker Tornado XRF, Model # M4 generated a more specific atomic composition 

that is shown in  

Table 32. Of six samples tested, their average percentage of each atom is shown in 

the rightmost column. The material of the teeth according to the composition is determined 

to be AISI 1020 low carbon steel as well.  
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Figure 69: Milled section of Yanmar OEM threshing tooth for XRF and hardness 

testing. 

 

Table 31: Material estimates for the Yanmar OEM threshing teeth samples using the 

Handheld XRF Model # X-MET8000. 

Sample Number Threshing Tooth Sample 

1 Undesignated Carbon Steel 

2 Undesignated Carbon Steel 

3 Undesignated Carbon Steel 

4 AISI 1020 Low Carbon Steel 

5 AISI 1020 Low Carbon Steel 

6 AISI 1020 Low Carbon Steel 
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Table 32: Atomic composition of OEM Yanmar threshing teeth using the Bruker 

Tornado XRF, Model # M4. 

Element Composition (%) 

Silicon 2.976599687 

Oxygen 3.391344987 

Sulfur 0.006333167 

Titanium 0.019610331 

Chromium 0.079303029 

Manganese 0.745254350 

Iron 92.51589313 

Cobalt 0.009251608 

Nickel 0.027362103 

Copper 0.112716043 

Arsenic 0.017536959 

Molybdenum 0.030359645 

Palladium 0.016065925 

Cadmium 0.051448526 

Tin 0.000129512 

Antimony 0.000790333 

 

5.2.3 Fodder Chopper Blade 

CSISA-MEA partners provided material atomic composition as shown in Table 33 

(Anonymous, 2024c). The most likely metal is SAE 303025 due to its high Silicon content 

(Ober et al., 1975). For simplicity in this thesis, the material used in the manufacturing 

analysis will be AISI 1018 steel. The decision to use this material is a result of the high 

temperature property data available as mentioned in section 2.5 Literature Review to be 

able to present more accurate shearing calculation results.  
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Table 33: Atomic composition of the fodder chopper blades currently in use in 

Bangladesh (Anonymous, 2024c). 

Element Composition (%) 

Carbon 0.100 

Silicon 0.190 

Manganese 0.490 

Phosphorus 0.020 

Sulfur 0.030 

Chromium 0.078 

Molybdenum 0.017 

Nickel 0.079 

Copper 0.013 

Tritium 0.011 

Vanadium 0.004 

 

5.3 Hardness Testing Results 

5.3.1 Tiller Blade 

The hardness testing results for the tiller blades, threshing teeth, and fodder chopper 

blades are described in this section. The experimental procedures for utilizing the hardness 

testing equipment are found in section 4.3.1 Material Characterization Equipment. 

Beginning with the tiller blade, the portion shown in Figure 68, is tested on the HRC, HRB, 

and HV hardness scales. The hardness testing results for the black and grey tiller blades 

can be viewed in Table 34 and Table 35, respectively. The average values of each hardness 

test type are found in the bottom row. Referring to the Wilson Hardness Conversion Chart, 

the values of each hardness type correspond well to one another (Buehler, 2020). The 

hardnesses are much higher than that of typical AISI 1522 steel at about 86 HRB (Buehler, 

2020). This is due to the surface hardening effect of the polishing operation. The steel was 
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also likely hardened through heat treatment in the manufacturing process. As a result, the 

hardness values do not perfectly match that of untreated AISI 1522 steel.  

Table 34: HRB, HRC, and HV hardness testing results for the non-OEM black 

colored tiller blade using the Wilson Hardness Rockwell 574, Serial # R574-00-1184 

and Buehler Micromet 2100 Series Microhardness Tester, Model # 1600-6406. 

Sample Number HRB HRC HV 

1 114.3 40.0 397.0 

2 114.8 45.6 410.5 

3 114.7 46.1 449.8 

4 114.6 45.4 441.0 

5 114.2 45.0 441.0 

6 114.5 45.1 443.4 

7 114.8 44.9 418.8 

8 114.9 45.4 415.3 

9 114.1 45.8 417.9 

10 114.8 45.0 402.0 

Average 114.6 44.8 423.7 

 

Table 35: HRB, HRC, and HV hardness testing results for the non-OEM grey colored 

tiller blade using the Wilson Hardness Rockwell 574, Serial # R574-00-1184 and 

Buehler Micromet 2100 Series Microhardness Tester, Model # 1600-6406. 

Sample Number HRB HRC HV 

1 115.2 46.8 396.6 

2 115.4 46.7 421.0 

3 115.4 46.9 423.7 

4 114.9 46.6 399.5 

5 115.1 47.5 381.8 

6 115.0 47.6 401.5 

7 115.2 48.0 374.2 

8 115.4 47.0 419.7 

9 115.0 47.7 394.9 

10 115.4 47.0 403.6 

Average 115.2 47.2 401.7 

 

Hardness testing on the HV scale is also completed on the AISI 1100 H14 

aluminum tiller workpieces before and after the annealing process. This is to ensure that 
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the tiller blades are annealed properly and uniformly. The results are tabulated in Table 36. 

The hardness testing analyses of the threshing teeth are described in the next section. 

Table 36: Hardnes testing results (HV) before and after annealing the AISI 1100 

aluminum workpieces using the Buehler Micromet 2100 Series Microhardness 

Tester, Model # 1600-6406. 

Sample Number Not-Annealed HV Annealed HV 

1 37.2 20.6 

2 37.1 20.5 

3 38.2 20.8 

Average 37.5 20.6 

 

5.3.2 Threshing Tooth 

Hardness testing using the HRB and HV scales is performed on the flat and polished 

specimens shown in Figure 69. The HRB hardness tester has interchangeable test fixtures 

to best match the geometry of the piece being tested. The V-shaped base fixture is used to 

test cylinders (International, 2022). While using this base, the hardness indenter would slip 

to the side of the cylindrical rod in testing (International, 2022). The diameter of the ball 

indenter applied to the 6-mm diameter of the workpiece ratio did not allow the V-shaped 

base to be used. Instead, the threshing tooth sample is sectioned and milled flat and parallel 

on two sides to provide a flat surface to run traditional hardness tests on. The results of 

hardness testing the sections of the threshing tooth are displayed in Table 37. The averages 

of the six values obtained are shown in the bottom row. There is significant variation for 

the HV hardness testing results with a standard deviation of approximately 21 HV. The 

variation is a direct result of the milling operation creating deep marks on the surface that 

could not be completely removed by polishing. The typical hardness of AISI 1020 steel is 
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from 130 to 241 HV. The hardness is much greater than the typical hardness values of AISI 

1020 steel because the milling operation performed some unavoidable surface hardening 

on the sections. The hardness values for the fodder chopper blade are discussed next.  

Table 37: Yanmar OEM t hreshing tooth HRB and HV hardness testing results using 

the Wilson Hardness Rockwell 574, Serial # R574-00-1184 and Buehler Micromet 

2100 Series Microhardness Tester, Model # 1600-6406. 

Sample Number HRB  HV 

1 39.5 346.7 

2 40.9 323.7 

3 39.6 340.0 

4 41.6 332.5 

5 39.7 296.7 

6 40.3 299.4 

Average 40.3 323.2 

 

5.3.3 Fodder Chopper Blade 

Physical fodder chopper blades were not obtained by Georgia Tech. The hardness 

values of the blades were obtained through communication with CSISA-MEA engineers 

in Bangladesh. The average hardness value ranges from 22 to 24.4 HRC for the blade made 

from an unspecified mild steel (Anonymous, 2024c; Hossain, 2021; Ober et al., 1975). That 

final hardness is higher than the hardness for an untreated mild steel and indicates that the 

fodder chopper blade manufacturing includes a hardening treatment. It is recommended 

that the final blade be heat treated to improve its strength, while maintaining some ductility 

to avoid brittleness. The next section begins the deformation results discussion starting 

with the shearing operation.  
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5.4 Shearing Results 

5.4.1 Tiller Blade 

The shearing operation is performed on the planar geometry of the tiller blades and 

fodder chopper blades as well as to cut the length of rod for the threshing teeth. The first 

shearing results presented pertain to the tiller blade. The shearing equation, Equation 1, 

applies to both shearing and punching forces. Punching is often used for making internal 

holes. That geometry, in addition to perimeter geometry, is shown in the second columns 

of Table 38 and  

Table 39 for the tiller blades. The tables also display the force values required for 

each thickness of blade. The force values are calculated using Equation 1 and include the 

material properties for different temperatures of AISI 1043 carbon steel from Table 4. 

Predictably, the forces required are higher for the 6-mm thick workpieces than the 5-mm 

thick because there is more material to cut through. Correspondingly, the forces required 

to shear the workpieces significantly decrease with an increase in temperature. The 

threshing tooth shearing operations are discussed next.  
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Table 38: Shearing forces required for different planar geometries on the 5-mm thick 

AISI 1043 carbon steel tiller blades at different temperatures. 

Geometry 

Description 
Geometry Image 

Shearing 

Force 

Required 

@20°C 

(N) 

Shearing 

Force 

Required 

@700°C 

(N) 

Shearing 

Force 

Required 

@1,000°C 

(N) 

Shearing to 

Length 

 

173,950 117,355 16,905 

Mounting 

Hole (x1) 

 

97,536 65,803 9,479 

Long Edge 

Length 

 

571,550 385,595 55,545 

Above 

Sharp 

Length 
 

104,370 70,413 10,143 

Sharp 

Length 

 

324,004 218,589 31,488 

Short 

Corner 

 

21,977 14,827 2,136 

Corner Arc 

 

41,003 27,662 3,985 
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Table 39: Shearing forces required for different planar geometries on the 6-mm thick 

AISI 1043 carbon steel tiller blades at different temperatures. 

Geometry 

Description 
Geometry Image 

Shearing 

Force 

Required 

@20°C 

(N) 

Shearing 

Force 

Required 

@700°C 

(N) 

Shearing 

Force 

Required 

@1,000°C 

(N) 

Shearing to 

Length 

 

208,740 140,826 10,290 

Mounting 

Hole (x1) 

 

117,044 78,963 5,770 

Long Edge 

Length 

 

685,860 462,714 66,654 

Above 

Sharp 

Length 
 

125,244 84,496 12,172 

Sharp 

Length 

 

388,805 262,307 37,785 

Short 

Corner 

 

26,372 17,792 2,563 

Corner Arc 

 

49.203 33,195 4,782 

 

5.4.2 Threshing Tooth 

Shearing is used to cut the cylindrical rods to length to at the beginning of threshing 

tooth manufacturing. The required shearing forces for the two rod diameters, 6-mm and 8-

mm, are shown in Table 40. These values are calculated using Equation 1 and the material 
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property values for AISI 1018 steel at different temperatures in Table 4. The forces are 

lower for the smaller diameter and higher temperature workpieces. Shearing forces 

required to manufacture the fodder chopper blades are discussed next.  

Table 40: Shearing to length force in Newtons required for 6-mm and 8-mm diameter 

AISI 4140 steel threshing tooth rod-shaped workpieces. 

Temperature (°C) 6-mm Diameter 8-mm Diameter 

20 17,388 30,912 

600 14,767 26,253 

800 8,694.0 15,456 

1,000 1,512.0 2,688.0 

 

5.4.3 Fodder Chopper Blade 

The fodder chopper blade manufacturing process mostly consists of shearing 

operations. Again, shearing and punching forces are calculated using Equation 1. Those 

forces are displayed for blades made from AISI 1018 steel at different temperatures in 

Table 41. The forces required decrease with increasing in temperature of the workpiece. 

This concludes the shearing calculation results for the tiller blade, threshing teeth, and 

fodder chopper blade. The sensitivity analyses are described in the next two sections.  
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Table 41: Shearing and punching forces required to manufacture the fodder chopper 

blades made of AISI 1018 steel at different temperatures. 

Geometry 

Description 
Geometry Image 

Shearing 

Force 

Required 

@20°C 

(N) 

Shearing 

Force 

Required 

@600°C 

(N) 

Shearing 

Force 

Required 

@1,000°C 

(N) 

Mounting 

Hole (x1) 

 

57,960 28,980 5,040 

Upper 

Right Edge 

 

62,790 31,395 5,460 

Upper Left 

Edge 

 

90,563 45,281 7,875 

Angled 

Edge 

 

100,223 50,111 8,715 

Sharpened 

Edge 

 

628,504 314,252 54,653 

Upper 

Rounded 

Edge 

 

315,761 157,881 27,458 
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5.5 DEFORM Flow Stress Sensitivity Analysis 

A sensitivity analysis was conducted for the flow stresses used in the DEFORM 

software for two reasons. First, DEFORM has a limited material library, so the exact 

materials available for purchase within the United States and used in experimentation were 

not available within the software. Material substitutions that are similar need to be made 

as detailed in Table 4, Table 12, and Table 16. The second reason is that DEFORM uses 

tabular flow stress data as an input into its calculations that are performed on the deforming 

geometries instead of calculations using the ὑ, ὅ, ά, and ὲ flow stress constants calculated 

at each step according to the instantaneous strain and strain rates experienced at each mesh 

element. As the calculations are not completed using flow stress equations like Equation 

11 and Equation 12, the tabular flow stress can be compared at the same dependent strains 

and strain rates. This analysis improves the robustness of the final recommendations for 

processing conditions on the most similar materials to those characterized by the XRF 

analysis on the obtained OEM and non OEM spare parts as described in 5.2 XRF Results. 

The tabulated flow stress data in DEFORM needs to be compared to the collection 

of similar materials available in the material library. Table 42 and Table 43 present a list 

of similar materials to AISI 4140 steel at 1,000°C, and their flow stresses with the 

corresponding percent differences compared at two strains and strain rates. The bottom row 

of each of Table 42 and Table 43 is the flow stress for the AISI 4140 steel and the average 

percent differences as compared to the other materials. This sensitivity analysis provides 

an idea for how much of an effect the slightly different materials used in experimentation 

versus simulations have on the final force results. With the 6.3% and 4.5% average percent 

differences found, it reveals the source of some of the error presented in the deformation 
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operations to be discussed in the following sections. It can be stated that 4.5% to 6.3% of 

the overall errors between the simulation and experimental comparisons can be attributed 

to the material deviations involving different flow stress values. Another sensitivity 

analysis detailing the friction coefficients used in the simulations is discussed next.  

Table 42: Flow stress percent differences when comparing flow stresses of similar 

materials as listed in the DEFORM material library at a strain of 1.6 mm/mm and a 

strain rate of 0.1 ▼  to AISI 4140 steel at 1,000°C (Rundquist, 2023). 

Material  

Flow 

Stress 

(MPa) 

Percent Difference to 

AISI 4140 Steel 

AISI-1015 [70-2200F (20-1200C)] 105.0 8.696 

AISI-1035 [1300-2000F (700-1100C)] 105.0 8.696 

AISI-1043 [1300-2000F (700-1100C)] 121.4 5.565 

AISI-1045 [70-2000F (20-1100C)] 115.0 0 

AISI-4120 [70-2200F (20-1200C)] 125.0 8.696 

AISI-4140 [70-2200F (20-1200C)] 115.0 Average Difference: 6.330 

 

Table 43: Flow stress percent differences when comparing flow stresses of similar 

materials as listed in the DEFORM material library at a strain of 40 mm/mm and a 

strain rate of 0.1 ▼  to AISI 4140 steel at 1,000°C (Rundquist, 2023). 

Material  
Flow Stress 

(MPa) 

Percent Difference to 

AISI 4140 Steel 

AISI-1015 [70-2200F (20-1200C)] 165.0 8.333 

AISI-1035 [1300-2000F (700-1100C)] 175.0 2.778 

AISI-1043 [1300-2000F (700-1100C)] 188.6 4.778 

AISI-1045 [70-2000F (20-1100C)] 187.1 3.944 

AISI-4120 [70-2200F (20-1200C)] 175.0 2.778 

AISI-4140 [70-2200F (20-1200C)] 180.0 Average Difference: 4.522 

 

5.6 Friction Coefficient Sensitivity Analysis  

A sensitivity analysis was completed to determine how friction coefficients affect 

simulation force results. The analysis was completed on the 6-mm thick AISI 1043 carbon 
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steel workpiece at 1,000°C in the sharp edge forging operation. The forces resulting from 

applying different friction coefficients between the workpiece and dies are tabulated in 

Table 44. Simulation friction coefficients were chosen based on a literature review 

assessing the materials in contact, the temperature, and the types of lubricant used as 

detailed in Table 5. It cannot be known for certain the exact friction coefficient experienced 

in experimentation, though. The coefficients tabulated in the first column of Table 44 are 

a range of possible coefficients for a lubricated operation performed on a hot steel 

workpiece at 1,000°C that is compressed between steel dies. The variation of potential 

friction coefficients serves as another source of error when comparing the simulations to 

the experimental results for deformation forces required.  

Table 44: Force results after applying different friction coefficients in the sharp edge 

forging operation for an AISI 1043 carbon steel 6-mm thick tiller blade workpiece at 

1,000°C.  

Friction 

Coefficient 

Resulting Force 

(Metric Tons) 

0.06 62.55 

0.08 68.40 

0.10 50.03 

0.12 57.29 

0.14 52.07 

0.16 63.35 

0.18 65.92 

0.20 52.30 

0.22 54.19 

0.24 68.64 

0.26 67.79 

0.28 59.65 

0.30 58.64 

 

The mean and standard deviation of the forces presented in Table 44 are 60.1 and 6.6 

Metric Tons, respectively. The standard deviation is slightly high due to the small sample 
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size used in this study. All of the resulting forces are within 2 standard deviations from 

the mean, which is ideal. It can be observed that, against expectations, the force results do 

not exclusively increase with an increase in friction. This is due to the remeshing that 

occurs during the simulations, applying new meshes after a certain number of steps are 

exceeded. Those new meshes often result in a drop in resulting force at that step because 

the stress concentrations of the old meshes are replaced with new mesh applications. 

Another reason for the varying forces is the sliding/sticking transition as discussed in 2.5 

Literature Review. That transition is most likely reached at or near the 390-step mark at 

which these results were recorded. The transition would significantly increase the force 

required for forging as revealed by the higher tonnage results for various friction 

applications. To conclude, this sensitivity analysis reveals the source of some of the error 

that will be presented in the following sections when comparing the simulations and 

experiments because, as mentioned, the actual friction coefficient for the lubricated 

environments is not explicitly known. The next section begins the discussion of the 

deformation operation results, beginning with the sharp edge forging of the tiller blades.  

 

5.7 Tiller Blade Forging Results 

5.7.1 Analytical Calculations and Calibrated Simulations 

The analytical calculations, FEA simulations, and experimental results are 

presented in this section for the sharp edge forging operation performed on the 5-mm and 

6-mm tiller blades. To begin, analytical calculations using the rectangular forging 

equations in section 2.5 Literature Review are compared to the calibrated simulations as 



 139 

depicted in Figure 58. A graphical representation of the 6-mm thick AISI 1043 carbon steel 

tiller blade calculation and calibrated simulation edging results can be found in Figure 70. 

Some notable trends are that the forging force required decreases significantly with an 

increase in workpiece temperature. The lubricated calculations represented on the x-axis 

as ñLò are very similar to the DEFORM simulation results. The unlubricated calculations 

and DEFORM results, represented as ñNL,ò also show that more forging force is required 

compared to the lubricated samples with the same temperature and speed conditions. 

Lastly, using the average strain and strain rate values from the DEFORM simulation results 

and entering them into the polynomial fit equations to determine the flow stress estimates 

a greater force requirement than the DEFORM simulations. The results for the 5-mm thick 

tiller blades are not shown because, although the same trends are present, they are only 

preliminary force estimates. The force values required for the realistic die and workpiece 

geometries in the forging operation are included in the next section. 
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Figure 70: Analytical calculations and calibrated simulation results for sharp edge 

forging different workpiece temperatures of AISI 1043 carbon steel 6-mm thick tiller 

blades (L = lubricated, NL = unlubricated) . 

 

The 5-mm and 6-mm thick tiller blade calculations and calibrated simulation results 

for room temperature (20°C) AISI 1100 aluminum are shown in Figure 71. It takes less 

force to forge the thicker tiller blades. According to Equation 3 through Equation 6, the 

final height, which is located in the denominator of each equation, is greater for the 6-mm 

thickness tiller blade than the 5-mm. This phenomenon is explained simply by surface 

contact and stress being the product of force and area. The surface area generated for a 

larger final height, while maintaining all other dimensions, will be less than that of a 

smaller final height, due to conservation of mass. As a result, less force will be required to 

forge the workpiece with a larger final height. Using the general flow stress values provided 

in Manufacturing Processes for Engineering Materials, the analytical forces calculated are 
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all much greater than the DEFORM results. This is because the material properties from 

the textbook source are for a generic medium carbon steel instead of being an exact material 

match, as mentioned in Table 2 in section 2.5 Literature Review. It can be assumed that 

the steels used to generate the data had higher ultimate and yield strengths that led to an 

increased flow stress required to overcome. The next section discusses mesh convergence 

studies conducted for the geometrically accurate workpiece and dies.  

 

Figure 71: Analytical and calibrated simulation results for forging AISI 1100 

aluminum at room temperature (20°C) for the 5-mm (left) and 6-mm (right) tiller 

blade thicknesses (L = lubricated, NL = unlubricated) . 

 

5.7.2 Mesh Convergence Studies 

A mesh convergence study is conducted on both the workpieces and the dies for 

each of the deformation operations discussed in this thesis. It involves decreasing the 

element size in the mesh encapsulating a geometry and analyzing the effect on the results 
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to help verify the accuracy of the results. Without conducting a mesh convergence study, 

one would not know the proper size mesh to apply to a specific geometry. The procedure 

for the mesh convergence studies in this thesis is to increase the number of elements and 

record the resulting stress, strain, strain rate, velocity, displacement, or force values. 

Multiple resulting values are recorded because each result could possess some abnormality 

at the final step recorded in the simulation. One example of this is a stress concentration 

that raises the maximum stress value. Convergence is achieved when the recorded values 

begin to have minimal deviation from the prior and next mesh size result. On a plot, mesh 

convergence is achieved when the results begin to flatten into a horizontal line as mesh 

elements are increased. A clarification can be made that the simulation output values being 

studied do not need to converge to the same value because their units of measure are not 

the same. Another way to determine the mesh accuracy is to visually inspect the colorized 

stresses generated by the post processor of the DEFORM software. As that colorization 

begins to converge into a pattern resembling the previous and next mesh sizes, convergence 

of the mesh is achieved. Similar to the quantitative convergence discussed, the qualitative 

color convergence is achieved when there is very little variation in the color patterns on 

the geometry as the element number is increased.  

The mesh convergence for the 5-mm thick tiller blade sharp edge forging workpiece 

is completed first. The study was performed on a workpiece at room temperature (20°C). 

The resulting forces and velocities for each corresponding number of elements is graphed, 

shown in Figure 72. The optimal number of elements is determined to be 140,000 from 

both Figure 72, and the visual analysis of the colorized stress distributions shown in Table 

45. The convergence occurs slightly after the 140,000 elements are applied at a force of 
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approximately 80 Metric Tons and a velocity of approximately 70 mm/s, and this is further 

verified by the colorized stresses. Table 45 shows consistent coloring in the edge forming 

location of the blade, but the convergence is determined using the center of the blade. The 

light green and light blue colors begin converging at 140,000 elements. This convergence 

is shown by the consistent light green portions inside the light blue at the end of the blade 

opposite the mounting holes.  

 

Figure 72: Mesh convergence results shown in the black oval for the sharp edge 

forging simulation performed on the 5-mm thick AISI 1100 aluminum 20°C tiller 

blade workpiece. 
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Table 45: Colorized stresses experienced by the 5-mm thick AISI 1100 aluminum 

20°C tiller blade in the sharp edge forging simulations with different mesh sizes. 

Number 

of 

Elements 

Front of Forged Tiller Blade 

with Colorized Stresses 

Back of Forged Tiller Blade with 

Colorized Stresses 

70,000 

 
 

100,000 

 

 

110,000 

 

 

120,000 

  

130,000 

 

 

140,000 

 

 

150,000 
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160,000 

 

 

 

Another mesh convergence study is completed on the sharp edge forging dies to 

determine the stress experienced during the deformation process. Two constants were 

maintained for all of the mesh convergence studies performed on the dies in this thesis: the 

die material is AISI D2 tool steel as it is the closest material match to ASTM A36 steel and 

AISI A2 tool steel as shown in Table 6, and the dies and workpieces are at room 

temperature (20°C). Figure 73 shows that the optimal element number for the die geometry 

mesh is approximately 162,500 elements based on the stress and displacement results 

converging at 220 MPa and 0.015-mm, respectively. The experimental and simulation 

results comparison is described in the following section. 
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Figure 73: Mesh convergence results shown in the black oval for the 5-mm thick die 

design of AISI D2 tool steel at 20°C for the tiller blade sharp edge forging die stress 

analysis. 

 

5.7.3 DEFORM Simulations and Experiment Results Comparison 

The results for forging the tiller bladeôs sharp edge are quantified by measuring the 

thickness of the sharpened edge. The simulation settings and experimental procedures can 

be found in section 4.2 DEFORM Setup and section 4.3.5 Experimental Procedures. For 

the DEFORM simulation results analysis, a computer measurement program, ImageJ, is 

used (ImJoy, 2024). The pixel scale is set according to an initial measurement made by the 

ruler tool in the DEFORM post-processing software. The magnified gap between the 

closing dies that is being measured is shown in Figure 74 within the red circle. For the 
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with calipers. An example of a final workpiece from the experimentation is shown in Figure 

75.  

 

Figure 74: Measurement of the gap between the top and bottom dies using the ImageJ 

software where leftmost image shows the entire die, and the rightmost image with the 

red circle identifies the measurement region in yellow between the two grey dies 

(ImJoy, 2024). 

 

 

Figure 75: Sharp edge forged 5-mm thick AISI 1100 aluminum tiller blade example 

from experimentation. 
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 There are two different sharp edge forging die designs used for the annealed AISI 

1100 H14 aluminum workpieces, which are described in section 3.3 Design of Dies and 

Tooling. Beginning with the 5-mm thick tillers, the mirrored dies are used in 

experimentation for this workpiece thickness. Both sets of simulations for the mirrored and 

non-mirrored (or insert design) sets of dies are presented in Figure 76. It can be observed 

that it takes less force to forge a thinner edge using lubricated dies compared to 

unlubricated dies. The lubricated set of dies has a lot more uniform negative trend in 

thickness of the blade with an increasing force. The unlubricated die results have many 

more sporadic deviations as the forging force increases. Convergence to a similar value of 

a thickness of between 1.1-mm to 1.4-mm is more evident with lubricated dies. 
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Figure 76: DEFORM simulation and experimental results for unlubricated (left) and 

lubricated (right) forging  of the sharp edge on the 5-mm thick tiller blade  with the 

mirrored die design. 

 

The next set of experiments is performed on the 6-mm thick tiller blade workpieces 

using the non-mirrored dies (or insert dies). The simulation settings and experimental 

procedures can be found in section 4.2 DEFORM Setup and section 4.3.5 Experimental 

Procedures. The simulations for the mirrored and non-mirrored dies as well as the 

experimental results are plotted in Figure 77. As expected, it takes more force to forge a 

workpiece with unlubricated dies as compared to lubricated dies. As discussed in section 

5.7.1 Analytical Calculations and Calibrated Simulations, the forces to forge the 6-mm 
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tiller blades might be assumed to be less than the forces to forge 5-mm thick blades under 

the same environmental conditions. This is not the case when working with the actual die 

and workpiece geometries because the simplified geometric assumptions used for the 

forging equations are no longer accurate. Another noticeable characteristic is that the insert 

die design simulations deviate the most from the experimental results. This is due to the 

sliding of the top insert die in the horizontal plane as the forging deformation takes place. 

Because the dies are not fixed to the platens in the horizontal plane as they would be in 

practice, the central vertical axis of alignment was not maintained through the forging 

operation. As stated, this issue would be solved in practice by fixing the dies in place on 

standard manufacturing equipment, but the reliability of the mirrored die design results 

even in the experimental testing setting prove that they are the better of the two design 

options to achieve a forged sharpened edge.  
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Figure 77: DEFORM simulation and experimental results for unlubricated (left) and 

lubricated (right) for forging the edge on the 6-mm thick tiller blade  with the insert 

die design. 

 

 A comparison of the quality of the workpieces resulting from both die designs will 

now be presented. One can see in Figure 78 that there is a slight lip formed on the opposite 

side of the sharpened edge forged on the 5-mm thick workpieces. This is due to the 

workpiece sliding backwards away from the sharp edge and being forged between the gap 

of the two walls of the mirrored dies. This lip does not impact the functionality of the blade 

overall. In many of the resulting workpieces, it is not even noticeable to the naked eye. 
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Figure 78: Mirrored die 5-mm thick workpiece with small lip in red circle. 

 

 The unforged corner of the sharpened edge of a 6-mm thick workpiece is shown in 

Figure 79. This is not ideal for the final part geometry and can impact the function of the 

blade because this blunt portion will not cut into the soil as well in operation. This issue 

resulted from the top ñinsertò die not completely contacting the workpiece. The flashing, 

which was hypothesized, did not occur because the top die did not cover enough surface 

area on the workpiece as the workpiece expanded during forging. To conclude, the 

mirrored die design would be the most reliable in a realistic manufacturing operation. For 

this reason, only the mirrored die DEFORM simulation results for AISI 1043 carbon steel 

will be presented in the next section. 
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Figure 79: Non-mirrored die (or insert die) 6-mm thick workpiece result with red 

circle showing the blunt  unforged corner.  

 

5.7.4 DEFORM Simulation Results 

With the accuracy of the DEFORM simulations verified by the information 

discussed in section 5.7.3 DEFORM Simulations and Experiment Results Comparison, the 

results of the simulations performed with different temperatures of AISI 1043 carbon steel 

tiller blade workpieces can be described. Simulations are performed on 5-mm and 6-mm 

thick blades, with the simulation settings procedures found in section 4.2 DEFORM Setup. 

Beginning with the 5-mm thick blades, the results are tabulated in Table 46. The 

force values listed are for a die closing value of 1.5-mm. To clarify, this means that the 

thinnest part of the sharp edge formed is 1.5-mm. The black tiller blades obtained by 

Georgia Tech have blade thicknesses that varied from 1.1-mm to 1.7-mm. The average 

thickness is about 1.5-mm, so that is the value used as a comparison in simulations. Again, 

it is advisable to perform this deformation operation at a workpiece temperature of 700°C 

or greater due to the significantly lower forces required to form the edge. All results 
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presented in Table 46 are for simulations performed at 100 mm/s to emulate a realistic 

manufacturing operation.  

Table 46: DEFORM simulation results for the AISI 1043 carbon steel 5-mm thick 

tiller blade sharp edge forging operation with the mirror die designs. 

Temperature (°C) Lubrication  Force (kN) 
Force  

(Metric Tons) 

20 Lubricated 2,761 281.5 

20 Not Lubricated 3,306 337.1 

700 Lubricated 1,376 140.3 

700 Not Lubricated 1,494 152.4 

1,000 Lubricated 503.2 51.31 

1,000 Not Lubricated 605.0 61.69 

 

The results for the 6-mm thick AISI 1043 carbon steel tiller blades are presented in 

Table 47. The forces required to perform the forging operations are listed at a die closing 

value or minimum sharp blade thickness of 1.5-mm. The high forces required to forge at 

room temperature are not feasible and would result in catastrophic die stresses; therefore, 

it is advisable to forge at higher temperatures. Predictably, it takes larger forces to forge in 

an unlubricated environment. This concludes the presentation of the results for the tiller 

blade sharp edge forging, and the results for bending the tiller blades are presented in the 

following section. 
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Table 47: DEFORM simulation results for the AISI 1043 carbon steel 6-mm thick 

tiller blade sharp edge forging operation with the non-mirrored die designs. 

Temperature (°C) Lubrication  Force (kN) 
Force  

(Metric Tons) 

20 Lubricated 2,489 253.8 

20 Not Lubricated 2,650 270.2 

700 Lubricated 1,457 148.6 

700 Not Lubricated 1,519 154.9 

1,000 Lubricated 498.8 50.86 

1,000 Not Lubricated 521.1 53.14 

 

5.8 Tiller Blade Bending Results 

5.8.1 Analytical Calculations and Calibrated Simulations 

The FEA simulations and experimental results for the bending operations 

performed on 5-mm and 6-mm thick tiller blades are described in this section. Calibrated 

simulations are not performed for the bending operations for both the tiller blades and 

threshing teeth because the accurate geometry of the dies and workpiece used in practice 

adhere well enough to the constraints of the analytical calculations. The only change that 

could have been made is to simplify the workpiece geometry, but the effectiveness of 

performing the additional simulations does not provide significant valuable information.  

The design of the two sets of tiller blade bending dies used in this thesis 

incorporated 88-degree and 90-degree punch angles for the 5-mm and 6-mm thick blades, 

respectively. These values are incorporated into the design because of the spring back 

calculations for cold AISI 1043 carbon steel. In theory, that angle would need to be adjusted 

according to the calculated spring back angles experienced by the material under different 

temperature and lubrication environments. In this thesis and in manufacturing practice, the 
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angle should not be adjusted to be different than the final angle desired of the part. At forces 

greater than those required to initially bend the workpiece, forging in the plastic region 

occurs, permanently deforming the workpiece to the geometry of the die angle. An example 

of this phenomena is seen in Figure 80 for both the experimental and simulation results for 

bending a 5-mm thick tiller blade workpiece up to a force of 60 kN. The conditions for the 

workpieces presented in Figure 80 are for a lubricated AISI 304 stainless steel workpiece 

at room temperature performed at a speed of 1 mm/s on the Instron in compression. It can 

be observed that the force is very low for most of the operation but increases exponentially 

when the surface contact increases between the dies and workpiece. That exponential 

increase represents the forging operation that occurs at the end of the process. 

 

Figure 80: Experimental and DEFORM simulation results for a 5-mm thick AISI 304 

stainless steel tiller blade forged to 60 kN after applying the minimal initial bending 

forces (<10kN). 
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Even though forging following bending will occur, preliminary analytical 

calculations are performed to estimate the spring back of different materials after bending. 

The results are presented in Table 48 and Table 49 for the 5-mm and 6-mm thick 

workpieces, respectively. The middle column labeled ñalphaò represents the central angle 

of the workpiece after the dies are released from compression. Spring back is how much 

the workpiece reverts to its original shape (opens up) after the release of bending force due 

to elastic deformation. While the values calculated in Table 48 and Table 49 are high, the 

dies do not need to be designed to accommodate the spring back value expected. For both 

the bending of the tiller blades and threshing teeth, a higher forging force is also applied to 

perform plastic deformation which reduces or eliminates spring back, so that the punch 

angle of the dies does not need to be changed from the final angle desired in the part. 

Table 48: Spring back calculations for 5-mm thick tiller blade workpieces for 

different materials. 

Material  
Alpha 

(Degrees) 

Spring Back 

(Degrees) 

AISI 1043 Carbon Steel (20°C) 90.40 16.60 

AISI Aluminum 1100 (20°C) 103.5 3.550 

AISI 304 Stainless Steel (20°C) 96.13 10.87 

 

Table 49: Spring back calculations for 6-mm thick tiller blade workpieces for 

different materials. 

Material  
Punch Angle 

(Degrees) 

Spring Back 

(Degrees) 

AISI 1043 Carbon Steel (20°C) 92.68 14.32 

AISI Aluminum 1100 (20°C) 103.8 3.161 

AISI 304 Stainless Steel (20°C) 96.13 10.87 
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5.8.2 Mesh Convergence Studies 

The optimal mesh size is 140,000 elements for the tiller blade bending workpieces. 

This is seen in Figure 81, as the values converge at this number of elements. This mesh 

convergence was performed at room temperature (20°C). Convergence begins at a velocity 

of approximately 10 mm/s and a strain of approximately 0.0245 mm/mm. The values 

converge at approximately 110,000 elements, but the visual inspection of the colorized 

stresses on either side of the blade in Table 50 shows a convergence closer to 140,000 

elements, which aligns with the range presented in Figure 81. Specifically, the low stress 

blue circle in the center of the blades presented in the central column in Table 50 

consistently appears starting at 140,000 elements. 

 

Figure 81: Mesh convergence results shown in the black oval including velocity and 

strain experienced by an AISI 1100 aluminum 20°C tiller blade workpiece in the 

bending operation. 
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Table 50: Colorized stress results for mesh convergence on the 6-mm thick AISI 1100 

aluminum 20°C tiller blade workpiece. 

Number 

of 

Elements 

Front of Bent Tiller Blade with 

Colorized Stresses 

Back of Bent Tiller Blade with 

Colorized Stresses 

70,000 

 

 

100,000 

 

 

110,000 

 

 

120,000 

 

 

130,000 

 

 

140,000 

 

 

150,000 
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160,000 

 

 

 

The mesh convergence for the tiller blade bending dies is conducted the same way 

as the previous study. The stress and displacement are compared, and the optimal mesh is 

75,000 elements as shown in Figure 82. The sinusoidal-like curves that occur after the 

120,000-element point predict that mesh convergence will not occur at a higher element 

value. The visual analysis is not conducted for this study. Knowing the appropriate mesh 

size, the simulation results can now be compared to the experimental results.  

 

Figure 82: Mesh convergence study results shown in the black oval for 5-mm thick 

tiller blade bending dies made of AISI D2 tool steel at 20°C. 
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5.8.3 DEFORM Simulations and Experiment Results Comparison 

Bending simulations and experiments are performed using AISI 304 stainless steel 

material. The simulation settings and experimental procedures are found in section 4.2 

DEFORM Setup and section 4.3.5 Experimental Procedures. These simulations and their 

corresponding experiments are performed at 1 mm/s due to the speed constraints of the 

Instron used in experimentation. As expected, it takes more force to bend a 6-mm thick 

workpiece compared to the 5-mm thick workpiece, as shown in Figure 83. This is explained 

by the bending equations in section 2.5 Literature Review as there is a greater volume of 

material being deformed. There is a lower percent difference for the bending results 

compared to the forging results. This is because of the surface contact that occurs during 

the forging portion at the end of the bending deformation that plastically deforms the 

workpiece almost exactly to the geometry of the dies. Due to this, there is very little 

variation in the resulting workpieces as the force applied exceeds 40 kN.  
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Figure 83: DEFORM simulation and experimental results for bending lubricated 

AISI 304 stainless steel workpieces (left) 5-mm thick (right) 6 -mm thick. 
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the plastic deformation that occurs, and the only compared values between the experiments 

and simulations for the 6-mm thickness workpiece are at 20kN and above. The 7kN force 
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availability are the reasons that only four workpieces were experimented with of either 

thickness.  

The workpiece shown in Figure 84 is representative of all of the steel workpieces 

resulting from the bending experiments. There are no deviations in the characteristics of 

the bent pieces from what are expected of the simple angled bending dies. There is some 

die wear observed where indentations of the mounting holes are scuffed on the surface of 

the dies. This did not impact the functionality of the dies.  

 

Figure 84: AISI 304 stainless steel 6-mm thick tiller blade bending workpiece 

resulting from experimentation. 

 

 As mentioned in section 4.2 DEFORM Setup, the quantitative numerical results for 

bending the AISI 1100 aluminum tiller blades do not add additional validity to this study. 

This is because it was possible to perform the bending operation on AISI 304 stainless steel 

at Georgia Tech. AISI 1100 aluminum is still mentioned because it is the material that 

provides a geometrically accurate final product within the constraints of the equipment at 
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Georgia Tech. An image of the AISI 1100 aluminum (annealed) blade can be found in 

Figure 85. 

 

Figure 85: AISI 1100 aluminum 5-mm thick tiller blade possessing both the sharp 

edge and bent geometries. 

 

5.8.4 DEFORM Simulation Results 

The AISI 1043 carbon steel workpieces are simulated in DEFORM next. The 

simulation settings are found in section 4.2 DEFORM Setup. The bending operation 

simulations are performed to run to the specific value of 54.5875-mm for the 5-mm dies 

and 57.375-mm for the 6-mm die design because exceeding those values causes the forging 

forces to surge to greater than 1,500 kN for bending at room temperature. That is an 

excessive amount of force that has no beneficial impact on the final part. To clarify, those 

aforementioned displacement values are the distances that the die travels downward from 

initial contact with the horizontal workpiece. Heating the workpiece to above room 

temperature would result in even less spring back, so spring back is even less of a concern 

at higher workpiece temperatures (Sajan et al., 2021). Excessive forging force does not 
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ensure less spring back, so it is not advisable to use expensive excessive force capability 

forging equipment.  

All of the simulation results presented in Table 51 and Table 52 are performed at 

100 mm/s to emulate the true speed of manufacturing equipment. As stated in the sharp 

edge forging operation discussed in section 5.7 Tiller Blade Forging Results, that operation 

is performed before bending and, ideally, at a temperature of 700°C or above. Maintaining 

a temperature around the same value at which sharp edge forging occurs is ideal, and it 

avoids any cooling and reheating steps for heat treatment quenching the part after 

deformation. As expected, it takes more force to bend the thicker tiller blades compared to 

the thinner.  

Table 51: DEFORM simulations for 5-mm thick AISI 1043 carbon steel tiller blade 

bending results. 

Temperature (°C) Lubrication  
Force 

Required (kN) 

Force Required 

(Metric Tons) 

20 Lubricated 72.37 7.380 

20 Not Lubricated 67.97 6.931 

700 Lubricated 22.64 2.309 

700 Not Lubricated 25.00 2.549 

1,000 Lubricated 8.262 0.842 

1,000 Not Lubricated 9.388 0.957 
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Table 52: DEFORM simulations for 6-mm thick AISI 1043 carbon steel tiller blade 

bending results. 

Temperature (°C) Lubrication  
Force 

Required (kN) 

Force Required 

(Metric Tons) 

20 Lubricated 108.6 11.07 

20 Not Lubricated 106.6 10.87 

700 Lubricated 40.79 4.159 

700 Not Lubricated 37.48 3.822 

1,000 Lubricated 13.12 1.338 

1,000 Not Lubricated 12.13 1.237 

 

It is notable that the unlubricated die forces are not always greater than the 

lubricated counterparts at the same environmental conditions. This is due to the blade 

slipping as the top die compresses it. As shown in Figure 86, there is some fluctuation of 

the forces through the steps of the simulation. This is a result of the blade slipping 

downwards in the direction of movement of the top die. The top die then reestablishes 

contact with the workpiece, increasing the force to another spike as shown repeatedly 

throughout the simulation in Figure 86. Regarding the lubricated versus unlubricated 

simulation results, slippage that occurs at the specific step at which the simulation result is 

recorded could have slightly impacted the results enough to where the recorded value was 

in a peak or valley, slightly deviating from the lubrication trend observed in the other 

operations. This phenomenon is not observed in the experimental setting because the 

frequency of data recording on the Instron is lower than for the simulation software. This 

concludes the presentation of the results for bending the 5-mm and 6-mm tiller blades. The 

next section begins the results discussion for the threshing teeth. 
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Figure 86: Example of the force variation as the workpiece blade slips during die 

movement for a 5-mm thick lubricated AISI 1043 carbon steel tiller blade workpiece 

at 20°C in Metric Tons (tons-SI). 

 

5.9 Threshing Tooth Bolt Head Forging Results 

5.9.1 Analytical Calculations and Calibrated Simulations 

The threshing tooth bolt head forging operation results for the analytical 

calculations, FEA simulations, and experiments are presented in this section. Bolt head 

forging analytical calculations and calibrated simulation trends are discussed first. The 6-

mm diameter cylindrical rod bolt head forging calculation and calibrated simulation results 

are shown in Figure 87. It is evident that the required forging forces calculated analytically 

from the DEFORM flow stress curves using the strain and strain rate averages collected 

from the calibrated simulations are significantly higher than both the calculations using the 

flow stress values from Manufacturing Processes for Engineering Materials and the 

DEFORM results for all temperature processes. This means that the textbook flow stress 
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value calculations are most similar to the DEFORM results. The higher force estimates 

from the DEFORM flow stress curve calculations can be explained because the average 

strain and strain rate values are used in the flow stress value calculation, given that AISI 

4140 steel is strain and strain rate dependent, as shown in  

Table 3. As explained in section 2.5 Literature Review, the average of both values 

experienced in the simulation duration are included in the polynomial fit of the flow stress 

curve. The values of the strain and strain rate are the two sources of error in the calculation 

of the flow stress. Dissimilarly, there is only one source of error, the strain value, for the 

strain rate independent AISI 304 stainless steel material. The error is a result of using the 

average values from the DEFORM results. The averages do not properly represent the 

material in forging because flow stress is an instantaneous value. Averaging the strain and 

strain rate values proved sufficient for preliminary force estimates. More accurate force 

requirement values are generated by the simulations with the actual geometries of the dies 

and workpieces used in manufacturing practice as well as by the experiments performed. 

As expected, the forging forces decrease significantly with an increase in working 

temperature. The mesh convergence studies for the bolt head forging operation are 

described in the following section.  
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Figure 87: 6-mm diameter AISI 4140 steel cylindrical rod bolt head forging analytical 

calculations and calibrated DEFORM simulation results (L = lubricated, NL = 

unlubricated). 

 

5.9.2 Mesh Convergence Studies 

This mesh convergence study was completed for the bolt head forging workpiece 

geometry at 600°C. The strain rate and force results for varying the number of elements 

applied to the workpiece mesh are presented in Figure 88. The results for each workpiece 

mesh size simulation converge at lower number of elements for the strain rate values, but 

the comparison to the force values show convergence at approximately 90,000 elements. 

At 90,000 elements, the strain rate value is approximately 10,000 ί  and the force value 

is approximately 450 Metric Tons. A qualitative visual analysis for the bolt head forging 

mesh convergence was not completed.  
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Figure 88: Mesh convergence results shown in the black oval for the 6-mm diameter 

AISI 4140 steel 600°C threshing tooth bolt head forging simulations. 

 

A similar mesh convergence study is completed to obtain accurate die stresses 

experienced during the tooth bolt head forging operation. The stress and displacement 

results for different element numbers applied to the meshes on the top and bottom dies are 

presented in Figure 89. The results begin to converge at approximately 90,000 elements. 

The stress value at convergence is about 1,600 MPa, and the displacement value about 

0.175-mm. 
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Figure 89: Mesh convergence results shown in the black oval for the 6-mm diameter 

threshing tooth bolt head forging dies made of AISI D2 tool steel at 20°C. 

 

5.9.3 DEFORM Simulations and Experiment Results Comparison 

The bolt head forging results are analyzed based on the thickness of the flange 

geometry formed. The simulation settings and experimental procedures can be found in 

section 4.2 DEFORM Setup and section 4.3.5 Experimental Procedures. To reiterate, the 

flange is the washer-like feature formed just below the threaded portion of the tooth. For 

the DEFORM simulation results analysis, the computer measurement program, ImageJ is 

used in a similar manner as described in section 5.7.3 DEFORM Simulations and 

Experiment Results Comparison (ImJoy, 2024). The gap between the top and bottom dies 

is measured with ImageJ. The gap represents the thickness of the formed flange. Calipers 

are used to measure the thickness of the flange on the physical parts following 

experimentation.  
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The thickness of each flange depends on the force applied. A thinner flange results 

from higher forces. A noticeable characteristic of the piece is an alignment issue, as shown 

by the excess flange on the rightmost side of the representative bolt head forged 

experimental result shown in Figure 90. In the forging operation, the vertical central axes 

of the two parts of the die are not maintained colinearly when using the Wabash Press 

platens. In response to this issue, the cylindrical cuff jig used in Figure 46 is implemented. 

The cylinder ñjigò could have been made to a tighter tolerance to better maintain that 

central vertical axis, but that would risk the dies seizing to the jig. The inner diameter of 

the jig had to be larger than any expansion experienced by the dies in order to avoid seizing. 

In manufacturing practice, the operation will take place with the top and bottom dies fixed 

to the fabrication equipment to maintain their positioning, thereby eliminating the need for 

a jig to maintain their collinearity. While there are no videos currently available on the 

manufacture of threshing teeth, the videos on the manufacturing of the tiller blades show 

how dies are mounted and fixed in a manufacturing setting. An example can be viewed in 

Figure 9, as similar mounting of the bolt head forging dies would be implemented.  
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Figure 90: Representative final geometry of 6-mm diameter AISI 1018 steel bolt head 

workpiece after forging with misalignment. 

 

The results for the simulations and experimentation with the accurate geometries 

used in manufacturing practice are plotted in Figure 91 according to the force applied and 

the resulting flange thickness. The experiments are performed only with Moly lubricant. It 

is evident that an increasing applied force leads to a decreased flange thickness. There are 

larger discrepancies in the flange thicknesses between the simulation and experimental 

results at lower forces. This deviation is a result of AISI 1018 steel being used in the 

experiments and AISI 4140 steel, the closest match available in the DEFORM material 

library, being used in the simulations as explained in Table 16 in section 4.2 DEFORM 

Setup. At forces below 11 kN, the flange thickness experiences a dramatic negative trend 

with respect to higher forces. At forces higher than 11 kN, the flange thickness begins to 

level out. This is due to greater surface contact of the flange with the flat faces of the dies. 

At and above 11kN, the percent difference reduces from an average of 45.64% to an 

average of 36.78%. This discrepancy is most likely a result of the temperature estimates 

made during the experiments of 600°C (Austin, 2002). The temperature of the experimental 
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workpieces could have been slightly higher or varied during each iteration, which would 

have reduced the forging force required to form a thinner flange. In use on the agriculture 

equipment in Bangladesh, the thickness of the flange is not of significant importance 

because the length of the final tooth extending from the barrel does not have a crucial 

tolerance to maintain. The 1-mm difference in the thickness of the flange between the 

simulation and experimental results will not reduce the effectiveness of the tooth in use. 

Even though the simulation results presented in Figure 91 do underestimate the flange 

thickness, the recommendations for performing the bolt head forging operations are not 

affected by the deviations in the simulation results. Lastly, the variation in the results is 

also caused by the use of the AISI 4140 steel in the DEFORM simulations and the AISI 

1018 steel in experimentation. Due to the limited literature available, the properties for 

these two materials at elevated temperatures are not well known, so high temperature 

material properties cannot be accurately referenced and matched to each material. Their 

similar room temperature properties are listed in Table 4, and that similarity is extrapolated 

to higher temperatures based on the data available. Again, the DEFORM material library 

is limited, so using the same material is not an option for all of the threshing teeth 

deformation simulations. 
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Figure 91: DEFORM simulation and experimental results measured by flange 

thickness for the 6-mm diameter AISI 1018 steel 600°C workpiece in the bolt head 

forging operation. 

 

5.9.4 DEFORM Simulation Results 

DEFORM simulations are performed at 600°C, 800°C, and 1,000°C for the bolt 

head forging operation on the 6-mm diameter threshing tooth. The simulation settings are 

found in section 4.2 DEFORM Setup. It is strongly advised not to perform this bolt head 

forging operation without lubrication or at workpiece temperatures below 600°C. A much 

higher risk of die failure and of the workpiece seizing inside the die would be present if 

these guidelines are ignored. The simulation results for bolt head forging at higher 

temperatures can be found in Table 53. All friction coefficients are low because the 
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operation should be performed lubricated. The simulation results shown in Table 53 are all 

performed at a die closing speed of 100 mm/s to emulate a practical manufacturing setting. 

This concludes the presentation of the results for bolt head forging on the threshing teeth. 

The next section discusses the bending operation results for the threshing teeth. 

Table 53: DEFORM simulation bolt head forging operation on 6-mm diameter AISI 

4140 steel threshing teeth workpieces performed at a speed of 100 mm/s. 

Temperature 

(°C) 

Friction 

Coefficient  

Force Required 

(kN) 

Force Required 

(Metric Tons) 

600 0.2 158.7 16.18 

800 0.2 94.69 9.656 

1,000 0.15 47.75 4.869 

 

5.10 Threshing Tooth Bending Results 

5.10.1 Analytical Calculations 

FEA simulation and experimental results for the bending operation on the threshing 

teeth are presented in this section. As mentioned in section 2.5 Literature Review, when 

describing the bending equations, the width of the part needs to be much greater than the 

thickness of the part. Because the threshing teeth workpieces are cylindrical, they fail to 

meet this criterion. For this reason, no analytical calculations are performed for the bending 

of the threshing teeth. The lack of applicable equations for this specific operation does not 

impair the research because the practice of performing forging following the bending force 

application will be done in manufacturing practice. This practice is the same as that 

discussed in detail in section 5.7 Tiller Blade Forging Results. Forging ensures plastic 

deformation occurs after any elastic bending deformation, and the final part will adhere to 

the same angle geometry incorporated in the bending dies. As a result, there is no reason 
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to adjust the angle of the bending dies according to any spring back experienced. The mesh 

convergence studies conducted for the tooth bending operation are described next. 

 

5.10.2 Mesh Convergence Studies 

Another mesh convergence analysis is performed for the workpiece in the threshing 

teeth bending simulations. This study was completed at a workpiece temperature of 20°C. 

As shown in Figure 92, the convergence of the displacement and velocity results for 

simulations run with different mesh sizes is not very clear. Convergence is assumed to 

begin at an element number of 50,000 because the variation in displacement and velocity 

values are relatively minimal after that point. The displacement value at convergence is 

approximately 75.75-mm, and the velocity value is approximately 13 mm/s. Another 

validation for the final value of 50,000 elements can be seen in Table 54 as the colorized 

stresses. The colorized stresses begin to converge at 50,000 elements. This convergence is 

verified by the reappearing orange color on the very tip of the bend that is consistent with 

increasing numbers of elements. 
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Figure 92: Mesh convergence results shown in the black oval for bending the 8-mm 

diameter AISI 4140 steel threshing teeth at 20°C. 

 

Table 54: Colorized stress results from mesh convergence study on bending the 8-mm 

diameter AISI 4140 steel threshing teeth at 20°C. 
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The bending die mesh convergence study for the die stress analysis is discussed 

next. The stress and displacement values resulting from the different mesh sizes are 

graphed in Figure 93. The results begin to converge at a value of approximately 162,500 

elements. At convergence, the stress value is approximately 2,200 MPa, and the 

displacement value is approximately 0.0475-mm. It does not appear that the displacement 

results converge, but the difference in their values at the 162,500 elements mark is minimal 

at approximately 0.001-mm.  

 

Figure 93: Mesh convergence results shown in the black oval for the 6-mm diameter 

threshing teeth bending dies made of AISI D2 tool steel at 20°C. 

 

5.10.3 DEFORM Simulations and Experiment Results Comparison 

Experimental procedures for bending the threshing teeth are performed at room 

temperature on 6-mm and 8-mm diameter workpieces both dry and with Moly lubricant. 
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Setup and section 4.3.5 Experimental Procedures. Discussing the bending of the 6-mm 

workpiece first, the results of the experiments and DEFORM simulations performed under 

the same experimental conditions are shown in Figure 94. It can be observed that there is 

no significant difference in the final angle of the part as the force increases from 30 to 70 

kN. This phenomenon is explained because the workpiece is being forged at these higher 

forces. When this forging occurs, the assumptions for bottoming die bending (V-bending) 

are violated. The forging at the end of the process leads to reduced spring back. Still, there 

is a generally negative trend in the final angle of the part as the force applied increases. 

The unlubricated workpieces diverge in their simulation results compared to the 

experimental results more than for the lubricated workpieces. It is notable that these results 

have smaller average percent differences than the flange forging results presented above. 

The differences are 39.3% for the bolt head flange forging versus 2.45% and 1.81% for 

bending the 6-mm and 8-mm diameter rods, respectively. This can be attributed to the 

bending die design as discussed previously in section 5.8.3 DEFORM Simulations and 

Experiment Results Comparison. Due to the high forces applied, a forging operation takes 

place at the end of the bending operation. Due to the forging, the majority of the workpieces 

have very similar angle measurements, lowering their average percent difference.  
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Figure 94: DEFORM simulation and experimental results for unlubricated (left) and 

lubricated (right) bending of the 6-mm diameter AISI 1018 steel threshing teeth. 

 

 The results for the 8-mm diameter tooth workpieces are shown in Figure 95. There 

is a consistent negative trend that as the force applied increases, the final angle decreases. 

The final angle changes very little at higher forces, which is explained by the forging that 

occurs. Similar to the 6-mm diameter bending results, the unlubricated workpieces have 

much greater divergence between the simulations and experimental results than the 

lubricated workpieces.  
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Figure 95: DEFORM simulation and experimental results for unlubricated (left) and 

lubricated (right) bending of the 8-mm diameter AISI 1018 steel threshing teeth.  

 

The experimental results for bending are represented by the workpiece in Figure 

96. The red arrows in Figure 96 shown how two lips are formed as a result of bending 

around the shoulder corners of the bottom bending dies. While this appears unfavorable, it 

does not affect the function of the tooth. The majority of the lips formed can be removed 

from the workpiece with minimal force. There is minimal wear observed on the die at the 

shoulder corners due to the fact that the corners are filleted to reduce stress concentrations.  
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Figure 96: AISI 1018 steel 8-mm diameter threshing tooth workpiece after bending 

experimentation with lips shown by white arrows. 

 

5.10.4 DEFORM Simulation Results 

The DEFORM simulations reveal some common behaviors of the workpieces 

during processing. The simulation settings can be found in section 4.2 DEFORM Setup. 

The first observation is that the tooth workpieces experience much more damage when bent 

without lubrication. The operation requires the tooth to slide against the shoulder corners 

of the bottom die. Without lubrication, the sliding will cause more die wear over time and 

affect the visual quality of the resulting workpieces. With this information, it is advisable 

to use lubrication in this operation.  

Simulations for AISI 4140 steel are performed at 100 mm/s to emulate a realistic 

manufacturing setting. The resulting values presented in Table 55 are for a top die 

displacement of 68-mm using the 6-mm diameter dies, and the values presented in Table 
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56 are for a top die displacement of 74-mm using the 8-mm diameter dies. The 

displacement begins where the top die has initial contact with the horizontal workpiece. A 

note can be made that more force is required to bend the 8-mm diameter workpiece 

compared to the 6-mm. The exception to this statement is for the room temperature 

workpieces. In the simulations, stress concentrations are generated when the workpiece 

geometry is remeshed on the more detailed lip geometry that occurs during the process as 

indicated in Figure 96. The various additional nodes in those lips formed detect even small 

stress concentrations experienced. At higher temperatures, there is less damage 

experienced around the corner shoulders of the bottom die by the workpiece, so the 

simulation phenomena would not occur. This concludes the presentation of the bending 

results for the threshing teeth. The last set of results discussed are in the next section for 

the flat forging operation on the threshing teeth. 

Table 55: DEFORM simulation  results for 6-mm diameter AISI 4140 steel threshing 

tooth bending. 

Temperature (°C) Force Required (kN) 
Force Required  

(Metric Tons) 

20 71.00 7.240 

800 18.29 1.865 

1,000 8.600 0.877 

 

Table 56: DEFORM simulation  results for 8-mm diameter AISI 4140 steel threshing 

tooth bending. 

Temperature (°C) Force Required (kN) 
Force Required  

 (Metric Tons) 

20 53.51 5.457 

800 19.55 1.994 

1,000 13.71 1.398 
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5.11 Threshing Tooth Flats Forging Results 

5.11.1 Analytical Calculations and Calibrated Simulations 

The forging operation results including the analytical calculations, FEA 

simulations, and experiments to forge the flats on the threshing teeth are presented in this 

section. The comparison of the analytical calculations and calibrated DEFORM simulation 

results for this forging operation are discussed first. The results of the calculations and 

calibrated simulations for the 8-mm diameter workpieces are shown in Figure 97. A similar 

trend is present in Figure 97 as in section 5.9.1 Analytical Calculations and Calibrated 

Simulations, where the flow stress values calculated from the DEFORM material library 

of flow stress data resulted in much higher predicted forging forces than the other two 

values compared. As stated above, this is because the AISI 4140 steel has a flow stress that 

is strain and strain rate dependent, resulting in two sources of error in calculating flow 

stress then used in the analytical calculations. The mesh convergence study for this forging 

operation is described in the next section. 
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Figure 97: 8-mm diameter cylindrical rod flat  forging analytical calculations and 

calibrated DEFORM simulation results for AISI 4140 steel material (L = lubricated, 

NL = unlubricated). 

 

5.11.2 Mesh Convergence Studies 

The mesh convergence study for the bent tooth workpiece to be forged flat is now 

presented. This study is performed at a workpiece temperature of 20°C. Figure 98 shows 

the results of force and velocities for different mesh sizes applied to the workpiece. It is 

evident that convergence begins at 90,000 elements with a force value of approximately 

69.25 Metric Tons and a velocity value of approximately 10.75 mm/s. The 90,000-element 

convergence is further verified through the visual analysis of the colorized stresses shown 

in Table 57. The small yellow marks in the center of the flats appear more consistently in 

the same positions starting at 90,000 elements.  
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Figure 98: Mesh convergence results shown in the black oval for forging flats on 8-

mm diameter AISI 4140 steel threshing tooth at 20°C. 

 

Table 57: Mesh convergence results for forging the flats on the 8-mm diameter AISI 

4140 steel threshing tooth at 20°C. 
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The final mesh convergence analysis completed is for the forging dies that produce 

flats on the threshing teeth. The stress and displacement results from different mesh sizes 

are graphed in Figure 99. At convergence, the stress value is approximately 1,800 MPa, 

and the displacement value is approximately 0.055-mm. The mesh convergence occurs at 

80,000 elements according to Figure 99. 

 

Figure 99: Mesh convergence results shown in the black oval for the 8-mm diameter 

flat forging dies made of AISI D2 tool steel at 20°C. 

 

5.11.3 DEFORM Simulations and Experiment Results Comparison 

The comparison of the simulation and experimental results are quantified by 
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measurement program, ImageJ is used as discussed in section 5.7.3 DEFORM Simulations 

and Experiment Results Comparison (ImJoy, 2024). The distance between the top and 

bottom dies is measured and recorded in ImageJ. The thickness of the flats on the physical 

workpieces are measured with calipers, as shown in Figure 67. An experimental workpiece 

after forging can be seen in Figure 100 with slight flats generated on the top and bottom 

sides. The flats are not as evident because of the limitations of the Wabash Press not 

generating enough force to produce thinner flats on a room temperature workpiece. The 

final flats should be approximately 6-mm thick, but the Wabash Press at Georgia Tech can 

only reach a maximum of 50 English Tons (~45.36 Metric Tons). The flats formed during 

the experiments at the highest force achievable are approximately 7.3-mm thick.  

 

Figure 100: AISI 1018 steel 8-mm diameter threshing tooth workpiece with flats 

forged on either side shown by the white arrow. 

 

 The simulation and experimental results for both unlubricated (left) and lubricated 

(right) dies are shown in Figure 101. The Wabash Press can only provide a maximum force 

of 50 Tons, and more tonnage is required to forge the cold workpieces to a thickness of 6-
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mm, so the resulting flats are thicker than required of the final part. The agreement of the 

simulation and experimental results at these lower force values verifies the accuracy of the 

simulations at higher forging forces up to the required thickness of the flats at about 6-mm. 

As expected, it takes more force to forge with unlubricated dies than lubricated. These 

results have a very low deviation when comparing the simulation to experimental results. 

This is a direct result of the dies not requiring alignment since the dies are simply flat plates 

with a large enough area to equally distribute forging force on the workpiece.  

 

Figure 101: Results for the forging of 8-mm diameter threshing tooth flats for 

unlubricated (left) and lubricated (right) experiments. 
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5.11.4 DEFORM Simulation Results 

Additional simulations are performed with higher temperature AISI 4140 steel 

workpieces. The simulation settings are found in section 4.2 DEFORM Setup. The results 

of the simulations performed can be found in Table 58. The simulations are performed with 

a die closing speed of 100 mm/s because that better represents the manufacturing 

environment. While room temperature forging at 20°C is not practical in a manufacturing 

environment, it is included in Table 58 to show the drastic decrease in forces required to 

forge the threshing tooth at higher temperatures. It is advisable to perform this operation at 

higher workpiece temperatures. The flat forging deformation operation results discussion 

is now concluded, and the next section summarizes the recommendations for the 

manufacturing practices to produce the tiller blades, threshing teeth, and fodder chopper 

blades.  

Table 58: DEFORM simulation results for forging the flats onto 8-mm diameter AISI 

4140 steel threshing teeth at 100 mm/s at different temperatures and lubrications. 

Temperature (°C) Lubrication  
Force Required 

(kN) 

Force Required 

(Metric Tons) 

20 Lubricated 776.7 79.20 

20 Not Lubricated 777.2 79.25 

800 Lubricated 265.4 27.06 

800 Not Lubricated 266.2 27.15 

1,000 Lubricated 145.3 14.82 

1,000 Not Lubricated 146.5 14.94 

 

5.12 Discussion and Recommendations 

This section summarizes the results from this thesis that are guidelines for 

manufacturing facilities in Bangladesh. All of the materials discussed in this section 
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represent the closest matches to the materials determined for each part obtained by Georgia 

Tech. Section 6.2 Future Work discusses the application of this research to other materials 

that can be used to make the spare parts. AISI 1043 carbon steel is the material used in the 

calculations and simulations of the recommended processing conditions for the tiller 

blades. Table 59 presents the greatest required forces for the tiller blade shearing 

operations. Knowing the maximum force allows manufacturers to obtain equipment that 

can successfully fabricate the parts. The geometry requiring the greatest force is labeled 

ñlong edge lengthò in Table 38 and  

Table 39. The rightmost column includes a safety factor of 1.5 that is consistent 

throughout all recommendations in this section. Fabricators will need to determine the 

geometry of stock material used to produce the tiller blades. With a flat plate, one can use 

either shearing or plasma to produce the required blank. 

Table 59: Recommended processing conditions for shearing geometry on AISI 1043 

carbon steel tiller blades. 

Thickness 

(mm) 

Temperature 

(°C) 

Force Required 

(kN) 

Force Required 

w/ SF of 1.5 (kN) 

5 
700 386.0 579.0 

1,000 55.55 83.33 

6 
700 462.7 694.1 

1,000 66.65 99.98 

 

Table 60 and Table 61 present the forging and bending force requirements for both 

thicknesses (5-mm and 6-mm) of AISI 1043 carbon steel tiller blades. The results are for 

workpiece processing temperatures greater than room temperature with lubricated dies to 

reduce wear. It is notable from the physical experiments performed that there is a difference 
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of 15% between the simulations and experiments for the AISI 1100 aluminum forging 

operations. This large difference can be attributed to the misalignment of the dies because 

they were not fixed to the processing equipment and, as a result, slipped. If the dies were 

fixed to the equipment, as they will be in practice, then the difference would be greatly 

reduced. The boundary conditions of the dies in the AISI 1043 carbon steel simulations are 

fixed with movement of the dies only allotted in the direction of force application.  

Table 60: Recommended processing conditions for forging the sharp edge on AISI 

1043 carbon steel tiller blades with lubrication . 

Thickness 

(mm) 

Temperature 

(°C) 

Force Required 

(kN) 

Force Required 

w/ SF of 1.5 

(kN) 

Die Stress 

(MPa) 

5 
700 1,376 2,064 993.0 

1,000 503.2 754.8 351.0 

6 
700 1,457 2,186 2,300 

1,000 498.8 748.2 439.0 

 

Table 61: Recommended processing conditions for bending the AISI 1043 carbon 

steel tiller blades with lubrication . 

Thickness 

(mm) 

Temperature 

(°C) 

Force Required 

(kN) 

Force Required 

w/ SF of 1.5 

(kN) 

Die Stress 

(MPa) 

5 
700 22.64 33.96 67.90 

1,000 8.262 12.39 28.30 

6 
700 40.79 61.19 63.00 

1,000 13.12 19.68 21.70 

 

As shown in the rightmost columns of Table 60 and Table 61, the die stresses 

decrease with increasing workpiece temperature. It is strongly recommended to perform 

the sharp edge forging and bending operations on a workpiece at elevated temperatures. It 

is also recommended that hardened AISI A2 tool steel be used as the die material, as its 
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yield strength of 1900 MPa greatly exceeds the stresses experienced by the tiller blade 

forming dies and it will resist wear.  

The results for the threshing teeth are now discussed. The first manufacturing 

operation, shearing, is summarized in Table 62. The shearing forces required to cut the 

straight cylindrical rods to length are tabulated for both the 6-mm and 8-mm diameter 

stock. The minimal forces required of this operation do not support the need for it to be 

performed at an elevated workpiece temperature.  

Table 62: Recommended processing conditions for shearing threshing tooth AISI 

4140 steel stock to length. 

Diameter (mm) 
Temperature 

(°C) 

Force Required 

(N) 

Force Required 

w/ SF of 1.5 (N) 

6 

20 17,388 26,082 

600 14,767 22,151 

800 8,694.0 13,041 

1,000 1,512.0 2,268.0 

8 

20 30,912 46,368 

600 26,253 39,380 

800 15,456 23,184 

1,000 2,688.0 4,032.0 

 

The major deformation operation recommendations for the threshing teeth are 

described next. The bolt head forging operation forces for the 6-mm diameter workpiece 

are shown in Table 63, where only the elevated temperature results are tabulated. The 

bending operation results are found in Table 64. A noticeable characteristic of the bent 

threshing teeth is the lips that form where the workpiece meets the corner shoulders of the 

bottom bending die as shown in Figure 96. Higher temperature workpieces should be used 

to prevent this, according to the simulation results. This is because hotter workpieces have 
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smaller moduli, are less resistant to bending, and hence, apply less force to the die, reducing 

the frictional forces. The results for the last manufacturing operation, forging the flats onto 

the bent tooth workpiece, are shown in Table 65. This operation is fairly simple due to its 

uncomplicated geometry, so the only recommendation is to perform this operation at 

elevated temperatures with lubrication to the required forces  and die wear. 

Table 63: Recommended processing conditions for bolt head forging the flange on 

AISI 4140 steel threshing teeth with lubrication . 

Temperature 

(°C) 

Force Required 

(kN) 

Force Required 

w/ SF of 1.5 

(kN) 

Die Stress 

(MPa) 

600 158.7 238.1 2,130 

800 94.69 142.0 1,250 

1,000 47.75 71.63 613.0 

 

Table 64: Recommended processing conditions for bending the AISI 4140 steel 

threshing teeth with lubrication . 

Diameter 

(mm) 

Temperature 

(°C) 
Force Required 

(kN) 

Force Required 

w/ SF of 1.5 

(kN) 

Die Stress 

(MPa) 

6 

20 71.00 106.5 1,780 

800 18.29 27.44 570.0 

1,000 8.600 12.90 360.0 

8 

20 53.51 80.27 2,450 

800 19.55 29.33 697.0 

1,000 13.71 20.57 409.0 
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Table 65: Recommended processing conditions for forging the flats on AISI 4140 steel 

threshing teeth with lubrication . 

Temperature 

(°C) 

Force Required 

(kN) 

Force Required 

w/ SF of 1.5 

(kN) 

Die Stress 

(MPa) 

20 776.7 1,165 1,190 

800 265.4 398.1 619.0 

1,000 145.3 218.0 320.0 

 

The die stresses decrease significantly with an increase in workpiece temperature. 

Hardened AISI A2 tool steel with a yield strength of about 1900 MPa should be used for 

the dies. Bolt head forging performed at elevated workpiece temperatures does not exceed 

the diesô yield stresses. In bending, high stresses occur at room temperature and are 

concentrated on the shoulders of the bottom bending dies for both diameters. Therefore, 

bending should be performed with a workpiece at elevated temperatures and possibly using 

dies with reinforcement in the shoulders.  

There was a high percent difference of 39% between the simulations and the 

experiments. Due to the temperature of the experimental workpiece being tracked 

qualitatively based on color, the temperature could have varied between ±100°C due to 

human perception error and cooling during the time required to safely place it in the press, 

while adhering to all safety measures. These variations in temperature serve as the primary 

source of discrepancy between the threshing tooth experiments and simulations. The 

workpiece could not be forged at room temperature as with the other forging processes 

because the high forces would cause the workpiece to permanently seize inside the dies 

due to the hoop stress generated. The misalignment of the dies was a secondary source of 

error.  
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The fodder chopper blade manufacturing process recommendations pertain only to 

the shearing operations. The shearing results for the fodder chopper blades are presented 

in Table 66 for the maximum forces required in the list of shearing operations displayed in 

Table 41. The maximum force shearing operation is labeled ñcutting the rounded sharpened 

edge.ò It is not necessary to perform this manufacturing process with a hot workpiece 

because the process does not require bending or forging, but one could use a heated 

workpiece if the force requirements are not available. As mentioned for the tiller blades, 

the input material has a direct impact on the manufacturing process selected. If the material 

is flat and only requires shearing, a hot workpiece is not recommended. If the material 

needs to be rolled flat before applying any planar geometry, a hot workpiece is 

recommended. If  additional hardness is desired, the workpiece can be quenched after 

completing all deformation operations. 

Table 66: Recommended processing conditions for shearing planar geometry onto 

AISI 1018 steel fodder chopper blades. 

Temperature 

(°C) 

Force Required 

(kN) 

Force Required 

w/ SF of 1.5 

(kN) 

20 628.5 942.8 

600 314.3 471.5 

1,000 54.65 81.98 

  

Noticeable trends for all three spare parts are now discussed. First, it takes 

considerably less force to deform workpieces at increasingly elevated temperatures. The 

yield stresses of the die metals are often exceeded when parts are deformed at room 

temperature which will result in premature die failure. The selection of the working 

temperature of the workpiece should include a cost analysis and a list of the machinery 
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available. A cost analysis, described in section 6.2 Future Work, would determine the 

payback periods on the investment in equipment like furnaces and presses with different 

force capacities. Less expensive, lower force capability equipment may be able to be used 

to process materials at elevated temperatures, but it would require additional steps and 

equipment to heat the workpiece before processing. A value-added (VA) analysis, also 

described in section 6.2 Future Work, should be completed to compare the feasible 

manufacturing process options.  

 For bending, it is recommended that the punch radius and punch angle of the dies 

used to form the tiller blades and threshing teeth match their required final part geometries, 

given the provision of an additional higher forging force at the end of the bending operation 

to plastically deform the workpiece to the exact shape of the dies and reduce spring back. 

Note that the radius of the bottom die will need to be adjusted according to the thickness 

of the part.  

Correspondingly, the workpiece needs to be encompassed fully by the dies, having 

as much surface contact as possible between the dies and workpiece to achieve an accurate 

final part. This is evident for the bending dies as forging takes place following the initial 

bending force application. Maximizing the surface contact area of the top and bottom dies 

allows the blade to plastically deform to the specific punch radius and angle of the dies, 

resulting in a more accurate and uniform part. This is also evident in the non-mirrored sharp 

edge forging die used on the 6-mm thick tiller blades. The expectation of flashing material 

to emulate the sharpness of the blade was not met. While the die could have been designed 

to facilitate flashing more appropriately, it is more reliable to use the mirrored die design 

that has definite surface contact to guide the forging process. 
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Lastly, the die designs presented will require that the dies be attached to the 

processing equipment to ensure accurate part geometry. For instance, if a press brake is 

used instead of a press for a bending operation, the design of the dies will incorporate the 

defined bending geometry, but their external design will need to be adjusted for properly 

affixing to each type of machine. 

 

5.13 Chapter Summary 

CHAPTER 5 discusses the results generated from XRF and hardness testing as well 

as the deformation operations for the tiller blades, threshing teeth, and fodder chopper 

blades. The material characterization is determined with the use of XRF devices, and the 

hardness values are tabulated. The results are divided by part and deformation operation. 

First, the analytical calculations are compared to the calibrated simulations for the forging 

operations. The analytical calculations and calibrated simulations for the forging and 

bending operations serve as satisfactory preliminary force estimates to ensure that the 

initial simulations completed run correctly because their results correlated. Other than 

providing preliminary estimates, those values were not included in the rest of the analyses 

in this thesis. For tiller blade bending operations, the spring back calculations were 

explained, but determined to not be useful in the context of this thesis. Next, the simulations 

were performed using the exact geometries of the dies and workpieces fabricated at 

Georgia Tech for experimentation. The FEA set-up parameters included die geometry, 

friction coefficients, speeds, mesh sizes, step values, and various materials at elevated 

temperatures. The numerical force results were verified with a mesh convergence analysis. 

Representative simulations were verified with experiments. The correlation of the 
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simulation and experimental results validated that those simulations were set up and 

performed correctly. Lastly, the results of the simulations for workpiece metals at elevated 

temperatures and greater die displacement speeds were presented to provide more realistic 

manufacturing force requirement recommendations. In order to account for some of the 

differences found between the simulation and experimental results, sensitivity analyses for 

the material deviations between simulations and experiments and feasible friction 

coefficient ranges were conducted. The next chapter concludes the work presented in this 

thesis as well as details future work to be conducted.  
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK  

6.1 Conclusions 

The development of agricultural mechanization and the fabrication of the 

machinery and spare parts will help to improve the overall balance of payments and the 

economy in Bangladesh. Agriculture is the leading industry in Bangladesh, and the high 

import costs of machinery and spare parts motivates this research as the spare parts market 

has reached a value of 381 million USD as of the year 2020 (Alam, 2022). This thesis 

details manufacturing processes and their mechanical analyses for shearing, bending, and 

forging operations required to generate three different highly consumed spare parts: tiller 

blades, threshing teeth, and fodder chopper blades. The results of this research can be 

applied to developing and existing SMEs in Bangladesh. 

First, morphological processes for each part were determined based on feasibility 

of implementation in Bangladeshi facilities and speed of manufacture. The processes were 

generated from a visual analysis of each spare part. As will be discussed in section 6.2 

Future Work, the appropriate manufacturing process can be selected based on the results 

of a cost analysis for purchasing machinery and market demand for each part. Next, the 

atomic compositions of each part were determined. This was done to perform calculations, 

simulations, and experiments using materials with similar properties as those used in the 

current manufacture of the parts. 

A force analysis was then conducted for each deformation operation performed to 

manufacture all three parts. Beginning with analytical calculations, they provided 
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preliminary force estimates for the shearing, forging, and bending operations. The shearing 

operation calculations were deemed sufficient with the inclusion of a safety factor to make 

force requirement recommendations. The forging calculations were verified with calibrated 

simulations for accuracy in adhering to the equation constraints but were not included in 

the rest of the analysis. The bending calculations were also determined to be accurate, but 

the constraints of the equations were exceeded as it was determined that applying additional 

forging force after bending was the optimal processing technique to use to achieve more 

uniform final products without spring back.  

Die designs were generated and simulated to ensure that the final resulting 

workpiece geometry matched that of the original part dimensions. Through iterations of 

die designs, the simulations proved that the dies presented in this thesis generate the desired 

geometries for each operation. In Bangladesh, the dies can be replicated using existing, 

commonly found, machining equipment including CNC mills and lathes. 

Simulations, adhering to the mesh convergence studies completed on each 

workpiece geometry, were performed matching the constraints of the experimental 

conditions at Georgia Tech. Those simulations were verified by performing the 

experiments using the same conditions as the simulations. Experimental verification of the 

simulations was then completed. The testing equipment used at Georgia Tech included the 

Instron and Wabash Press to perform the bending and forging operations, respectively. The 

correlation of the simulation and experimental results proved that the simulations were set 

up and performed correctly. 
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The same simulations mentioned above were then performed but with workpieces 

at elevated temperatures and increased die speeds to emulate a realistic manufacturing 

setting. The results from the more realistically constrained simulations are most applicable 

to facilities in Bangladesh while the previous simulations were more applicable to 

experimental verification.  

The forging operations have elevated average percent difference of 15% for the 

tiller blade sharp edge forging and 39% for the threshing tooth bolt head forging in the 

comparison of the experimental and simulation results. This was attributed to die alignment 

issues for both parts and temperature estimates for the threshing teeth. While these 

deviations are not ideal, the sources of errors will be remedied in practice. There will be 

more control of the threshing tooth workpiece temperature in operation because the bolt 

head forging operation will occur quickly at high die displacement speeds directly after 

uniformly heating the workpieces. Alignment will be maintained when the dies include 

fixturing specific to the machinery in Bangladeshi facilities. Fixturing will maintain 

centralized axes along the direction of die displacement. The errors were also remedied 

slightly through the explanation in the sensitivity analysis for the deviation in materials 

used between the simulations and experiments as well as the range of feasible friction 

coefficients possible in the experimental setting. The final operation of forging the flats on 

the threshing tooth had a very low percent difference of 1.4% because that operation did 

not require any alignment in the dies, therefore not introducing that source of error. 

The bending operations for both the tiller blades and threshing teeth had very low 

differences (from 1% to 11%) when comparing the experimental and simulation results of 

the angle generated in the final part. This is due to the high area of surface contact during 
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forging. It is strongly recommended to apply additional forging force after the initial 

bending force for angled parts. The dies should be manufactured with the same geometry 

required of the final part. This will further aid in creating uniform products in Bangladesh.  

Upon examination of all simulations and results, the following conclusions are 

drawn. First, the higher the temperature of a workpiece, the less force is required to perform 

any deformation operation. It is recommended that the tiller blade and threshing teeth 

workpieces be heated to at least 600°C. This also corresponds to less stress being induced 

on the dies, as shown by the die stress analyses. Lubrication also slightly reduces the forces 

required. Knowing the expected forces to be encountered in the manufacturing process, 

facilities in Bangladesh can use or purchase machinery with the appropriate force capacity.  

 

6.2 Future Work  

Future work and research directions will now be identified. The two main future 

objectives are for CSISA-MEA partners Bangladesh to perform forming processes with 

hot metal workpieces to further verify simulation results including various material 

compositions available there. The second objective is to complete cost analyses of the 

machinery to define the best financial approach to develop manufacturing facilities.  

First, it was not feasible to perform all of the experiments at elevated temperatures 

at Georgia Tech. Therefore, experiments at elevated temperatures should be performed in 

the future to further validate the high temperature simulations and analytical calculations. 

The following manufacturing operations would benefit from high temperature data: 

shearing of AISI 1043 steel tiller blades, sharp edge forging of AISI 1043 steel tiller blades, 
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bending of AISI 1043 steel tiller blades, shearing of AISI 4140 steel threshing teeth, bolt 

head forging of AISI 4140 steel threshing teeth, bending of AISI 4140 steel threshing teeth, 

flat forging AISI 4140 steel threshing teeth, and shearing of SAE 303025 steel fodder 

chopper blades. Existing manufacturing facilities in Bangladesh have the capabilities to 

perform high temperature processing, and with the assistance of CSISA-MEA engineers, 

these elevated temperature tests could be conducted locally. The Bangladeshi facilities are 

equipped with the machining capabilities to manufacture the die designs described in this 

thesis, and they can be implemented in the actual manufacturing facilities with fixturing 

for testing and permanent manufacturing. The loads required to perform the deformation 

operations at elevated temperatures can be compared to the simulations and calculations 

outlined in this thesis for further verification of simulation accuracy.  

It would also be useful to know the exact compositions of the metals available to 

and used by Bangladeshi manufacturers. As mentioned in CHAPTER 2 Background and 

Significance, material to make these agricultural components originates from beached 

cargo ships in the Chittagong region of Bangladesh. As the main source of stock material 

is recycled from these ships, it is not uniform in the material properties or geometries. If  

the compositions of the metals are known, then the calculations and simulations presented 

in this thesis will more accurately reflect the manufacturing operations in Bangladesh. 

Table 67 presents the properties of the metals that need to be obtained to perform the 

required analyses. Those parameters need to reflect the temperatures of the workpiece in 

manufacturing operations. In addition to these values, the flow stress curves for the actual 

metals are needed for simulation input if the materials are not already within DEFORM or 

ANSYS libraries. The rightmost column of Table 67 indicates whether the material 
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property value will be used in the preliminary analytical calculations, simulations, or for 

material composition determination. The hardness value is included because it can help to 

identify an unknown metal using Equation 19, as can the XRF device currently used by 

CSISA-MEA partners.  

Table 67: List of material characteristics/properties required to complete a 

manufacturing analysis as presented in this thesis. 

Property Purpose 

Elastic Modulus Calculations/Simulations 

Tensile Yield Strength Calculations/Simulations 

Ultimate Tensile Strength  Calculations/Simulations 

Elongation at Break Calculations/Simulations 

Friction Coefficient Calculations/Simulations 

Poissonôs Ratio Simulations 

Shear Modulus Simulations 

Shear Strength Simulations 

Hardness Material composition 

 

 The material availability and sourcing reveal another area for improvement in 

future work. Additional sensitivity analyses for computer simulations and analytical 

calculations should be performed on the steels used in Bangladesh, as many different 

variations are obtained from beached ships. The results of these sensitivity analyses would 

bound the minimum and maximum forces required to perform an operation and ensure that 

the equipment available or to be purchased can meet those calculated requirements. 

Performing a sensitivity analysis using the simulation settings presented in this thesis will 

further improve the overall robustness of the research and its applicability to the conditions 

anticipated by Bangladeshi manufacturers.  
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Finally, cost analyses are not performed in this thesis. There are cost analyses such 

as return on investment for machinery purchases are now being studied by CSISA-MEA 

partners in Bangladesh, but their work was not included in the study. The costs and payback 

periods for any specific machinery that might be purchased to perform the manufacturing 

operations should still be determined for individual developing manufacturing facilities. 

Equipment cost analyses should include a survey of the market size and the volume of parts 

being produced by other manufacturers in the region. That survey would determine the 

volume of parts that is economically reasonable for each individual facility to produce, in 

turn impacting the decision on whether high or low volume production equipment is 

purchased. If there is significant investment in a facility and machinery to manufacture a 

part in a saturated market supply, the manufacturer will not be profitable. The available 

labor force also needs to be evaluated to ensure it can meet the production capacity desired. 

The availability of the stock material as well as the analysis on the material characteristics 

of that metal needs to be determined. If one metal is of greater purchase value, an analysis 

of its potential wear resistance and anticipated lifespan can increase the sale cost of the 

final manufactured part. If more brittle metal is used, the final cost may need to be lowered 

to counteract the higher replacement rate. Additionally, a VA or non-VA value added 

analysis of each individual step of the manufacturing process should be completed. This 

would include the major deformation operations, movement from one operation to the next, 

and storage. The results of this analysis will reveal where significant investments in the 

facility should be made. For example, at a high VA operation, the facility may need to have 

more staff and better-quality equipment stationed at that operation.  
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APPENDIX A. ADDITIONAL DRAWINGS  

Figure A 1: Tiller blade 6-mm thick workpiece CAD drawing.  



 211 

Figure A 2: 8-mm diameter threshing tooth with flats CAD drawing.  
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Figure A 3: Top mirror die for 6 -mm thick tiller blade workpiece. 
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Figure A 4: Bottom mirror die for 6 -mm thick tiller blade workpiece. 
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Figure A 5: Top non-mirrored die for 5 -mm thick tiller blade workpiece. 



 215 

 

Figure A 6: Bottom non-mirrored die for 5 -mm thick tiller blade workpiece.  
































