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SUMMARY

Farmers in Bangladesh currently import spare parts for agricultural equipment. The
high consumption rates and the high costs associatedwtburchase create a prime
opportunity to develop efficient domestic manufacturibgpmestic manufacturingof
agricultural machinery and spare paxiti 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 agricudtuspare partsthe 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 thngstd@eth are used in threshing
machines that repeatedly hit stalks containing grain to separatbect the seeds for
consumption anthe 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, compohents o
the machines experience wear and need to be replaced. The manufacturing processes
proposed to fabricate these spamarts are applicableand beneficialto current and

developingmanufacturing facilities within Bangladesh.

The analysis of the manufacturing processes in this thesis is condsotgdhe
following steps First, the current manufacturing processes for these three spararparts
investigated. Using this information, die designs are generated to fabricate the parts
according to their geometries. Hand calculations of the fomeggiired during

manufacturing are completed and compared to comypasrd simulations. The values

XXi



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 ana@endi
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
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 simitatfite

simulation andexperimental resultsomparison

The forging and bending results are as follows. The tiller blade sharp edge forging
die design hee an average percedifferenceof 15.2% for the thickness of the sharpened
edge of the blade when comparing siraulation angxperimental results using AIS11100
H14 aluminum at 20°C. This shows thia¢ edge forgingsimulations are fairly accurate to
realistic experimentwith the mainsource of error being die alignment contributing to the
higher deviation The bending operation performed on the tilledbEhavean average
percentdifferenceof 10.94% and 1.976% for the finainerangles of the workpieces for
the 5mm and émm thick blades, respectively, between the simulation and experimental
results performed with AISI 304 stainless steel at 20°C. Tieeréow percentdifference

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 AlSI 1018cstemliseéhese are the
closest property matchésthe materials availabler stock purchase and the DEFORM

materiallibrary. Thebolt headorging operations performed at 600°C and the thicknesses
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of the flangs had a 39.3% averaghfferencefrom the experiments to simulations. The
inconsistencies in experimentation serve as the primary source of error resulting in the high
percentifference The bending operation on the threshing tooth to create its overall shape
haveaverage percemtifferencesof 2.45% and 1.81% for the final angle when comparing
the simulations to experimental results for the® and 8mm diameter rods, respectively.

The forgingforce appliedat the end of the bending operation contributed to the low percent
differencevalues. Lastly, the average percdifterencefor the forging operation to create

the flat features on thgentthreshing tooth is 1.36% when comparing the thickness of the
flats resulting from experimentatioio simulations. This operatias the smplest of the
forging operations with regard to the die design and final workpiece generated, swehere

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 fina) @adtapplying additional forging
force is recommended following bendity assurehe final angleand minimize spring
back The sharp edge forging dmesign that issecommendeds a mirrored design,
incorporating a pocket for the workpiece on both top and bottom dies. Thedmbfonging
die design should be used for a workpiece at a temperature of 600°C or tyresmse
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 fibwegiifers
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.

xxiii



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 kilorffgtenymous, 2021
There are also at least 40 million people in Bangladesh who experience food insecurity,
which is exacerbated by the refugee influx from Rohingg@aonymous, 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 indiémi@symous,

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

improved to create a strongdmmesticeconomy(Anonymous, 2021

The focusof 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 machine(Zalvert, 2023 Domesticmanufacturingvill improve the
overall balance of paymen(€alvert, 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 aideeas
production and preservation of food and fiber crops with less drudgery and increased
efficiency (Calvert, 2023 It also can bealefined as the application of machines and
equipment to perform farming duties insteagefformingdifficult and timeconsuming

manual laborWith technology, training, and reverse engineering rese@rctupport



agricultural mechanizatioagricultue 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-salesserviceof agricultural equipment is imperative for the successful and
longterm agricultural mechanization of Bangladesbn average, the cost of
manufacturing spare partsed in the equipment supporting agricultural mechanization
within the country is one half to one third of the cost of equivalent imported paes
estimated yearlggricultural equipmennarket size wa$,32 million USD (United States
Dollar) includingspare part ancepair markets and according to the average exchatege ra
in 2015(Faud & Flora, 201 Tiller blades are used in tip@wer 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
consumptionpr sale. The fodder choppers utilize fodder cltesfiylades 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,
therebygenerating growing markets for replacement spare pgstseen inFigurel, the
value of the spare parts market in Bangladesh is incre@lag), 2023. By machine,
Figure 2 showsthe market has declined for power tillers in recent yéarsstill has
significant value at 25.7 million USD in 202@lam, 2023. The threshing machine

market, shown irFigure 3, has been steadily increasing over the past ten yatam,



2022. There are no data specificaligr the spare parts market for the fodder chopper
blades, but they are included in the spare parts market data shéwguiel. The spare
parts market in Bangladesh is strong overall, so there is plenty of demand to support

manufacturing within the country.
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Figure 1: Yearly value (USD) ofthe agriculture equipment market in Bangladesh
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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. Tkermesented



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
calculdions, finite elementanalyses (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 chapte@HAPTER 1 describes agricultural
mechanization and gives an overview of the entire docuri#fAPTER 2presents the
use of the tiller blade, threshing tooth, and fodder chopper blade in agriculture as well as
their manufacturing processes currently used outside BanglaGehAPTER 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 DE&SBTER 3describes the
theory used to generate potenti al manuf act
information provided by Cereal Systems Initiative for South A&gchanization
Extension Activity (GISA-MEA) staff in BangladestCHAPTER 3also includes the die
designs for each deformation operati@HAPTER 4describes the FEA software and
equipment used at Georgia Tech to simulate and perform experiments on the deformation

operations on each pa@HAPTER 5discusses the results of the calculations, simulations,



and experiments performed as well as provides recommendations for the manufacturing
process to be implemented in Banglad@ste errors found when comparing the simulation
and experimental are described in addition to two sensitivity analyses conducted.
CHAPTER 6concludeghe thesis and providesiggestions folurther research work that

canbeperformedn the future.



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, thedirendew
combines the currenhanufacturing processes used external to Banglaaeshkell as
information gathered from&SA-MEA partnerdor all three parts. The review then details
the equations used in the preliminary analytical calculations to astitine 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 issed as shown leftmost iRigure4. Shown in the middle
and rightmost irFigure4 are the blades used for denser,teretoil. Tiller bladetines are
fixed to a rotating shaftvhich allows them to distribute the soil loosely on the ground. The
blade is mounted with nuts and bdtighe shaft that is connected to a power ttheough
themountingholes at the top of the bladésr example of a power tiller machine in use is

shown inFigure5.



Figure 4. Different types of tiller bladesfor (left) dry soil, (middle) wetsoil, and (right)
wet soil (Rahman, 2023

Figure 5: Power tiller machine in use in Bangladesh with the attached tiller blades
indicated by the white arrow (Shihab, 2024.

The tiller blade manufacturingnalysis in this thesis focuses on the tiller blade
geometry shown in the CAD (Computer Aided Design) model of the blade made-from 5
mmtthick stock inFigure 6. Tiller blades also are made fror@n-thick stock, so an

analysis of the manufacturing process for both thicknesses is completed in this thesis. The



drawing for 6mm thick tiller blades can be found APPENDIX A. Additional Drawings
asFigure Al. The flat planar geometry of the tiller bladgthout a sharp edge or bend

can be seen ifigure7. With small alterations to the die designs and the corresponding
deformation forces required, additional tiller blade designs such as those sHeguare

4 can be manufactured using the recommendations presented in this thesis. The analysis
focuses on the tiller blade design showirigure6 because those models are available to
Georgia Tech and verified by Bangladeshi engineering partners as usable agrspaieral

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

presented next.
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Figure 6: Tiller blade CAD model of the 5-mm thick tiller blade after completion of
the manufacturing proceses
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Figure 7: Drawing of the 6-mm thick flat tiller blade with all planar geometry before
the sharp edge forging andending operations

2.2.1 Tiller Blade Manufacture

The sharp edges found on the rightmost side of the blades depi€igdre4 and
Figure6 are the first features of the blade to experience wear. Some farmers bring dulled
blades to be sharpenbyg Bangladeshi blacksmiths, but this process only prolongs the life
of the blade by one or two growing seas{arim, 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 patgtbecause these tiller blades are

1C



currently imported. The material used for the blades typically originates from beached
cargo ships found in the Chittagong region of BangladBsbse cargo ships are chopped

up for scrap material as well fas functional components such as pumps and engines being
sold whole.The material is technically being recycled and is noptistinetype of stock
material used in U.S. industryhe material type or alloys are not always known, which
complicates manufacturing and analySé® recycled material suitable for this purpose

but is expected to have namiform material characteristics

Supporting documentation is described rthataids 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 blag@sonymous, 200) Media available as videos
and short clips from YouTube provides more detail on the rudimentary manufacturing
processes used in less developed cour(ffieSkills, 2023 USA, 2014. These sources aid
in developing the morphological process options discussed in s&®drTiller Blade
Morphological ProcesAs shown inFigure8, 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. IRigure9, 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 flattiller blade workpiece shown in two steps
of die cutting (left) and cut piece falling away (right).(T. Skills, 2023.

Upper Die

___ Workpiece

————

Lower Die

Figure 9: Upper and lower bending dies performing bending deformatiorwith a flat
tiller blade workpiece before bending (left) and bending dies in compression (right)
(T. Skills, 2023.

2.3 Threshing Tooth Background

The thresing teeth design is for a Yanmaombine harvesterThe teeth are
installed on a perforated barrel that rotates rapidly as stalks of wheat, soybeans, or other
grains arded perpendicular to the barrel. The teeth beat the stalkelease and separate
grain from the shaft A drawing of the threshing barrel assembly containing various

threshing teeth can be seerFigure10 (Anonymous, 2023b Figurellshows the overall

12



dimensions of a typical thressly barre| andFigurel12 shows the location of the threshing

component on a Yanmar tractor.

Figure 10: Engineering assembly drawing of threshing teetlmstalled on a threshing
barrel (Anonymous, 2007.

Figure 11 Threshing teeth installed on barrel in Yanmar combine harvester with
dimensionsin centimeters(Anonymous, 2024%.
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Figure 12 The white arrow indicating the location of threshingbarrel on Yanmar
combine harvester (Anonymous, 2024

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 igurel3, labeled number 1, provides more of a cutting motion
for threshing stalks than the rounded teeth labeled as numbers 2 thr¢Bgihrban,
2023D. If only flattened teeth are used, there will be etreeshing, contributing to post
harvest losseRahman, 2023bThe use o& combination of cylindrical and flattened teeth
generates appropriate levels of threshing. The number of each style of tooth on one type of

Yanmar threshing barred listed inTablel.
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Figure 13: Five different designs for threshing teet(Rahman, 20230).

Table 1. Number of teeth present on one threshing barrebn a Yanmar combine
harvester, categorized by geometrffRahman, 2023l).

Labl\?llﬁgb-g?mh Type of Threshing Tooth TeetBhaIrrr]:lt aE!gd n
1 Flattened Tooth 56
2 Round Tooth (Greater Width 12
3 Round Tooth (Smaller Width 8
4 Round Tooth (ArcType) 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¢hd ba teeth
all have an angled bend that contacts the stalks of plants being threshed. A CAD model for
the threshing tooth is shown Figure 14. The flattened variation of the threshing tooth
represent ed Figurei3isismwreinAPPENDIX AnAdditional Drawings

asFigure A2. The thread dimension Figure A2 is in English units, but to obtain stock

15



of the desired material for experimental testing, the diameter of that threshing tooth is
rounded to 8nm. The final forging step for the-r@m design is included in the
manufacturing process to form the flats on the tooth. One note is that in Banglaalegh, m
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

Bangladeslior manufacturing the threshing teeth are described next.
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Figure 14: CAD model of 6-mm diameter threshing tooth.
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2.3.1 ThreshingToothManufacture

OEM and norOEM 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 anichporting parts will also be avoided. Most importantly, the
manufacturing industry within Bangladesh with be improved tremendouslyillahev

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 sectioR.3 ThreshingTooth Backgroundcurrentlyare being produced along
with thesimpler version installed by spot welding onto the banstead of threadingrhe
materials used in the manufacturing operations originates thierscrap metal cut from
beached cargo ships in ti@hittagong region of Bangladesh. The material quality and
composition consistency will not be known in detail and may not be very consistent, but it
hasprovedsufficient 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 livestodn example of a fodder chopper machine is showkigare

17



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 operatédeaedadtes

pieces of fodder that are more uniform than manual cutting with a machete. The process of
using the machine iaster andmuch less labor intensive. A CAD model of the fodder

chopper blade design that is analyzed in this thesis can be d&guorial6.

Figure 15: Fodder chopper machine in use cutting large stalks of fodder into small
pieces(Colton, 2029.
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Figure 16: Fodder chopper blade CAD model(Anonymous, 2024¢.

Fodder chopping machines also have a significant impact on geasked job
positions. Women and children typicallgsume 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 skillepggsitions. Women
can also purchase the machine and thereby generate income for their families by chopping
ot her farmersod fodder. The manufacturing pt

next.
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2.4.1 Fodder Chopper Blade Manufacture

Wear i s primarily experiencednadngba g t
highly consumed manufacturable spare pait need to be routinely sharpened and
replaced for it to perform effectivelyThe material used for fodder chopper blades
originates frondisassembled and cut bpached cargo shem the Chittagong regiomhe
material is not expected to have uniform elemental composition, but it is sufficient for the

manufacturing process anduse 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 digkg., diamond saws)A rectangular
workpiece must be rolled flat and then sheared to achieve the outer geometry, as shown in
Figurel7 (R. Skills, 2023. The internal holes are then punched along with the shearing of
the outside geometry as showrFigurel8, and the sharp edge is groyd 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 shokigune19 (Spotter, 2021 The

sharp edge is then ground in the same manner with an angle ¢8pdéer, 202}
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Figure 17: Hot rectangular fodder chopper bladeworkpiece being repeatedly rolled
thinner between two rotating rollers(R. Skills, 2023.

Shearing Die

Figure 18: Shearing of outer geometryon fodder chopper blade workpiecgR. 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, 202).

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 &stirere
presented. A description of the flow stress material property and how it is incorporated into
the forging analytical calculations is th@novided Lastly, material properties for the

variousmetalsstudied in this thesis are tabulated.

The marketplace for ne@EM (after market)tiller blades is well developed
through third party vendors such as Alibaba and Agristore USA. Most of pnedects
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 lefand righthand black nofOEM tiller blades

are shown irFigure20. A similar blade from another nédEM source is shown iRigure

21. For simplicity, the design of dies in this thesis focused on the manufacture of the
geometrymatchingthe black norOEM 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 blagdevhich does not affect its operatidrhe blacksharpeneblades

have a thickness that is smallest towards the outer corner and largest closest to the mounting
holes. The thickness dimensions are-rhrh to 1.7mm. Through ommunication with
engineers in Bangladesh, the thickness of the edging blade can vary significantly on a new
part anywhere from 3:thmto 3.5mm (Karim, 2023. These values were recorded for
designs similar to those presentedrigure4, but the geometry of the black blades shown

in Figure20 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, respectivelf{Anonymous, 2023.
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Figure 21: Grey colored nonOEM tiller blade obtained at Georgia Tech

Another literature survey is conducted for the threshing teeth utilizing
manufacturersé documentation and marketpl a
audiovisual materials exist for the manufacture of the threshing teeth. The teeth are well
documeted in the Yanmar repair manual with dimensions, assemblies, and OEM part
numbergAnonymous, 200 The GSISA-MEA team in Bangladesh provided the overall
dimensions for a flattened version of a thiegtooth, as shown iRigure22 (Rahman,
2023h. Examples of these flattened teeth were not obtained at Georgia Tech. The main
sources of information were the OEM and f®BEM parts available from online
marketplaces through Yanmar and Alibabatwere fabricated in Japan. The OEM tooth
was obtained by Georgia Tech directly from Yanmaand is shown inFigure 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 -81m diameter workpiece (dimensions in mm)
(Rahman, 20230.

Figure 23: OEM Yanmar 6-mm diameter threshing tooth obtained at Georgia Tech
(Anonymous, 2023k

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 shdviguire24 andFigure
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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 machidesgyned anchade 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 anpéxaf the blade at Georgia

Tech for measurement or inspection: the ones viewed digitattyBangladesh suffice.

Figure 24: Engineering drawing of fodder chopper blade drawn by Bangladeshi
manufacturing partners (Anonymous, 2024%
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Figure 25 Image of an unused fodder chopper blade used in Bangladesh
(Anonymous, 2024%.

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 indivichzaérial
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 Georgidelmstit

Technology(Colton, 2022.

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

presented ifEquationl

v mt> 8 L4 R Equation 1
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where’O isthe force required to shear the mateyial, is the ultimate tensile strength
of the workpiece materialsg, is the perimeter or length of the sheared geometry,éad
the thickness of the workpiece parallel to the shearing operé@iolton, 2022. The
thicknessf the cut is assumed beconstantEquationl is also used to calculate the force

required to perform a punching operation.

There are two workpiecsolid geometriesisedin 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 thouglke 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 cylindearcordingly, cylindical forging equations
are used to estimate the bolt head forging operdtiares Different equations aralso
used based upon the friction coefficient between the workpiece and the dies. The
coefficients are tabulated at the concl usi
regiono is where the flow force sislsleogereat er
each other. The fAsticking regiono is wher
frictional force, and the workpiece sticks the dies. The equations presented below
incorporate afsliding, allsticking, sliding region, and sticking region scenarios. To begin,
the transition dimensional value for the sliding region to transition to the sticking region

for rectangular forgings shown inEquation2

. —I'l' T— Equation 2
® H H



wherew is the sliding/sticking transitioriis the initial height of the workpiece, ahds

the friction coefficient between the workpiece and die matei@iton, 2022. Equation

2 is a function of the coefficient of friction between the die and workpiece material. The
smaller the value afo the more force will be required in the forging operation because
there is only a minimal amount of sliding that occlggquation2 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 regiectangular forging force is defined

asEquation3
| Heg _

I o] 18 - :)—:) 'Ho I—I— 0 ogfﬁ Equation 3
where’O is the forging force, is the flow stress, an@is the depth in and out
of the 2Dimensional plan€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 bel@mnagl|
approximation. The akliding approximation for rectangular forging force is defined as
Equation4

Ho + .
AR- »1 - 18 Ogs-2 —I S H Equation 4
where0 is the width of the pa(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 definégjaation5:
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C)H' | I_H' _ °E H L Equation 5

(Colton, 2022. The last rectangular forging force equation used is thstieking
approximation which occurs when the sliding/sticking transition is less than or equal to

zero. The alsticking approximation for rectangular forging force is showBauation6:

A »] - 18 ge-Q —I o Equation 6

(Colton, 2022. Equation 3, Equation 4, Equation 5, and Equation6 all make the
assumption that the workpiece is a simple rectangular glefmed bydimensions) , Q
and’Q If there is a combination of sticking and sliding forces in one forging operation as
found through the value o , then the total forging force is found by summing the sliding
and sticking region forcesThe second forging operaticanalyzedin this thesis is

cylindrical forging.

The calculations for the cylindrical forging forces are simildhtse ofectangular
forging. A calculation similar to the rect:

needs to be completed for the radial transition dimension as shd&guation7

o —ll_l’l' T—H Equation 7



wherei is the sliding/sticking transition radiu¥,is theinitial radius of the workpiece,
andQis the initial height of the workpiedgolton, 2022. Equation7 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 thesliding region can be found usiguation8:

ol BN DN AL LEE
ST RS L L H
H I I —I_ 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 theditling approximation can be

found usingequation9

AR >l - -2 —H'IiI x4 Equation 9

where” is the value of Pi (3.141%Folton, 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 shownkguationl0:

M- »1 - f=-9HO "—P4 s iﬂi Z, Ong Equation 10

(Colton, 2022. In conclusion, when the sliding/sticking transition region dimensiqris

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 fordeguation8, Equation9, and
Equation10 all assume that the workpiece is a simple cylindrical vola®ined by

dimensions andQ

A material propertyfound inall of the forging equations discussed above is the
flow stress. Flow stress is defined as the instantaneous value of stress applied to cause
plastic deformatiorfKalpakjian & Schmid, 201)7 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 calculationsly provide a preliminary estimate of force for the
forging operations. The small inaccuracies resulting from the calculations are remedied by
the simulations and experimental tedgscribedater 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 vajaesl their resultindorging analytical calculations
are compared ICHAPTER 5Results and Discussiohe sources ar®lanufacturing
Processes for Engineering Materiadésxd the DEFORM material librargCorporation,

2012 Kalpakjian & Schmid, 201)7 Flow stress is also an undesearched 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 tabulafEahile2 (Kalpakjian
& Schmid, 201Y. Some of the materials presentedTiable 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 operatn s ( bel ow t he met al

temperature), the flow stress is calculated ugiggation11
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Ogu-c EOm- -Ii Equation 11

whereU and¢, according to the Tresca criterion, are cold strain hardening constants used
in cold forging and are material depend@lton, 2022. "Q is the initial height and is

the final heigh{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

t he material 6s recryst alEduatianh2tsiusech t emper at u

Equation 12
o i

whereb and¢, according to the Tresca criteriare the hot strain rate effect constants that
are material dependent, aads the total time of the forgingperation(Colton, 2022. It
can be seen th&tquationl2 is rate dependent, so the speed of the operation needs to be

incorporated in the flow stress calculation.
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Table 2. Flow stress constants and calculated values used in analytical forging
calculations for materials at different temperatures andforging speeds(Kalpakjian
& Schmid, 2017.

Material

) Speed | L F Ogs- -
Material Match and . O
[ Temperature] (mm/s) | (MPa) (MPa) (MPa

Aluminum, 11000
[Aluminum 1100 (20°C)]
1045, Hot Rolled
[AIS] 1043 Steel (20°C)]

Steel, Medium Carbon
[AIS] 1043 Steel (700°C), 10 na | nfa| 160 | 0.07|176.30
AISI 1018 Steel (600°C)]

Steel, Medium Carbon
[AISI 1043 Steel (700°C), 100 na | nfa| 160 |0.07|207.14
AISI 1018 Steel (600°C)]

Steel, Medium Carbon
[AIS] 1043 Stee(1000°C), 10 n/a | nla 48 | 0.24|66.948
AISI 1018 Steel (1000°C)]

Steel, Medium Carbon
[AIS] 1043 Steel (1000°C), 100 n/a | nla 48 |0.24|116.34
AISI 1018 Steel (1000°C)]

Steel, Low Carbon, 4340, Anneals
[AIS] 1018 Steel (20°C)]

n/a 180 | 0.20| n/a n/a | 167.28

n/a 965 | 0.14| n/a n/a | 916.73

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 forgingaccording to the data available in the DEFORM material libreing data are
plotted with the MATLAB Curve Fitter Toolbox, a programming and graphing tool that is
used for data analysis in this theg§Rundquist, 2028 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 avge flow stress experienced in the

operation. That flow stress is then plugged into the forging formulas presentedAove.
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example of the curve generated can be se€igire 26for AISI 1100 aluminum at room
temperaturg20°C). The polynomial equations that best fit the curves for each material
used in the DEFORM simulations are displayedable3. The corresponding
can be found iAPPENDIX B. Flow Stress Curve Polynomial Fit ValuasTable B1
throughTable B7. Some of the equations show that the flow stress is independent of strain
rate, but they are still plotted in theCBmensional space. This is done to ensure that any
dependence, even if slight, would be recognized based on an analysis eSthmarie

value.
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Figure 26: Flow stress curve for room temperature(20°C) AISI 1100 aluminum
generated from the DEFORM material library flow stressdata in the MATLAB
Curve Fitter toolbox (Rundquist, 2023.
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Table 3: Polynomial fit equations for the material flow stress curvesfor various
materials from the DEFORM material library (Rundquist, 2023.

(1,000°C)
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an b mw

Material and . R-
ormula Square
Temperature value
AN) PnnbPpW DPnp) Dcw
AISI Aluminum 1100 Dpl Do  BCP | ;99904
(20°C) WPZU Pt Do W '
Puvaw HPt oo
AISI-1043 Steel A PbnnmbpW DcI DpPd L
(20°C) A PoIw DHcpo W
AISI-1043 Steel Viz7 iV bnn bp W B¢ bp pd 1
(700°C) AU DPow Do U
AN) PnnbpW Dnp) Dgw
AISI-1043 Steel Pp@U Do B 0.09994
(1,000°C) U Pt Dopo W '
Puawy DPtpo U
AN) PnnbpW Pndy Dppol
bnnw Pow DHcgmw
AU Ppy@waw DPnaw
AlSI-4140 Steel Pt DPopo U DPcc 0.09948
(20°C) » W b p a2w bt '
buIw b1 2w boc¢
0 W bc¢av w bp
a0 b
AN) PnnbpW Pndy Dppel
brqw Do B¢ pw
AU Pp@w Dnaw
AISI-4140 Steel Pt Popo U bDcc 0.99749
(800°C) W DPpdIw DOHnw '
buw b1 g2 boc¢
0 w bg¢av w Dp 3
aw b 1w
AN PnnbpW Pny DHp gl
bnnaw boIw D¢ pw
U PpPw DPnaw
AISI-4140 Steel Pt DPopo U Dcc 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 befding
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 matgribhe

strain hardening moment is found uskguation13

— w7~ 9 Equation 13
f A gum

where0d is the moment produced by strain hardening, is the yield stress of the
workpiece materialpis the width of the part, and is the strain hardening stress at the
processi ng (Coloma0R2% Thestrainfhdrdening assumption is used because
plastic deformation occurs when the workpiece is bent. The maximum force required for
bending occurs at a certain angle reaaméd bending procesd hat angle is calculated

usingEquationl4

> —<F-H Equation 14

where| is the maximum bending force andl€olton, 2022. The bending force of that

angle is found usingquationl15
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1
T g W |T++ Odk= w  Ti T OH "l Equation 15

where'O is the maximum bending force aai the length of the workpie¢€olton,

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 &juation16

b - 5- d

g Equation 16
N A gum ’

whereY is the spring back angle ahdis the punch radiugolton, 2023.

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.
Equationl7is used to determine the pressure exerted on the inner hollowed cylinder of the

top die from the workpiece due to the forging force

—p b > P Omm  =m
> > »Oorx »

Qu Equation 17
where, represents flow stres§, andn are internal and external pressures, iarahdi
are the inner and outer radi(Budynas & Nisbett, 20041t is assumed that the external
pressure is equal to zero, because the pressure measurement is a gaugeWweddsge.

is usedo createhetiller blade bending die protection jig describedattion3.3 Design

38



of Dies and Tooling The force that a weld can experience before failure is given by

Equationl8

3o 8 A4 3=, Equation 18

where O is the allowable force for a weld before failure; is the tensile strength of the
weld material, and is the area the weld covefBudynas & Nisbett, 2094 Material
characterization is also necessacgnsidering the various materials available in
Bangladesh.The conversion of the Brinell Hardness (HB) value of a material to its

corresponding ultimate tensile strength is showBgoation19

iy 8 I Equation 19

where'Od 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 afabulatedn Table4, becausanany 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, thesét 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 temperatusas are more ductile facilitating
deformation.
Table 4. Material properties of each material at different temperatures used

throughout the analyses in this thesis(Anonymous, 199620203 20248 Franssen &
Real, 2012 Handbook, 2000 Institute; International, 1998, 2003 Jia et al., 2016

Outinen & Makelainen, 2004 Technology, 2018

. Yield Ultimate .
Elastic : : Elongation
) Temperature Tensile Tensile
Material o Modulus at Break
(°C) Strength | Strength
(MPa) (%)
(MPa) (MPa)

AlS| 1100 20 69,000 29 88 8.2
Aluminum
AISI 304
Stainless Steel 20 200,000 460 670 28
AlSI| 1018 Steel 20 190,000 400 480 27
AISI 1018 Steel 600 60,000 118 360 n/a
AISI 1043
CarbonSteel 20 190,000 600 710 13
AISI 1043
CarbonSteel 700 30,000 440 479 31
AISI 1043
CarbonSteel 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 1725 345 70
AISI 4140 Steel 1,000 140 30 60 90

Anothercritical 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, therditera
sparse for friction coefficients of many materials at high temperafliadée 5 organizes

the friction coefficients depending on the environments.
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Table 5: Friction coefficients based on materials in contagt 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., 201Q Mu et al.,
2004 Nautiyal & Schey, 1990 Shahriari et al., 201).

Material | Material | Temperature Lubrication Friction
#1 #2 (°C) 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, doehe limitations of the DEFORM
materiallibrary, the simulationsincludedmaterialssimilar to those used in experiments
rather than exact matches. AlSI 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 matepi@perties are listed ifable 6. These
specific materials are discussed because they are used in for the mesh convergence studies
completed on the deformation diesGHAPTER 5Results and DiscussioAlSI 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 16tE&] including their hardening

characteristics.

Table 6: Die material properties for die stress mesh convergence studi@gmonymous,
2020k 2020d 2020s9.

Elastic YieI(_j UItima_Lte
Material Modulus Tensile | Tensile HRC
(MPa) Strength | Strength | Hardness
(MPa) (MPa)
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 Hardenef{ 190,000 n/a n/a 66

2.6 Chapter Summary

This chapter discusses theuse 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 SISA-MEA partners and engineers on the geometries of the tiller
blades, threshing teeth, and fodder chojytesies 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 concludeshtiyeterwith 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 matolsig th
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 stbg-step process of how each part is manufadt¢hile
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 manufacturingsgdepending 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 visnsppection is completed on
the marks, scratches, and material texture of theQtel blades shown ifrigure 20.
Proceeding in the order of the manufacturing processes, the outer geometry that was
sheared from a flat workpiece is showrFigure27. 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 ofFigure27. 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 orthe rounded edge of noROEM black tiller blade
in ared 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 manufacturiiguia28,
both views are shown: the painted blade and the sanelthtaate. Not shown ifrigure
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 drigurein
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 circldsigare 29 encompass the transition
between the flat and scaled texture of the tiller blade. Views of both the painted and
sandblasted blade are shown. Theisgas 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 norOEM black tiller blade painted (left)
and sandblasted (right)shown in red circles

The bending marks on the blade are showngnre30. Each of the blades obtained
has similar markings on the very center of
clear distinction between the round scale marks and the lines formed on the tiller blade by

the upper die punch.

Figure 30: Bending scuffmarks 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 didler bl
manufacturing inTable7, is a theoretical list of the manufacturing steps and techniques
that could be used to generate a final prodGaiton, 2022. A description of the seven
steps mentioned iMable 7 needs to be completed before discussing itigividual
manufacturing operations. First, the planaDithensional 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 barsrehemeng,

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 forceeirdeformation 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 appeara@azre needs to be taken to ensure that the hardening process

does not make the final part too brittter it will prematurelyfail in use.
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Table 7: Morphological processes for manufacturing tiller blade (Colton, 2022 T.
Skills, 2023 USA, 2014.

Feature Process #1 Process #2 Process #3
Shear
Planar
Geometry Plasma Cutting Blanking
Mounting
Holes
Heating
Forging Press
Sharp Edge
Bending Die Forging Press
Angled
Bend
~ Water/Oil Bath
Quenching
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Powder Spra;/ Painting
\

Painting

g

The operations toompletethe aforementioned stepse now discussed. Potential
equipmentis shown inTable7. 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 opti® 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 stafkargeflat sheets. Shearing and blanking are

idealfor cuttinglong bar stock.

In the first process set listed Trable7, 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 sgtsandthree 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 implented. The only difference between process sets two and
three is the use of a plasma cutter or blanking to cut out-Dien2nsional (perimeter)
geometry. Plasma cutting does not require as much human labor as blanking, but the
processing timéo 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, digplayed
Figure23, 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 inFigure31, there are two raised markings located symmetrically at the base of the
bolt head flange, labeled with the twahite 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 Tgap.two-piece
gripping die would not incorporate ajectorpin system that will be discussed in more

detail insection3.3 Design of Dies and Tooling

Figure 31 Flanged bolt head onthe end of a Yanmar OEM threshing tooth with
manufacturing markings indicated by thewhite 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 @oundedat thepitch, as seen irFigure 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 irFigure 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. Thandentation can be seen more clearly in the rightmost imagigume

33 after the part has been cleaned by sandblasting.
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Figure 33: Bend marking indicated by thewhite 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 defopratemses
found in Table 8. First, the cylindrical rod workpieces are cut to length. Second, the
workpieces are heated to at least 600r@s temperatureeduces 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 straiglorkpiece are threadeddeally on a cooled
workpiece The fifth and sixthstegs areto reheat thavorkpieceand then perform the
bending operatiorif flats are required on the final geometry, there would be an additional
forging stepusing the same equipment used in bolt head forgdugnching can be done

in a seventh stefo strengthen the part and improve wear resistance if desired. Care needs
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to be taken in order to ensure that tiethare nottoo brittle after hardening. The last step

is paintingfor more wear resistance and appearance

Table 8: Morphological processes for manufacturing threshing teett{Colton, 2022.

Feature Process #1 Process #2
Shear
Cutting to
Length
Furnace
Heating
Forging Press
Bolt Head
Flange
Thread Rolling Dies

‘;NV | §© ]

Threads [ i
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Furnace
Heating
Forging Press
Angled
Bend
Water/Oil Bath
Quenching
Powdsr Spray Painting
Painting

The individual operations for each step are m®scribed. The two process sets,
shown inTable 8, have similarities in the heating, bolt hefmlging, 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 fromtineksakes more time than shearing
each piece. Similarly, cutting the threads witHi@ oran indexable insert using a lathe

takes significantly more skilled human labor than creating the threads with a thread rolling
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machineWhicheverthreading process is used, the workpiece must be at room temperature
for the operation. Due to die wear, as will be discussesbation5.12 Discussion and
Recommendationghe 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 anthreading 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 peetasthe fodder

chopper blade are completed next.

3.2.3 Fodder ChoppeBlade Morphological Process

A reverse engineering analysis is completed for the fodder chopper .blddes
analysis is completed using the image and drawings provide®ISACMEA of a new
blade shown irrigure25. In morphological process order, thd#nensional (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 analyz#,is undetermined ithe edges have been

rounded bydeburringwith 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 puf¢tings, 2024 The
upper left mounting hole is shown enlargedrigure35. 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 inFigure 35.

Figure 35 Enlarged lefthand mounting hole in fodder chopper blade withwhite
arrows showing jagged edge.
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The last manufacturing operation analyzed for the fodder chdppde 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 fouRjure36: black versus silver.

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

portionis bare metal.

Figure 36: Enlarged image of the sharpened edge of a fodder chopper blade showing
the color difference between thdlack painted inner portion and grey ground sharp
edge.

The morphological processes showTable9 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 punchedsecond 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 geatrd 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 combinatiauctiitg and

hardness so that the thin blade does not break in operation.
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Table 9: Morphological processes for manufacturing fodder chopper bladg(Colton,
2022 R. Skills, 2023 Spotter, 202).

Feature Process #1 Process #2 Process #3

Angle Grinder
o L ‘/("%‘,4 :

Planar
Geometry b

Plasma Cutti_ng )

Mounting
Holes

Painting

Sharpened
Edge
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There are three proposed morphological process sets presemntdalaf. 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 Blagenounting 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 processrsena two have two steps to
make the 2Dimensional (perimeter) planar geometry and mounting holes nieaisey
would take more time and more human labor to implement. With a plasma cutter, the
human labor input is minimized, and all planar geometrybmachieved 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 didseganwith scanning and modeling tlebtained tiller blade
and threshing teetteach part is scanned using the Handheld Scahfegtel # EinScan
Pro HD (Shining 3D Tech Co., Ltd, Zhejiang, Ch)nand then the resulting standard
triangle language (STL) mesh is imported into SolidWoiRgstems, 2024 Angles,
lengths, thicknesses, and other dimensions are measured. A CAD model is generated in
SolidWorks to incorporate the measured dimensions abon&nsional scan. The CAD
models and the scans of the tiller blades and thrg$éeth can be seen igure37 and

Figure38. 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 finalgeometriessing the dies discussed below.

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

The forging dies are discussed first becahsg are used ithe first manufacturing
processsfor both the tiller blades and threshing teéiituo 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 thertn thickbladescan be seen in the CAD drawings in
Figure39andFigure40. The dies are manufactured fromraseived 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 (RIC). The top and bottom diesontaina pocket with the same
geometry as the flat starting workpiece.
these pockets, the workpiece rests in the proper initial position before the deformation
process takes place. As the dies close, the workpidioegisd between the two angled

portions, which form the sharp edge. The vertical wall on the opposite side of the pocket
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from the angled portion prevents the workpiece from sliding away from the sharp edge
feature. The angled portions of theglee set at 13 degreesth respect tahe 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 08nm to avoid stress concentratsoand to prevent seizing of the
workpiece within the die during the deformation process. mewrelief, commonly
referred to as AMickey Mouseod0O ears in mach
to avoid a rightangle corner that is not feasible in a milling operation with a circular
endmill. In Figure 39 and Figure 40, the relief is | abeled as
allowed the workpiece, which possesses a +agigied 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 maghing.
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Figure 39: Tiller blade sharp edge forging top die for the 5mm thick workpiece.
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Figure 40: Tiller blade sharp edge forging bottom die for the5-mm thick workpiece.

A similar design with slight variations can be seefRigure41 andFigure42 and
is used to forge the sharp edge onto thmend thick blades. The dies were heat treated at
Braddock Metallurgical to the same specificatiassthe5-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 diggde¥he 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 theleepemworkpiece pocket. This die is referred to as the-mimored

or insert die desigm this thesisThe 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 simulationtheffirst 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 genedrake continue, the bottom die geometry marked in

the red circle irFigure42is 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 42 Edge forging bottom die norrmirrored 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 he&orging dies arenow describedThe basic die design
originated from literature describing how bolt hiegddies are designed in industrial
applicationgdAnonymous, 2001l As shown irFigure43, 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 thekpiece shown leftmost ifrigure 43, the

workpiece requires significant force for removal. The hoop stress experienced in the die is
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calculated according t&quation17. The hoop stress during the forming ofr@om
temperatur&-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 dW¥hen the workpiece is heated to 600°C in
experimentationthe hoop stress experiendsdabout 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 &@eis present for forging the
600°C wakpiece(Anonymous, 2010 To implement the design shownkigure43 into

the experimental dies, an ejector pin, also known as a kngekotytpically used in plastic
injection molding, is used. The process, as explained in sedt®d Experimental
Proceduresncludes 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, amqdhsing the

workpiece from the die using the ejector pystem

g8 DIAMETERS K Q

UNSUPPORTED
- N —
? W |
{ /,
KNOCKOUT PIN BLANK

FULLY WITHDRAWN 8 DIAMETERS IN DIE

Figure 43: Section view ofthe design of bolt heading dies including knockout (ejector)
pin used in industrial applications (Anonymous, 200).
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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.Figure44 shows the CAD model of the top bolt head forging die for tinent
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 adeegree taper where the
diameteris 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 thé jpmessuare
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 6mm diameter threshing tooth
workpiece.

The bottom portion of the bolt he&okging die assembly incorporates a taper but
not an ejector pin. The idegree taper, shown Figure45, 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, sHéigure?6,
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 cerdras 2n

the direction othe compression force appliethis cuff is about 2nm larger in diameter
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than the diameters of the bolt hdadying dies to ensure that when the dies expand during

hot deformation processing, they do not seize within the cuff.
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Figure 45 Bottom bolt head forging die for the émm diameter threshing tooth
workpiece.
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Figure 46. Steel cuff that encapsulates the top and bottom bolt heafibrging dies
during bolt head forging experimentation.

It is evident fromFigure44 andFigure45 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 Whah will be
discussed in sectiof.3.4 Experimental EquipmentA 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 180mm opening available ofGe or gi a Wabash Pre3ss 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 secti®2.2 Threshing Teeth Morphological Process

for how the Bmm diameter OEM threshing tooth was manufactured.

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

barrier, seen ifrigure47, keeps the steel workpiece from slipping during the simving
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compression provided by the Instron. Calculations ensure that the barrier can withstand the
reactionforce of the tiller bladéeing bentThe expected force experienced by the barrier

is estimated to be half of the maximum force available from the Instron, Sbedduse

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 tdequation18 (Budynas & Nisbett, 2004 The five bolts used

also provide additional strengbut mainlysecure thgig 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 aowith the AISI 304 stainless steel workpieces

is due to the stiffness, described by the elastic moditlis much greater for steelks
compared to aluminum, &asbulated ifTable4. 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 thetilddesss
of 5-mm or 6mm. The 5mm bending dies are discussed specific&llgyre48andFigure
49). Their design incorporates a stationary base andlifhat 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 et 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 heldoes 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 assenfiilyure50.
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Figure 48 Bottom bending die CAD drawing for the 5mm thick tiller blade
workpiece.
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Figure 49: Top bending die CAD drawing for the 5mm thick tiller blade workpiece.
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Figure 50: Assembly of tiller bending dies with workpiece and barrier for the 5mm
thick workpiece and corresponding dies.

The top and bottom bending dies for the thiegheeth are machined from AISI
A2 tool steel. The CAD drawing for therBm diameter workpiece bottoamd topbending
diescan be seen iRigure51 andFigure52, respectivelyExperiments are performed using
dies that are not heat treated because the properties ofrbeeaged metal are adequate
for the low iteration testing completed at Georgia Tédte 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 smal | umi num @Afeeto to avoid

deformation process. In practice the die would be mounted and stationary throughout the
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process, not requiring the extra fAfeeto
the threshing tooth has a mounting hole similar to the tiller blade bendind fuke.
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 sééguie53. The bending

dies for the 8nm diameter workpiece can be found APPENDIX A. Additional

DrawingsasFigure A9 andFigure A10.
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Figure 51: Bottom bending die CAD drawing for the 6mm diameter threshing tooth
workpiece.
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Figure 52 Top bending die CAD drawing for the 6mm diameter threshing tooth
workpiece.
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Figure 53 Assembly view of the threshing teeth bending die with-8am 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 prodtiats identical to those meigined inTable
1. The forging diemndan 8&mm diametethreshing tooth workpiece can be seen in the
assembly view irigure54. The plates are designed to fit the geometric constraints of the
bent tooth. The bottom die incorporates th
forging dies.The bottom die also includes a ridge that risesr2 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 eac
iteration of the proces8oth the top and bottom dies are made fromeagived 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-&m 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 sectioB.5 Literature Revieware simple case®f deformation, calibrated
simulations are designed and completed in DEFORM to match the simgésincetric

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 moretaccura
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 5Results and Discussion

3.5 Chapter Summary

CHAPTER 3begins 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 paegsiesign of
the dies used at Georgia Tech for experimentation along with the corresponding CAD
drawingsare then described he next chapter discusses the equipment and experimental

setups used for the simulation and physical experimentation of the deformation of the parts.
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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. DEFORMis a FEA software specifically used to simulate
manufacturing techniques such as bending, forging, and mach®argoration, 201
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 equipnteparameter@soare
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 preprocdsgore
55shows 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 sdtiings defineall
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
Title Summary
) Simulation controls
BB Material list
v & Object 3 objects
v (@ Workpiece Plastic, 20 C
O Geometry Fry
& Mesh &
=8 Material 4 (undefined)
% Movement Stationary
& Property
£ Initialize
T B.I. Fownet Poly 0, Point 0
v @i Top Die Rigid, 20 C
O Geometry 48
&8 Mesh
== Material
X3 Movement Stationary
&) Property
Vv @) Bottom Die Rigid, 20 C
(] Geometry “
@ Mesh
=4 Material
13X Movement Stationary
&l Property
v @_ Controls
O Scheduled positioning
O3 Contact
& Stopping controls
“W Step
[@ Generate DB

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 formizgsprahe friction
coefficients betweethe dies and workpieageed to be adjusted. Before running the DOE
feature on a simulation, an initial simulation needs to be performed witlthtbe
geometriesmesh sizeof the workpiece material, and step siz&he 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 inputtiagpecific number of
elements. That numberdetermined through mesh convergenceistitdatarecompleted

in CHAPTER 5Results and Discussiorfhe 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 presei@etAPTER 5Results 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 fom

and 6mm thick tiller blades, the geometries of the workpiece and dies change between
simulations but the settings listed ihable 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 die@\nonymous, 2024 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 closenfi@ 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 bethrd and émm 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 avetggeaf
speeds found for metal forming equipment in manufacturing settings. The material library
in DEFORM identifies the metal selected as Aluminum: 1106500F(20250C)], but its

flow stress curve indicates that the material properties corresponddalea 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 kigure 57 for annealed AISI 1100
aluminum. The AISI 1100 H14 aluminupurchased foexperimentsvas notannealed, so

the unannealed workpieces are water jet cut out according to-iDairehsional geometry

as shown irFigure7. Then they are annealed according to the pratessibedn section

4.3.2Heat Treatment Equipment
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Flow Stress

BT = Strain Rate : 0.250000
Strain Rate : 10.000000

141.565 —

118.139 —

106.423 —

947123 —

Flow Stress

329992 —

712861 —

39573 —

4785990 —

36.1468 —|
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Figure 56: DEFORM flow stress curve (MPa) for AISI 1100 aluminum material at
strain rates of 0.25v and 10 v (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 temperaty0°C). The workpieces are deformed at room temperature
because aluminum requires less force to forge than $tezlow force requirements could
be achieved with the equipment available at Georgia Tech without heating the wakpiece
The flow stress characteristics of AISI 1100 aluminum are also similar to steel at elevated
temperatures, making it an appropriate indicator of steel behavior atctramended
elevated workpiece temperaturesdditional constants are the mesh size of 140,000
elements and 400 steps at 0.02@% per step forHnm and émm thicknesses. The step
size indicates the distance that the top die traveled in one data collection itefdkien

software. The experimental settings can be se@alhel10. The CAD geometries used in
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this set of simulations are those showrkrigure 39, Figure40, Figure41, andFigure42
as well as the corresponding figuresARPENDIX A. Additional Drawingsincluding

Figure A3, Figure A4, Figure A5, andFigure A6.

Table 10: DOE settings for sharp edge forgingAISI 1100 aluminum 5mm and 6mm
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 [76500F(20250C)] from the DEFORMnateriallibrary. The bending
CAD models used matched thoseFojure 48, Figure 49, andFigure50, as well as the
images inAPPENDIX A. Additional Drawingsincluding Figure A7 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 magdaalong the same
axis. The step size for bendingntm tiller blades is 0.0762&m per step. Sknm tiller
blades have a step size of 0.0%h per step. A note can be made for the speeds of the die
travel. The Instron used for the bending experimentgamlly 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 ifable11. 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
smallerforces requiredfor bendingcompared to forgingThe results for aluminum tiller
blades in simulations and experiments show that the digemkratehe shape desired of

the workpiece with a sharpened edge portion. The flow stress of AISI 1100 aluminum is
also very similar to that of steak elevated temperatureso it does provideaccurate

predictions for how the steel will behave.

Table 11: DOE settings for simulating bending of the 5mm 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 AlSI 3Gtainless steel are also performed. Whereas AlSI
1043 carbon steel or a similar material will be used in Bangladesh, AlSI 304 stainless steel
is the closest material property match for a metal available for purchase in the United
States. The material prapies are compared in Table 12. The bendingwirb and émm
thick AISI 304 stainless steel tiller blades is simulated with the settingsire 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 AIS1304 [702020F(201100C)] as listed in the DEFORM matéfiarary.
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Table 12 Material property comparison of AISI 1043 carbon steelAlSI 304 stainless
steel and AISI 1522 stee(Anonymous, 19962020f 20243.

SAE-AISI UNS S32304 AISI 1522
Material Property (Unit) 1043 (G10430), (Alloy 2304) | (UNSG15220)

Carbon Steel | Stainless Steel Steel
Brinell Hardness (HB) 200 250 157
Elastic Modulus (GPa) 190 200 200
Elongation at Break (%) 18 28 20
Ultimate Tensile Strength (MPal 710 670 531
Yield Strength (MPa) 600 460 365
Poi ssonds Rati 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 &nm 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 edgingndn and émm tiller blades are also
completed for AISI 104%arbonsteel. The material input settings are AISI 1043 Cold,
AISI-1043, COLD [76200F(206100C)], and AISI 1043 Hot, AlS1043[13062000F(700
1100C)] as listed in the DEFORM material library. Those two materials listed are the same
except that the library storése 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 0.622% The rest of the DOE settings can be
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viewed inTable 14. The same settings iMable 14 are used in the calibrated forging
simulations for the #nm and eémm-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 5nm 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 5Bnm and 6émm thick 1043arbonsteel tiller bladearesimulated
using the settings shown Trable15. 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 shaedge forging operations, the step size is 0.088% For the
bending operations, the step size is 0.0762% and 0.078nm for 5mm and émm-thick
workpieces, respectively. These varying step sizes are a result of the slight geometry

changes between tliges designed for each thickness.
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Table 15 DOE settings for simulating bending of 5mm 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 sectio®.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-i8d and 5 by 6 by 18/m to represent
the thickness of each worigee 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
0.0175mm per step for Hnm and émm thicknesses, respectivelffigure 58 is a
screenshot of the-Bim 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 5nm thick AISI 1043
carbon steel tiller blade sample in yellow with dies shown in grey.

The following simulation settings descriptions apply to the deformafpenations
performed onthe threshing teeth. The threshing teeth are initially cylindrical rod
workpieces, which have diameters eftn or 8mm. Table 16 summarizes the material
properties of the three ste@lsorporated in the threshing teeth analyBige material used
throughout all threshing teeth deformation simulations is AISI 4140 steel:4418)[70
2200F(2012000C)] as listed in the DEFORMateriallibrary. This steel is not annealed or
normalized as shown by the corresponding DEFORM flow stress curve to the AISI 4140
steelexperimental curvéSzala et al., 2090The 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 saaterial. Unfortunately, the only steel
available for purchase in the correct size and geometry for the present research is AISI
1018steel AISI 4140 steel is the closest material property matthe DEFORM material

library to the AISI 1018 and AISI 1020 steélsnonymous, 20244
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Table 16. Material property comparisons of AISI 1018 steel, AISI 1020 carbon stegel
and AISI 4041 steelAnonymous, 2020¢20244d).

Material Property | SAE-AISI 1018 | SAE-AISI 1020 |  C0ld Finished
. AlSI 4140 Cr-Mo
(Unit) Steel Steel

Steel
Brinell Hardness (HB) 140 130 210
Elastic Modulus (GPa) 190 190 190
Elongation at Break (%) 27 28 11
Ultimate TensileStrength 480 460 690
(MPa)
Yield Strength 1Pa) 400 380 590
Poi ssonbds R 0.29 0.29 0.29
Shear ModulusGP3g 73 73 73
Shear StrengthMPa) 300 280 410

The simulations for bolt head forging the flanges on the two ends of the threshing
teeth aralescribed first. Only the-im diameter workpiece bolt head forging is simulated
and verified with experiments due to the die stock availability. The number of steps is 400
with 0.0975mm per step and 90,000 elements in the mesh. The rest of the DOgssettin
are summarized ifablel17. The simulations are performed at cold, warm, and hot forging
temperatures. As previously stated, the friction coefficients reflect theostesédel kinetic
friction for lubricated and unlubricated dies. Also, the speeds used reflect the speed of the
press used at Georgia Tech and the speeghtifticactual manufacturing equipmeatt10

mm/s and 100 mm/s, respectively
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Table 17: DOE settings for bolt head forging, bending, and flat forging the énm 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 Tiable 17 are used in the calibrated
cylindrical forging simulations used to verify tlanalytical calculationsdescribedin
section2.5 Literature ReviewOnly the 6mm diameter initial diameter rod with a length
of 5.443mm is simulated as a calibrated simulation. This simulation is run for 400 steps
and a step size of 0.01:28m per step. A screenshot of the calibrated bolt Heayng

simulation in the DEFORM software can be seeRigure59.
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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 timen® and 8mm diameter
tooth workpieces. The CAD geometry used in the simulations can be fodinguire 51
andFigure52 as well as iAPPENDIX A. Additional DrawingsncludingFigure A9 and
Figure A10. The mesh size is 50,000 elemeritsd 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 igositive and negativalong 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 G:2m per step for the -6im and 8mm diameter workpieces,

respectively. The additional settmgre the exact same as those showrabiel7.

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 seemablel7. The mesh size included 90,000
elements with 400 steps and a step size of &nitbper step. The calibrated simulations

for this forging operation also are completed using the settings foumdhie 17. A
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screenshot of the calibrated simulation in the DEFO&ftware can be found iRigure

60. The workpiece used for the calibrated simulation issam8diameter rod with a length

of 122-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 stepsavsitip size of 0.01
mm per stepFigure 60 shows the simple workpiece and flat platehat match the
simplified assumptions made by the forging analytical calculatlessribedn section2.5

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,

machinirg, 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.
begin, material characterization is completed usinRay Fluorescence Spectroscopy
(XRF). The two XRF devices used are the Bruker Tornado XRF, Model # M4 (Bruker,
Madison, WI) and the Handheld XRF, Model #MMET8000 (Oxford, United Kingdom).
Hardnessvas also found. The two different hardness testers used dependhe 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 # R57@0-1184 (lllinois Tool Works, GlenviewlL) 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 approximatemrb®y 50mm and flat to
cover the laser reading screen completely. Polishing is not necessary for the XRE device
because the material composition reading takes plaoenzbelow the surface of the
sample. The bed inside the Bruker XRF is much larger, and a much larger sample with a
flattened horizontal portiocanbe placed inside. To save time and materials, time &0
mm by 50mm sized samples are used in both devices. The XRF devices are used to
determine the material composition of the 1@EBM tiller blades and OEM threshing teeth

obtainedat Georgia Tech.
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The samples used in both hardness testers need to be samath(B@ 56mm) 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 mieasurab
indentation, especially important in HV testing. A hardness conversion chart is used for
converting and verifying hardness values collected between different hardness tests
(Buehler, 202D The tiller blades and threshing teeth that were obtained by Georgia Tech
are tested on the HRB, HRC, and HV scales. When annealing the AIS1 1100 H14 aluminum
workpieces, the original and annealed blades are measured on the HV scale because they
are too eft 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 froASTM A36 steel andAISI 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 # 55026 (Thermo Fisher Scientific, Ashville, NC). Heat treatment,
specificallyannealing, is required for the-esceived 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 tilles aiatie

threshingteeth
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The annealing of the agceived AISI 1100 H14 aluminum is discussed first. The
tiller blade workpieces, both-Bim and émm thick, are annealed from 37.5 HV to 20.6
HV. The 2Dimensional 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 neahity
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 annealingsproce
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 valuesasrdueivedand

anneatdaluminumarediscussed isection5.3Hardness 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 st@éltiller 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 stegs we
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 packagedreies
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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 oxygémee environment throughout heat treatment. When the butcher
paper burns, the oxygen within the steel wrap envelope is consumstly preventing
oxidation of the steel die, therefore maintaineagmooth surfacguality. After heating,

the dies are removed from the furnace and feaiedonvection cooled tapproximately

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 HRE€ heat treatment processuld

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 toichwwacking. The dies were still
sandblasted following the tempering process to ensure a smooth surface finish to further
facilitate the removal of the tooth workpiec&he machimg 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 #idirBensional 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 flatrén thick tiller blade workpiece is seen in
Figure7. The rods for the threshing teeth workpieces are cut out from long cylindrical stock

on the Marvel Series 8 Mark Band Saw, ModelM&RK-11-V (Marvel Manufacturing

10¢



Co, Inc, Greenville, MI). The-am rods are cut into 18&m and 35mm length sections
for bending and bolt head forging, respectively. Timeri rods are cut into 194hm 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 Catrol) 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 baifler blade edge forging digesigns are
made of ASTM A36 steel and are machined only using the CNC mill. The bending dies,
made of ASTM A36 steel, are machingamarily bythe 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 miliral.

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
diesrequiresthe 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 EDMand arecut from one rectangular workpiece. The CNC mill then is
used to drill and tap the hole in the top die. The last die mantgdagithe 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. Theelggipmentategory, 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 # A2122TMX (Wabash, Inc, Lafayette. IN) and an
Instron, Model # 5982 (Instron, Norwood, MA). The lubrication used in all lubricated
experiments is k& constant using HTemp G100 Molybdenum Disulfide Artbeize
Lubricant, Part # 51017, commonly referred to as Moly-ffel, Inc, Skokie, IL). Each

deformation experiment isow 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 describedBeginning with tke tiller blade sharp edge forging djethey are either
lubricated with Moly or left dry. Then, the workpiece is sandwiched between the top and
bottom dies, as shown Figure61l. The three assembled pieces are placed in the center of
the Wabash Press and a closing initial clamping force of ah000 1bf (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 sugatehe 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 thentm and 6mm thick tiller blade using the

corresponding dies can be seeifablel8and

Tablel9, respectively Lubri cation of the die is de
ANLO for wunlubricated. The measurement of
as the displacement value for comparison with the DEFORM simulations. At each
displacement value, or thkness 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.

Upper Platen

Top Di
‘T op Die
Workpiece

W >

Bottom Die

Lower Platen

Figure 61: Experimental setup for the sharp edge forging operation in the Wabash
Press showing the Bmm mirrored die designs and 5mm AISI 1100 aluminum tiller
blade workpiece.
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Table 18 Experimental procedure used for forging the sharp edge on the-Bam thick
AISI 1100 aluminum tiller blades.

Experiment L Force Applied Force Applied
Itgration Lubrication (Metric EJI'I?)ns) (kNI;)p
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 2937
7 Lubricated 31.91 313.0
8 Not Lubricated 29.99 2942
9 Not Lubricated 31.75 3115
10 Not Lubricated 33.87 3322
11 Not Lubricated 35.38 346.5
12 Not Lubricated 36.62 359.2
13 Not Lubricated 38.10 373.7
14 Not Lubricated 40.13 3936

Table 19: Experimental procedure used for forging the sharp edge in-8m thick
AISI 1100 aluminum tiller blades.

Experiment L Force Applied Force Applied
Itgration Lubrication (Metric I?I%ns) (kNI[))Io
1 Lubricated 20.67 202.7
2 Lubricated 19.27 189.0
3 Lubricated 21.31 209.0
4 Lubricated 22.77 2234
5 Lubricated 24.51 2404
6 Lubricated 28.24 277.0
7 Not Lubricated 23.55 231.0
8 Not Lubricated 25.34 2486
9 Not Lubricated 28.43 278.8
10 Not Lubricated 29.8 294.0

After forging the sharp edges on the AISI 1100 aluminum workpieces, they are bent
using the Instron. The Instron was selected for this experiment becaaseaty precise

data trackingThe bending of the tiller blades does not take a great amount of force, as



simulations provedsoit is necessary to track the die movement and force applied carefully
at lower forces. As shown irigure62, 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 horiantally between the top and bottom die, and the displacemseit &

Zeromm

Moving Crosshead

N :

Figure 62 Experimental setup for bending AISI 304 stainless steel tiller blades on
Instron showing the 5mm bending die designs with the 5nm 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 dis travel 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 surface
of the dies. The process is the same for bending bethnd and 6mm thick workpieces

with the only difference being the set of dies used. If the experimentiasmped without
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lubricant, all lubrication steps are omitted. The experimental forces to bendrthreamd

6-mm AISI 1100 aluminum tiller blades can be found able20 and

Table 21. The experimental forces used to bend thard and 6mm AISI 304
stainless steel tiller blades can be found@able22 andTable23. The spring back of the
tiller blades after experiencing the deformation forces is the measusbébetween the
results of the DEFORM simulations and the physical experim&hésangls of the final
experimental tiller bladeseremeasured using the Starrett Sigma, Model #HB&darrett
Precision Optical, North Yorkshire, Englané}.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 Bnm 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 55
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




Table 21: Experimental force values applied to bend énm thick AISI 1100 aluminum

tiller blades.
Experiment Iteration | Lubrication Force Applied (KN)
1 Lubricated 4.0
2 Lubricated 55
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 55
10 Not Lubricated 6.0

Table 22 Experimental force values applied to bend 8nm 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 4nm 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 temperagpacityand ability to perform
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the multiple stepsecessaryo 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 181steel workpiece is measured according to color of the heated
workpiece based on the low carksteelheating chart found iRigure C1 in APPENDIX

C. Additional DocumentgAustin, 2002. With aheatedwvorkpiece, 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 than000 Ibf (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 # H8W (UltraFlex Power Technologies, Ronkonkoma, NY).

The workpiece is heated tabout J000°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 leftméigiuire 63, and the
assembly with the cuff around it is positioned in the center of the Wabash Press platens as
shown rightmost ifrigure63. In that time and through convection of tiemovingaround

the piecedue to itsmotion, the workpiece cooled to approximately 600°C when forging

began.
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Workpiece |

Lower Platen

Figure 63: Experimental setup for bolt head forging the threshing teeth in the Wabash
Press using the 8nm 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 ambiaintuntil 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 shbigargt4. The
press is closed again, applying only a small amount of clamping force, legs4b&i,

releasing the workpiece from the top die.
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Workpiece
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Lower Platen

Figure 64: Experimental setup for removing the threshing tooth workpiece from the
top die in the Wabash Press using the bolt head forged-rém 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 theroxidati
flakes from the heated workpiece that contaminated vaoald negatively affect the
[ ubr i cant 0 duringettre fnext itaratiorcSanilar to the sharp edge forging
operation for the tiller blades, the displacement, measured as the thicknesslarighe f
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 comparetietween the simulations and experimental restihe force values applied

in experimentation are listed irable24.
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Table 24: Experimental forces applied to bolt head forge 600°C-6hm diameter AlSI
1018 steethreshing tooth workpiece.

Experiment L Force Applied | Force Applied
Itgration Lubrication (Metric E)I'I?)ns) (kN|;JIO
1 Lubricated 0.907 8.8%
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.®
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 1517
12 Lubricated 16.%4 1602
13 Lubricated 17.3 169.7
14 Lubricated 20.01 196.2
15 Lubricated 22.81 2237

The bending experiments for the threshing teeth have rammjarities to the
bending experiments for the tiller blades. As showigure65, 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 pladeizontallyon the bottom die in the

grove.

114



Moving Crosshead

Workpiece

Die

- i’ Bottom

Stationary Fixture
N e

Figure 65: Experimental setup forthreshing tooth bending operation on Instron using
the 8mm diameter AISI 1018 steel workpieces and the correspondingr@m bending
die design.

A small initial contact force is applied, and the displacement value is ass@ned
zero mm. The Instron is programed to stop at a ceftage 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 lubrisasygread on the dies before the next

iteration. These steps are repeated for both {tmen6and 8mm diameter workpieces. If
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the experiment is performed without lubricant, all lubrication steps are oniitibte 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 andeleased 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 6nm 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 8nm 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 threshiegthwas 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.-fiitme 8
workpieces that were bent in the previous experindented as the workpieces in this

forging experimentFigure66 shows the experimental setup for this forging operation.



Upper Platen |

(% ot
.

Lower Platen

Figure 66. Experimental setup for forging flats onto the bent 8mm 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 Walhash Ress platens.
An initial clamping force of about,@00 Ibf (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. fl the experiment is performed without lulard, all lubrication steps are
omitted.Table27 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 shdviguire67 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 benthreshing 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 eéich part.
the second section, the experiment design and setup along with testing values are then
describedThe experimental equipment is listed with each individual contribution to the
experimental process. The next chapter detailsnditerial characterizations all as the

resultsof the analytical calculations, simulations, and experimentation.



CHAPTER 5. RESULTS AND DISCUSSION

5.1 Introduction

This chapter describéise material characterizations ahd results of the analytical
calculations, simulations, and experiments. First, the XRF material characterizations are
given, followed by the hardness testing resutisanticipation of the discussion of the
differencedound when comparing the simulation and experimental results, two sensitivity
analyses of the material deviations and friction coefficients are complétesl.
deformation process results are presentdtch include shearing, bendm 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 concluttespecific 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 revealatbenic composition of the
metals tested. The experimental procedures for using this equipment are outlined in section
4.3.1 Material Characterization Equipmeritwo different pieces of XRF equipment are

used to verifyone anotherThe first is ddandheldXRF, Model# X-MET800Q Thisdevice
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providesthe userwith the closestmaterial matchaccordingto its internal databaseof

materialcompositions.

Beginningwith thenonOEM blackandgreytiller bladestheflattestportion,near
the mountingholes,is cut off. The cut portion, shownin Figure 68, is polishedandthen
testedwith the handheldXRF device.The resultsof testingare shownin Table28. The
A €St eobdragterizatiofor theblacktiller bladeimpliesthatit isanundesignatedarbon

steel(Anonymous, 201¥ Thetwo othersteelsareknownalloys.

Figure 68 Example of a polished portion of the black norOEM tiller blade for XRF
and hardness testing.

Table 28: Handheld XRF results for the black and grey norOEM tiller blades using
the Handheld XRF Model # X-MET8000.

Sample Number| Black Colored Blade | Grey Colored Blade
AISI 1522 Carbon Stee Carbon Steel
AISI 1522 Carbon Ste€ Carbon Steel
AISI 1522 Carbon Ste€ Carbon Steel
AlSI| 1522 CarborSteel Carbon Steel
AISI O2 Tool Steel Carbon Steel
AISI 1522 Carbon Stee Carbon Steel

OO IWIN|F
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The second piece of XRF equipment, Bieiker Tornado XRF, Model # M4,
providesa detailed descriptionof the atomic compositionsof the blades.The atomic
composition of the ne®EM black tiller blade is shown ifiable29. The values represent
the average atomic compositions for three tests of the black tiller blade speCaiie30
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 ihable29, the closest matching steel is AISI 1215 carbon steel.
Based on the information shown Trable 30, AISI 1522 carbon steel is a close match,
further verifying the accuracy of the Handheld XRF, Model-MET8000. The atomic

composition of the Yanmar OEM threshitegthis discussed next.

Table 29: Atomic composition of nonOEM 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 nonOEM 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
Manganesg 1.03611866
Iron 98.70948341
Cobalt 0.009870948
Gallium 0.071332058
Arsenic 0.05271046
Vanadium 0.068761342

5.2.2 ThreshingTooth

XRF tests of the Yanmar OEM threshing teeth required machining to generate a flat surface
to cover the entire las@&rindow on the Handheld XRF. The piece of the OEM tooth used

is shown inFigure69. A Handheld XRF, Model # MMET8000 is used to obtain general
information on the type of steel that the tooth is made from.8dth araletermined to be

a general carbon steel with a close match to AlSI 1020 low carbon steel as sfi@blein

31. A Bruker Tornado XRF, Model # Mdenerated a more specific atomic compaosition

that is shown in

Table32. 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
Undesignated Carbon Stee
Undesignated Carbon Stee
Undesignated Carbon Stee

AISI 1020 Low Carbon Steg

AISI 1020 Low Carbon Steg

AISI 1020 Low Carbon Steg

OO~ WN|F
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Table 32 Atomic composition of OEM Yanmar threshing teeth using theBruker
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 materiatomiccomposition as shown ihable 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 propsrtdataavailable as mentioned in secti@rb Literature Reviewo 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, 2024%

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 procedunéitiforg the hardness
testing equipment are found in sectidn3.1 Material Characterization Equipment
Beginning with the tiller blade, the portion showrFigure68, is tested on the HRC, HRB,
and HV hardness scales. The hardness testing results for the black and grey tiller blades
can be viewed imable34andTable35, 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 afBtlehier, 202D The
hardnesses are much higher than that of typical AISI 1522 steel at about §8tHRiBer,

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 nofOEM black
colored tiller blade using theWilson Hardness Rockwell 574, Serial # R5780-1184
and Buehler Micromet 2100 Series Microhardness Tester, Model # 16@%06

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 1146 44.8 4237

Table 35: HRB, HRC, and HV hardness testing results for the norfOEM grey colored
tiller blade using the Wilson Hardness Rockwell 574, Serial # R57@D-1184 and
Buehler Micromet 2100 Series Microhardness Tester, Model # 16006

Sample Number | HRB HRC HV
1 115.2 46.8 396.6
2 1154 46.7 421.0
3 1154 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 1154 47.0 419.7
9 115.0 47.7 394.9
10 1154 47.0 403.6
Average 115.2 472 4017

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 tabulatddief6.
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 # 16006406

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 ThreshingTooth

Hardness testing using the HRB and HV scales is performed on the flat and polished
specimens shown iRigure69. The HRB hardness tester has interchangeable test fixtures
to best match the geometry of the piece being testezlV-shaped baskxture is used to
testcylinders(International, 202 While using this base, the hardness indenterd slip
to the side of the cylindrical rod in testifigternational, 2022 The diameter of the ball
indenter applied to the-®m diameter of the workpiece ratio did not allow theshaped
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 twaditional hardness tests orhe results of
hardness testing the sections of the tHrestooth are displayed ihable37. 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 creatiegmmarks 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 AlSI
1020 steel because the milling operation performed some unavoidable surface hardening
on the sections. The hardness values for the fodder chopper blade are disextssed
Table 37: Yanmar OEM t hreshing tooth HRB and HV hardness testing resultsising

the Wilson Hardness Rockwell 574, Serial # R57d0-1184 and Buehler Micromet
2100 Series Microhardness Tester, Model # 164106

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 403 323.2

5.3.3 Fodder Chopper Blade

Physical bdder chopper blades were not obtaibgdseorgia Tech. The hardness
values of the blades were obtained through communication VE@8ACMEA engineers
in Bangladesh. The average hardness vangesrom 22 to 24.4 HRC for the blade made
from an unspecified mild ste@Anonymous, 2024dHossain, 20210ber et al., 1975 That
final hardness is higher than the hardness for an untreatedteeldndindicates 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 brittlenessThe next section begins the deformation results discussion starting

with the shearing operation.



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 eglqgtiatipnl,
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 Table38 and

Table39 for the tiller bladesThe fablesalsodisplay the force valuegquired for
each thickness of blad&he force values are calculated usitguationl and include the
material properties fodifferent temperature®f AISI 1043 carbonsteel fromTable 4.
Predictably, the forces required are higher for tirer thick workpieces than therbm
thick because there is more material to cut through. Correspondingly, the forces required
to shear the workpieces significantly decrease withirereasein temperature. The

threshing tooth shearing operations are discussed next.
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Table 38 Shearing forces required for different planar geometries on the-enm thick
AISI 1043 carbon steel tiller blades at different temperatures.

Shearing | Shearing | Shearing

Geomet Force Force Force

Descri tiz\ Geometry Image Required | Required | Required

P @20°C @700°C | @1,000°C

(N) (N) (N)

Shearing to 173,950 | 117,355 | 16,905
Length
Mounting
ength
Above

Sharp 104,370 70,413 10,143
Length

Sharp 324,004 | 218,589 | 31,488
Length
orner

Corner Arc - 41,003 27,662 3,985
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Table 39: Shearing forces required for different planar geometries on the-6nm thick
AISI 1043 carbon steel tiller blades at different temperatures.

Shearing | Shearing | Shearing
Geometr Force Force Force
Descri tio);\ Geometry Image Required | Required | Required
P @20°C @700°C | @1,000°C
(N) (N) (N)
Shearing to 208,740 | 140,826 | 10,290
Length
Mounting
Long Edge - 685,860 | 462,714 | 66,654
Length
Above
Sharp 125,244 84,496 12,172
Length
Sharp 388,805 | 262,307 | 37,785
Length
orner
Corner Arc - 49.203 33,195 4,782

5.4.2 ThreshingTooth

Shearing is used to cut the cylindrical rods to lengtt the beginning ahreshng
tooth manufacturing. The required shearfioigesfor the two rod diameters;m and 8

mm, are shown iffable40. These values are calculated udtggationl and the material

132



property values for AISI 1018 steat different tempraturesn Table4. 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 @nm and 8 mm diameter
AISI 4140 steel threshing toothrod-shapedworkpieces.

Temperature (°C) | 6-mm Diameter | 8mm 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 calculatedEgiragionl. Those
forces are displayed for blades made from AISI 1018 steel at different temperatures in
Table41. 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 blad&he 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.

Shearing | Shearing | Shearing
Geometr Force Force Force
Descri tio);\ Geometry Image Required | Required | Required
P @20°C | @600°C | @1,000°C
(N) (N) (N)
Mounting
Hole (x1) v 57,960 28,980 5,040
Upper
Right Edge v 62,790 31,395 5,460
Upper Left 90563 | 45281 | 7.875
Edge
Angled 100,223 | 50,111 | 8,715
Edge
Sharpened 628,504 | 314,252 | 54,653
Edge
Upper
Rounded 315,761 | 157,881 27,458
Edge
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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 Uni@tdtes and used in experimentation were
not available within thesoftware Material substitutionghat are similaneed to be made
as detailed irmmable4, Table12, andTable16. The second reason is that DEFORM uses
tabular flow stress data as an input into its calculativaisareperformed on thdeforming
geometries instead of calculations usingithe, & , andé flow stress constants calculated
at each stepccording to the instantaneous strain and strain rates experienced at each mesh
element As the calculations are not completed using flow stress equation&dikation
11andEquationl2, the tabulaflow stress can be compared at the same dependent strains
and strain rateslhis analysis improves the robustness of the final recommendations for
processing conditions on the most similar materials to those characterized by the XRF

analysison the obtained OEM and non OEM spare pastdescribed iB.2 XRF Results

Thetabulatedflow stressdatain DEFORMneeds to be comparéal thecollection
of similar materials available in the material librafable42 andTable43 present a list
of similar materialsto AISI 4140 steelat 1,000°C, and their flow stress with the
correspondingercent differencesompared atwo strains and strain rateghe bottom row
of eachof Table42 andTable43is the flow stress for the AISI 414feeland the average
percent differenceas comparetb the other materialsChis sensitivity analysiprovides
an idea for hav much of an effect the slightly different materials used in experimentation
veraus simulationdave on the final force results. With 8% and 4.5% average percent

differences foundit reveals the source of some of the error presented in the deformation
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operations to be discussed in the following sectitiran be stated thdt5% to 6.3%of

the overall errors between the simulation and experimental comparisons can be attributed
to the material deviationgvolving different flow stress valuefAnother sensitivity
analysis detailing the friction coefficients used in the simulations is discussed next.

Table 42 Flow stress percent differences when comparinfow 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 v to AISI 4140 steel atl,000°C (Rundquist, 2023.

Material gtlrc;\’;’s Percent Difference to
(MPa) AIS| 4140 Steel

AISI-1015 [762200F (2612000C)] 105.0 8.6%6
AISI-1035 [13062000F (7001100C)] 105.0 8.6%6
AISI-1043 [13062000F (7001100C)] 121.4 5.565
AISI-1045 [762000F (2611000C)] 115.0 0

AlISI-4120 [762200F (2612000C)] 125.0 8.6%
AlISI-4140 [762200F (2612000C)] 115.0 AverageDifference 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 v to AISI 4140 steel at 1,000°GRundquist, 2023.

Material Flow Stress Percent Difference to
(MPa) AISI| 4140 Steel
AlISI-1015 [762200F (261200C)] 165.0 8.3
AlISI-1035 [13002000F (7001100C)] 175.0 2.778
AlISI-1043 [13002000F (7001100C)] 188.6 4,778
AISI-1045[70-2000F (2011000C)] 187.1 3.944
AlISI-4120 [762200F (2612000C)] 175.0 2.778
AlISI-4140 [762200F (261200C)] 180.0 AverageDifference 4.522

5.6 Friction Coefficient Sensitivity Analysis

A sensitivity analysis was completed to determine Howtion coefficients affect

simulationforce resultsThe analysis was completed on @aem thick AISI 1043carbon
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steelworkpieceat 1,000°C in the sharp edge forging operatidine forces resulting from
applying different friction coefficients between the workpiece and aiestabulated in
Table 44. Simulation fiction coefficients were chosen based on a literature review
assessinghe materials in contact, the temperature, Hratypes of lubricant useds
detailed inTable5. It cannot be known for certain the exact friction coefficient experienced
in experimentationthough The coefficients tabulated in the first columnTaible44 are

a range of possible coefficients far lubricated operation performed on a hot steel
workpiece at DOCC that iscompressedetweensteel diesThe variation of potential
friction coefficientsservesas 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 AlSI 1043 carbon steel6-mm thick tiller blade workpiece at
1,000°C.

Friction Resulting Force
Coefficient (Metric Tons)
0.06 62.%
0.08 6840
0.10 50.8
0.12 57.9
0.14 52.07
0.16 63.35
0.18 65.2
0.20 52.30
0.22 54.19
0.24 68.4
0.26 67.@
0.28 59.66
0.30 58.44

The mean and standard deviation of the forces preseniadlied4 are 60.1 an6.6

Metric Tons respectivelyThe standard deviation is slightly high due to the small sample
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sizeusedin this study.All of the resulting forces are within2 standard deviations from

the meanwhich 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 drsteps
exceeded. Those new meshes often result in a drop in resulting force at that step because
the stress concentration$ the old mesheare replaced with new mesh applications.
Another reason for the varying forces he tslidingsticking transition asliscussed 2.5
Literature ReviewThat transitioris most likely reached at or near the 388p markat

which these results were recordékhe transition would significantly increase the force
required for forging as revealed by the higher tonnage results for various friction
applicationsTo 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
experimentsbecause, as mentioned, the actual friction coefficient for the lubricated
environments is not explicitly knowrThe 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 CalibrateS8imulations

The analytical calculations, FEA simulations, and experimental results are
presented in this section for the sharp edge forging operation performed emthebd
6-mm tiller blades. Tobegin analytical calculations using the rectangular forging

equations in sectiof.5 Literature Revieware compared to the calibrated simulations as
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depictedn Figure58. A graphical representation of thexim thick AlSI 1043arbonsteel

tiller bladecalculation and calibrated simulatiedging results can be foundHigure70.

Some notable trends are that the forging force required decreases significantly with an
increase in workpiece temperature. The lubricated calculations represented eaxithe x

as fiLO are very similar to the DEMH@RM si mu
and DEFORM results, represented as fANL, 0 a
compared to the lubricated samples with the same temperature and speed conditions.
Lastly,usingthe average strain and strain rate values from the DEFORM simulation results

and entering them into the polynomial fit equations to determine the flow stt@s®tes

a greater force requiremehtan the DEFORM simulations. The results for thrarh thick

tiller blades are not shown because, although the same emgsesent, 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 AlSI 1043carbon steel 6mm thick tiller
blades(L = lubricated, NL = unlubricated).

The 5mm and émm thick tiller blade calculations and calibrated simulation results
for room temperature (20°C) AISI 1100 aluminum are showhigure 71. It takes less
force to forge the thicker tiller blades. AccordingBquation3 throughEquation6, the
final height, which is located in the denominator of each equation, is greater femtime 6
thickness tiller blade than therdm. This phenomenois explained simply by surface
contact andstress being the product of force and afdee surface aregeneratedor a
larger final height, while maintaining all other dimensions, Wwél less than that of a
smaller final heightdue to conservation of magss a result, less force will be required to
forge the workpiece with a larger final heigsing the general flow stress values provided

in Manufacturing Processes for Engineering Materjdte analytical forcgcalculatedare
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all much greater than the DEFORM results. Thibeasause¢he material properties from

the textbook sourcarefor a generienedium carbon steel insteadogingan exact material

match, as mentioned ifable2 in section2.5 Literature Reviewlt 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 accuratekpiece and dies.
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Figure 71: Analytical and calibrated simulation results for forging AISI 1100
aluminum at room temperature (20°C) for the 5mm (left) and 6-mm (right) tiller
blade thicknessegL = lubricated, NL = unlubricated).

5.7.2 Mesh Convergence Studies

A mesh convergence study is conducted on both the worlg@ackthe diegor
each of the deformation operations discussed in this thiésisvolves 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 geofie¢ryprocedure

for the mesh convergence studieshis thesis is to increase the numbéelementsand

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 ofstlistress concentration

that raises the maximum stress value. Convergence is achieved whecotidedvalues

begin to have minimal deviation from the prior and next mesh size result. On medbi,
convergence is achievedhen theresultsbegin 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 t@términe thenesh 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.rilar to the quantitative convergence discussed, the qualitative
color convergence is achieved when there is very little variation in the color patterns

the geometry as the element number is increased.

The mesh convergence for then thick tiller blade sharp edge forging workpiece
is completedirst. 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 inFigure72. The optimal number of elements is determined to be 140,000 from
bothFigure72, and the visual analysis of the colorized stress distributions shovable

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 stress@sable45 showsconsistentoloring 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 consistelight green portions inside the light blue at the end of the blade

opposite the mounting holes.
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Figure 722 Mesh convergence resultshown in the black ovalfor the sharp edge
forging simulation performed on the 5mm thick AISI 1100 aluminum 20°C tiller
blade workpiece.
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Table 45: Colorized stresses experienced by the-tam thick AISI 1100 aluminum
20°Ctiller blade in the sharp edge forging simulations with different mesh sizes.

Number
of
Elements

Front of Forged Tiller Blade
with Colorized Stresses

70,000

100,000

110,000

120,000

130,000

140,000

150,000

144

Back of Forged Tiller Blade with
Colorized Stresses

l




160,000

Another mesh convergence study is completed on the sharp edge forging dies to
determine the stress experienced duringdeBrmation process. Two constants were
maintained for all of the mesh convergence stugégormed on the didn this thesis: the
die material is AISI D2 tool steek it is the closest material match to ASTM A36 steel and
AISI A2 tool steelas shown inTable 6, and the dies and workpieces are at room
temperature (20°CEigure73shows 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 0.0ffn, respectivelyThe experimental and simulation

results comparison is described in the following section.
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Figure 73: Mesh convergence resultshown in the black ovalfor the 5-mm thick die
design of AISI D2 tool steel at 20°Gor the tiller blade sharp edge forging die stress
analysis.

5.7.3 DEFORMSimulations and Experiment Results Comparison

The results for forging the tiller bl ad
thickness of the sharpenedge The simulation settings and experimental procedures can
be found in sectiod.2 DEFORM Setupand sectior}.3.5Experimental Proceduresor
the DEFORM simulation results analysis, a computer measurement program, ImageJ, is
used(lImJoy, 2024. The pixel scale is set according to an initial measurement made by the
ruler tool in the DEFORM pogirocessing software. Thmagnified gap between the
closing dies that is being measured is showRigure 74 within the red circle. For the

physical workpieces resulting from forging experimentation, the thickness is measured
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with calipers. An example of a final workpiece from the experimentation is shdviguire

75.

Figure 74: Measurement of the gap between the top and bottom dies using the ImageJ
software where leftmost image shows the entire die, artlde rightmost image with the
red circle identifies the measurement regiorin yellow between the twogrey dies
(ImJoy, 2024.

Ol @ @@=

Figure 75. Sharp edge forged 5mm thick AISI 1100 aluminum tiller blade example
from experimentation.



There are two different sharp edge forging die designs used for the annealed AlSI
1100 H14 aluminum workpieces, which are described in se8t®bDesign of Dies and
Tooling. Beginning with the Bnm thick tillers, the mirrored dies arased in
experimentation fiothis workpiece thickness. Both sets of simulations for the mirrored and
norrmirrored (or insertlesigr) sets of dies are presentedHigure76. 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
thicknessof 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 imim to 1.4mm 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 &mm thick tiller blade with the
mirrored die design

The next set of experiments is performed on thend thick tiller blade workpieces
using the nommirrored dies (or insert dies). The simulation settings and experimental
procedures can be found in sectb@ DEFORM Setupand sectior.3.5Experimental
ProceduresThe simulations for the mirrored and nomrrored dies as well as the
experimental results are plottedRigure77. 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 Calibrat&gimulations the forces to forge the-fam



tiller blades might be assumed to be less than the forces to fonge 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 assumptionousee f
forging equations are no longer accurate. Another noticeable characteristic is that the insert
die design simulations deviate the most from the experimesgdts. This is due to the
sliding of the top insert die in the horizontal plane as thgirigrdeformation takes place.
Because the dies are not fixedthe 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 iroplace
standard manufacturing equipmehtt 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 shaned edge.
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Figure 77: DEFORM simulation and experimental results for unlubricated (left) and
lubricated (right) for forging the edge on the 6mm 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 seEigure78that there is a slight lip formed on the opposite
side of the sharpened edge forgmd the 5mm thick workpiecesThis is due to the
workpiece sliding backwards away from the sharp edge and being forged betwgap the
of thetwo walls of the mirrored dies. This lip does not impact the functionality of the blade

overall. In many of the resulting workpieces, it is eaen 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 eafgee 6mm thick workpiecas shown in
Figure79. This is not ideal for the final part geometry and can impact the function of the
blade because this blunt portion will matt into the soil as welh operation.This issue
resulted from the top fiinserto die not com
which was hypothesizedjd not occubecause 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 diEEFORM simulation results for AISI 104&%rbonsteel

will be presented in theext section.
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Figure 79: Non-mirrored die (or insert die) 6-mm thick workpiece result with red
circle showing theblunt unforged corner.

5.7.4 DEFORM Simulation Results

With the accuracy of the DEFORM simulationsrified by the information
discussed in sectidh 7.3DEFORMSimulations and Experiment Results Comparisoa
results of the simulations performed with different temperatures of AlSId@48nsteel
tiller blade workpieces can be described. Simulations are performednom &d émm

thick blades, with the simulation settings procedures found in secE@EFORM Setup

Beginning with the &mm thick blades, the results are tabulatedable 46. The
force values listed are for a die closing value ofrir. To clarify, this means that the
thinnest part of the sharp edge formed isrhrff. The black tiller blades obtaindxy
Georgia Tech have blade thicknesses that varied froormfnlo 1.7mm. The average
thickness is about 1-mm, so that is the value used as a comparison in simulations. Again,
it is advisable to perform this deformation operation at a workpiece tempes&t & C

or greater due to the significantly lower forces required to form the edge. All results
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presented inrable 46 are for simulationgperformedat 100 mm/s to emulate a realistic

manufacturing operation.

Table 46: DEFORM simulation results for the AISI 1043 carbon steel 5mm thick
tiller blade sharp edge forging operation with the mirror die designs

o o Force
Temperature (°C) Lubrication Force (kN) (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-6hm thick AISI 1043carbonsteel tiller blades are presented in
Table47. The forces required to perform the forging operations are listed at a die closing
value or minimum sharp blade thickness of-th&. The high forces required to forge at
room temperature are not feasible and would result in catastrophic die stitessfere,
it is advisable to forge at higher temperatures. Predictably, it takes larger forces to forge in
an unlubricated environmenthis 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 6mm thick
tiller blade sharp edge forging operation with the noAmirrored die designs

Temperature (°C) Lubrication Force (kN) (MeE i?:rc':l'eons)
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 nm and émm 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 tlaecurate geometry of the dies and workpiece used in practice
adhere well enough tine constraintf the analytical calculations. The only change that
could have been made is to simplify the workpiece geometry, but the effectivéness o

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 8&legree and 9@egree punch angles for tharn and émm thick blades,
respectively. These values are incorporated into the design because of the spring back
calculdions for cold AISI 104&arbonsteel. 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 manufagitaatige, 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 plagiin

occurs, permanently deforming the workpiece to the geometry of the die angle. An example
of this phenomena is seenkigure80for both the experimental and simulation results for
bending a &mm thick tiller blade workpiece up to a forceG®kN. The conditions for the
workpieces presented Figure80 are for a lubricated AlSB04 stainless stealorkpiece

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 werkpheat exponential

increase represents the forging operation that occurs at the end of the process.
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Figure 80: Experimental and DEFORM simulation results for a 5mm thick AISI 304
stainless steetiller 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 Trable 48 and Table 49 for the 5mm and émm thick
workpieces, respectively. Tmei d d |l e ¢ ol u mnredreaents theecdntrah anglep h a o
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 deformatior\WWhile the values calculated rable48 andTable49 are high, the
dies do not need to be designed to accommodate the spring back value ekopedieth
the bending of the tiller blades and threshing teethigher forging force ialsoapplied to

perform plastic deformatiowhich reduces or eliminates spring bask, that the punch

angleof the diesdoes not need to be changed from the final angle desired in the part.

Table 48 Spring back calculations for 5mm thick tiller blade workpieces for
different materials.

. Alpha Spring Back

Material (Degrees) (Degrees)
AISI 1043CarbonSteel (20°C) 90.40 16.60
AISI Aluminum 1100 (20°C) 103.5 3.550
AlSI 304 Stainless Steel (20°C 96.13 10.87

Table 49 Spring back calculations for 6mm thick tiller blade workpieces for
different materials.

. Punch Angle | Spring Back

Material (Degreeg) ?Degrees)
AISI 1043 CarbonSteel (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




5.8.2 Mesh Convergence Studies

The optimal mesh size is 140,000 elements for the tiller blade bending workpieces.
This is seen irFigure 81, as the values converge at this number of elem&hts.mesh
convergence was performed at room temperature (2CGW\ergence begins at a velocity
of approximately 10 mm/s and a strain of approximately 0.084¥mm. The values
converge at approximately 110,000 elements, but the visual inspection of the colorized
stresses on either side of the bladd able 50 shows a convergence closer to 140,000
elements, which aligns with the range presentdeigare81. Specifically, the low stress
blue circle in the center of the blades presented in the central coturfiable 50

consistently appears starting at 140,000 elements.
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Figure 81: Mesh convergence resultshown in the black ovalincluding velocity and
strain experienced byan 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 thenéin thick AISI 1100
aluminum 20°Ctiller blade workpiece.

Number
of
Elements

Front of Bent Tiller Blade with Back of Bent Tiller Blade with
Colorized Stresses Colorized Stresses

70,000

100,000

110,000

120,000

130,000

140,000

150,000




160,000

The mesh convergence for the tiller blade bending dies is conducted the same way
as the previosistudy The stress and displacement are compared, and the optimal mesh is
75,000 elements as shown kigure 82. The sinusoidalike curves that occur after the
120,000element point predict that mesh convergence will not occur at a higher element
value. The visual analysis is not conducted for this stifdgpwing the appropriate mesh

size, the simulation results can now be compared to the experimental results.
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Figure 82 Mesh convergence studyesults shown in the black ovafor 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 de2tion
DEFORM Setupnd sectiom.3.5Experimental Procedure$hese 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 bermdratiick
workpiece compared to therbm thick workpiece, as skwn inFigure83. This is explained
by the bending equations in sectid® Literature Reviewas there is a greater volume of
material being deformed. There is a lower perdaidfferencefor 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 deformatiat plastically deforms the
workpiecealmost exactly to the geometry of the dies. Due to this, there is very little

variation in the resulting workpieceas the force applieelxceeds 40 kN
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Figure 83: DEFORM simulation and experimental results forbending lubricated
AISI 304 stainless steel workpieces (lefty&m thick (right) 6 -mm thick.

The reason that the-lem percent difference is so much lower than thmra
percent difference is becauskthe higher forcesompared in the-6hm case. As stated,
the deviation in final angle measurements is so small at higher forging forces because of
the plastic deformation that occurs, and the only compared values between the experiments
and simulations for the-Bim thicknessvorkpiece are at 20kN and abovde 7kN force
first experimented with using therm thick blades did not have a simulation pamson

that would have most likely increased the percent deviation. Time constraints and material
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availability are the reasons that oritpur workpieces were experimented with of either

thickness.

The workpiece shown iRigure84 is representative of all of the steel workpieces
resultingfrom the bending experiments. There are no deviations in the characteristics of
the bent piecefrom what areexpected of theimple angled bending dieShere 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 #nm thick tiller blade bending workpiece
resulting from experimentation.

As mentioned in sectioh2 DEFORM Setupthe 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 AlSI 304 stainless steel
at Georgia TechAISI 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

Figure85.

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 1043carbonsteel workpieces are simulated in DEFORM next. The
simulation settings are found in sectidt? DEFORM Setup The bending operation
simulations are performed to run to the specific value of 54:587M5for the Smm dies
and 57.375mm for the Bmm die design because exceeding those values causes the forging
forces to surge to greater than 1,500 kN Wbending atroom temperature. That is an
excessive amount of force that has no beneficial impact on the final padtarify, thhose
aforementioned displacement valuestaeedistancethatthe 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 baxdnkess of a concern

at higher workpiece temperatur€sajan et al., 2091 Excessive forging force does not
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ensure less spring badgit is not advisable to use expensive excessive force capability

forging equipment.

All of thesimulation results presented Tiable51 and Table52 are performed at
100 mm/s to emulate the true speed of manufacturing equipment. As stated in the sharp
edge forging operation discussed in sechiatTiller Blade Forging Resulfshat operation
is performed before bending and, ideally, at a temperatW@03€C or above. Maintaining
a temperature around the same value at which sharp edge forging occurs is ideal, and it
avoids any coolingand reheating steps fdreat treatmenquenching the pargafter
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.

. L Force Force Required
Temperature (°C) | Lubrication Required (kN) | (Metric T%ns)
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 522 DEFORM simulations for 6-mm thick AISI 1043 carbon steel tiller blade
bending results.

Temperature (°C) | Lubrication RequJ:i(:gae(kN) F((Iz/lrgi:?:e'lggrgd
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 counterpartat the same environmental conditions. This is due to the blade
slipping as the top die compresses it. As showrRigure86, 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 forceatmther spike as shown repeatedly
throughout the simulation ifigure 86. Regardingthe 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 entugihere the recorded value was
in a peak or valleyslightly deviating fromthe lubrication trend observed in the other
operations This phenomenon is not observed in the experimental setting because the
frequency of data recording on the Instrotoiser than forthe simulation software. This
concludes the presentation of the results for bending-the@and émm 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 5mm thick lubricated AISI 1043 carbon steel tiller blade workpiece
at 20°Cin Metric Tons (tons-Sl).

5.9 Threshing Tooth Bolt HeadForging 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 irFigure87. 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 frorMlanufacturing Processes for Engineering Materialsd the

DEFORM results for all temperature processes. This means that the textbook flow stress



value calculations are mbsimilar 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 straiand strain rate dependent, as shown in

Table3. As explained irsection2.5 Literature Reviewthe 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 stressDissimilarly, there is only one source of errdne strain valudor the
strain rate independent AISI 304 stainless steel materialeffar 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 prelimipdorce estimates. More accurate force
requirement values are generated by the simulations with the actual geoofehéedies
and workpiecesised in manufacturing practies well asy 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 operaton

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 compléedhe bolt head forging workpiece
geometryat 600°C.The strain rate and force results for varying the number of elements
applied to the workpiece mesh are presemdegure88. The results for each workpiece
mesh size simulation convergel@awver 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 10,008nd the force value
is approximately 450 Metric Toné. qualitativevisual analysis for the bolt head forging

mesh convergence was not completed.
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Figure 88 Mesh convergence resultshown in the black ovalfor the 6-mm diameter
AISI 4140 steel 600°QGhreshing 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 irFigure89. 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

0.175mm.
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Figure 89: Mesh convergence resultshown in the black ovalfor the 6-mm diameter
threshing tooth bolt head forging dies made of AISI D2 tool steel at 20°C.

5.9.3 DEFORM Simulations anBxperiment 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
section4.2 DEFORM Setumnd sectiord.3.5Experimental Procedure$o reiterate, the
flange is the washdike 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 manneas described in sectiorb.7.3 DEFORM Simulations and
Experiment Results Comparis@mJoy, 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 riygresentativebolt head forged
experimental resukhown inFigure90. 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 isstie cylindrical cuff jigused inFigure46is implemented.

The cylinder fjigodo could have been made
central vertical axis, but that would risk the dies seitintpe jig. The inner diameter of

the jig had to be larger than any expansion experienced by the dies ito@daid 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 atlyeavailable on the
manufacture of threshing teeth, the videos on the manufacturing of the tiller blades show
how dies are mouad and fixed in a manufacturing setting. An example can be viewed in

Figure9, as similar mounting of the bolt head forging dies would be implemented.
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Figure 90: Representative finalgeometry of 6mm 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 practieee plotted irFigure91 according to the force applied and
the resulting flange thicknesBheexperimerd areperformed 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. Thideviationis a result of AISI 1018 steddeing usedn the
experimentsaand AISI 4140 steel, thelosest match available in the DEFORivaterial
library, being used in theimulationsas explained irmable 16 in section4.2 DEFORM
Setup At forcesbelow 11 kN the flange thicknessxperiences a dramatnegativetrend
with respecto higher force. At forces higher than 11 kNhe flange thicknedsegins to
level out. Thids due to greater surface contact of the flange with the flat faces diethe
At and above 11kN the percentifferencereducesfrom an average of 45.64 to an
average of 36.78%Tlhis discrepancy is most likely a result of the temperatatienates

made during the experiments of 60qAListin, 2003. 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 fldngese on the agriculture
equipment in Bangladesh, thkicknessof the flange is not of significant importance
becausehe length of the final tootlkextending from the barrel does not have a crucial
toleranceto maintain The 1-mm difference in the thickness of the flangetweenthe
simulation and experimental resuitdl not reducethe effectiveness dhe tooth in use.
Even though thesimulationresults presented iRigure 91 do underestimate the flange
thicknessthe recommendations for performing the bolt head forging operations are not
affectedby the deviations in the simulation resultsstly, the variation in the resulis
alsocaused by the use of the AISI 4140 steel in the DEFORM simulations and the AlSI
1018 steel in experimentation. Due to the limited literature available, the properties for
these two materials at elevated temperatures arevelbtknown, so high temperature
material properties cannot laecurately referenceand matchedo each materialTheir
similarroom temperature properties are liste@atle4, and that similarity is extrapolated

to higher temperatures based on the data availaAgkEn, the DEFORM material library

is limited, so using the same material is not an optanall of the threshing teeth

deformation simulations.
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Figure 91. DEFORM simulation and experimental results measured by flange
thickness for the 6mm diameter AISI 1018 steel 600°C workpiece in thdolt head
forging operation.

5.9.4 DEFORM Simulation Results

DEFORM simulations are performed at 6008D0°C, andL,000°C for the bolt
head forging operation on thendm diameter threshing toothhe simulation settings are
found in sectiom.2 DEFORM Setuplt 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 Table 53. All friction coefficients are low because the
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operatiorshouldbe performedubricated. The simulation results showrTable53 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 foogitigethreshing teeth.

The next section discusses the bending operation results for the threshing teeth.

Table 53: DEFORM simulation bolt head forging operation on 6mm diameter AlSI
4140 steel threshing teeth workpieces performed at a speed of 100 mm/s.

Temperature Friction Force Required | Force Required
(°C) Coefficient (KN) (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 Calculatios

FEA simulation and experimentasults for the bending operation on the threshing
teeth are presented in this section. As mentioned in setfdrterature Reviewwhen
describing the bending equations, the width of the part needs to be much greater than the
thickness of the part. Because the threshing teeth workpiecegliagical, 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 penfgrfiorging following the bending force
application will be done in manufacturing practice. This practice is the same as that
discussed in detail isection5.7 Tiller Blade Forging Results=orging 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 experigreatesh

convergence studies condutfer 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
teethbending simulations. This study was completed at a workpiece temperature of 20°C.
As shown inFigure 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 relately minimal after that point. The displacement value at convergence is
approximately 75.7nm, and the velocity value is approximately 13 mm/s. Another
validation for the final value of 50,000 elements can be se&abte54 as the colorized
stresse. Thecolorized stresses begin to converge at 50,000 elements. This convergence is
verified by the reappearing orange caborthe very tip of the bend that is consistent with

increasing numbers of elements.
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Figure 92. Mesh convergence resultshown in the black ovalfor bending the &8mm
diameter AISI 4140 steethreshing teethat 20°C.

Table 54: Colorized stress results from mesh convergence study on bending thenn
diameter AISI 4140 steethreshing teeth at20°C.

Number of Bent Threshing Tooth with
Elements Colorized Stresses

20,000

30,000
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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 difieestisizesare
graphed inFigure93. 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 0.04%Bn. It does not appear that the displacement

results converge, bthe difference in their values at the 162,500 elements mark is minimal

at approximately 0.0Gtnm.
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Figure 93 Mesh convergence resultshown in the black ovalfor 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-6hm and 8mm diameter workpieces both dry and with Moly lubricant.

The simulation settings and experimental procedures are found in sé&DEFORM
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Setupand sectiort.3.5 Experimental Procedure®iscussing the bending of thentm
workpiece first, the results of the experiments and DEFORM simulations performed under
the same experimental conditions are showkigure94. 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 occurshéassumptions fobottoming die bending (bending)

are violated The forging at the end of the process leads to reduced springStidickhere

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 workpiecesidtable that these results

have smaller average perceélifferenceghan the flange forging reks presented above

The differencesare 39.3%for the bolt head flange forgingersus 2.45% and 1.81%6r
bendingthe 6mm and 8mm diameterods, respectivelyThis can be attributed to the
bending die design as discussed previously in seéti®3 DEFORM Simulations and
Experiment Results Comparisddue tothe high forces applied, a forging operation takes
place at the end of the bending operation. Diledftorging, the majority of the workpieces

have very similar angle measurements, lowering their average peéiftergnce
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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 threshingeeth.

The results for the-8hm diameter tooth workpieces are showfrigure95. 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-6hm diameter bending results, thdubricated 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 threshingeeth.

The experimental results for bending are represented by the workpiEagire
96. The red arrows ifrigure 96 shown how two lips are formed as a result of bending
around the shoulder corners of the bottom bending dies. While this app&arsrableit
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 tdeg® concentrations.
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Figure 96. AISI 1018 steel 8mm 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 seE2dDEFORM 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 naieavear 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 aperformed at 100 mm/s to emulate a realistic
manufacturing setting. The resulting values presentediainie 55 are for a top die

displacement of 681m using the 8nm diameter dies, and the values presentddhbie
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56 are for a top die displacement of -it¥n using the 8nm 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 &iameter workpiece
compared to the -6hm. 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 detdifedeometry that occurs during the process as
indicated inFigure96. 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 workgoete
simulation phenomena would not occiihis 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 AlISI 4140 steethreshing
tooth bending.

0 . Force Required
Temperature (°C) | Force Required (kN) (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 AlISI 4140 steethreshing
tooth bending.

Force Required

Temperature (°C) | Force Required (kN) (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 orthiheshing 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 thel@m diameter workpieces are showrHigure97. A similar
trend is present ifrigure 97 as in sectiorb.9.1 Analytical Calculations and Calibrated
Simulations wherethe flow stress values calculated from the DEFORMBteriallibrary
of flow stress data resulted in much higher predicted forging forces than the other two
valuescomparedAs stated abovehis 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
stresghen used ithe analytical calculationghe 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 2Qt@e 98 shows
the resultof 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 MetricTons and a velocity value approximately 10.75 mm/s. The 90,68@ment
convergence is further verified through the visual analysis of the colorized stresses shown
in Table57. Thesmallyellow marksin the center of the flats appear more consistently in

the same positionstarting a90,000 elements.
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Figure 98. Mesh convergence resultshown in the black ovalfor forging flats on 8-
mm diameter AISI 4140 steethreshing tooth at 20°C.

Table 57: Mesh convergence results for forging the flats on the-8im diameter AlSI
4140 steethreshing tooth at20°C.

Number of | Forged Threshing Tooth with
Elements Colorized Stresses

40,000

50,000
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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 displacementfesuitdifferent mesh sizes
are graphed ifrigure 99. At convergence, the stress value is approximately 1,800 MPa,
and the displacement value is approximately 040%%. The mesh convergence occurs at

80,000 elements accordingFayure99.
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Figure 99: Mesh convergence resultshown in the black ovalfor the 8-mm diameter
flat forging dies made of AlISI 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
comparing the thicknesses of the flats forged onto the bent tooth. The simulation settings
and experimental procedures are found in secti@DEFORM Setupand sectior.3.5

Experimental Proceduregor the DEFORM simulation results analysis, the computer
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measurement program, ImageJ is used as discussed in $eti8BIEFORM Simulations

and Experiment Results Comparis@mJoy, 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 showigure67. An experimental workpiee

after forging can be seen kgure 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 ftatsa room temperature workpiecehe

final flats should be approximatelyrém 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 approximatehnviBck.

|-

Figure 100 AISI 1018 steel 8mm diameter threshing tooth workpiece with flats
forged on either sideshown bythe white arrow.

The simulation and experimental results for both unlubricated (left) and lubricated
(right) dies are shown iRigure101 TheWabash 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 thaguired of the final parfThe agreementf the
simulation and experimental resultdfasdower force values verifies the accuracy of the
simulations at higher forging forces up to the required thickness of the flats at about 6

As expected, it takes more force to forge with unlubricated dies than lubriGétesk
results have a very low deviation when comparing the simulation to experimental results.
This is a direct result of the dies not requiring aigmt since the dies are simply flat plates

with a large enough area to equally distribute forging force on the workpiece.

Unlubricated Lubricated
8.1 7.9
8
7.8
£ £
£ S
Tn’ “;)’ 7.7
n 7.8 0
) ()
c e
X =
Q Q
£ 77 £ 76
o o
oL o
£ 76 <
S 875
[ [
7.5
7.4
7.4
7.3 7.3
10 20 30 40 50 10 20 30 40 50
Forging Force (Metric Tons) Forging Force (Metric Tons)
—e— Simulation —#—Experimental —&— Simulation —#— Experimental

Figure 101 Results for the brging 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
workpiecesThe simulation settings are found in secédbRDEFORM SetupThe results
of the simulations performed can be foundable58. 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 ifable58 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, andhe 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 8mm diameter AlSI
4140 steel threshing teeth at 100 mm/s at different temperatures and lubrications.

Temperature (°C) | Lubrication Force(ll(:el\elz)quwed F((I:Argfrilz?l%lﬁgd
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 sectionsummarizes theesults from this thesisthat are guidelines for

manufacturingfacilities in BangladeshAll of the materialsdiscussedn this section
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represent the closest matches to the materials determined for each part obtained by Georgia
Tech. Sectior®.2 Future Workdiscusses the application of this research to other materials
that can be used to make the spare parts. AlSI éé@dnsteel is the material used in the
calculations and simulations of the recommended processing conditiotiseftlier

blades. Table 59 presents thegreatest requiredorces forthe tiller bladeshearing
operatios. Knowing the maximunforce allows manufactures to obtain equipment that

can successfully fabricate the pafke geometry requiring thgreatesforce is labeled

Al ong e digEablé38amdyt h

Table 39. The rightmost column includes a safety factor of 1.5 that is consistent
throughout all recommendations in this sectiBabricators willneed to determinéhe
geometry of stock material usemproducethetiller blades. With a flat platepne can use

eithershearingor plasmato produce the required blank

Table 59: Recommended processing conditions for shearing geometry on AlISI 1043
carbon steel tiller blades.

Thickness | Temperature | Force Required | Force Required
(mm) (°O) (kKN) w/ SFof 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

Table60andTable61 presenthe forging and bending force requirements for both
thicknesse$5-mm and émm) of AISI 1043 carbonsteeltiller blades Theresults are for
workpieceprocessingemperaturegreater than room temperatwéh lubricateddies to

reduce wearlt is notabldrom the physical experiments perforntadt thee is adifference
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of 15% between thesimulations and experiments ftre AISI 1100 aluminumforging
operatios. Thislargedifferencecan be attributed to thmisalignmentof the diesbecause
theywere not fixedo the processing equipment and, as a result, slipbdte dies were
fixed to the equipmentas they will be in practicghenthe differencewould begreatly
reducedThe boundary conditions of the dies in the AISI 164/ onsteel simulations are

fixed with movement of the dies only allotted in the direction of faggication.

Table 60: Recommended processing conditions for forging the sharp edge on AISI

1043carbon steel tiller bladeswith lubrication .

Thickness| Temperature | Force Required Force Required Die Stress
R w/ SFof 1.5
(mm) (°C) (kN) (kN) (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 4390

Table 61: Recommended processing conditions for bending the AISI 1043rbon

steel tiller bladeswith lubrication .

Thickness| Temperature | Force Required Force Required Die Stress
o w/ SFof 1.5
(mm) (°C) (kN) (kN) (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 ®&ble 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 tensplrature

is alsorecommendedhat hardened AISI A2 tool stedde usedas the die material, as its
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yield strength of 1900 MPgreatly exceeds the stresses experienced by the tiller blade

forming diesand it will resist wear

The results for the threshing teeth are now discussed. Thamfstifacturing
operation, shearings summarized ifmable 62. The shearing forces required to cut the
straight cylindrical rod  lengthare tabulatedfor both the énm and 8mm 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 | Force Required | Force Required
(C) (N) w/ SFof 1.5(N)

20 17,388 26,082

6 600 14,767 22,151

800 8,694.0 13,041

1,000 1,512.0 2,268.0

20 30,912 46,368

8 600 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 nexfThe bolt head forging operation forces for theng diameter workpiece
are shown inTable 63, where only the elevated temperature results are tabulated. The
bending operation results are foundTiable 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 shownkigure96. Higher temperature workpieces should be used

to prevent thisaccording to the simulation results. This is because hotter workpieces have
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smaller moduli, are less resistant to bending, and happéy 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 showrilable65. This operation is fairly simple due to its
uncomplicated geometry, so the only recommendation is to perform this opexation

elevated temperaturggth lubrication tothe required forces ardie wear.

Table 63: Recommended processing conditions for bolt head forging the flange on
AISI 4140 steel threshing teettwith lubrication .

Temperature | Force Required Force Required Die Stress
o w/ SFof 1.5
(C) (kN) N) (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: Recommendedprocessing conditions for bending the AISI 4140 steel
threshing teethwith lubrication .

Diameter Tem;ierature Force Required Force Required Die Stress

(°C) w/ SFof 1.5

(mm) (KN) (kN) (MPa)

20 71.00 106.5 1,780

6 800 18.29 27.44 570.0

1,000 8.600 12.90 360.0

20 53.51 80.27 2,450

8 800 19.55 29.33 697.0

1,000 13.71 20.57 409.0




Table 65: Recommended processing conditions for forging the flats on AISI 4140 steel

threshing teethwith lubrication .

Temperature | Force Required Force Required Die Stress
o w/ SFof 1.5
(°C) (kN) N) (MPa)
20 776.7 1,165 1,190
800 265.4 398.1 619.0
1,000 145.3 218.0 320.0

Thedie stresses decrease significantly with an increase in workpiece temperature.
HardenedAlISI A2 tool steel with a yield strength of about 1900 MiPauld be used for
the diesBolt head forging performed at elevated workpiece temperatioessot exceed
the die$ yield streses In bending, gh streses occur at room temperaturand are
concentrated on the shoulders of the botlmndingdies for both diameter3.herefore
bendingshouldbe performed with a workpiees elevated temperaturasd possiblyising

dies withreinforcementn theshoulders.

There was a high percedifferenceof 39% between the simulatisrand the
experiments. Due to the temperature of the experimental workpiece being tracked
gualitatively based on color, the temperature could have vhaedeent100°C due to
human perception error and cooling during the time required to safely place it in the press,
while adhering to all safety measur@bese 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 atfygng processes
because the high forces would cause the workpiepenmanentlyseize 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 processmmendationgertain only to
the shearing operationsh@ shearing results for the fodder chopper blades are presented
in Table66 for the maximum forces required in the list of shearing operations displayed in
abel ed

Table4l. The maximunforces h e ar i operation is |

ng
edge. 0 nedessarys perioont this manufacturing process with a hot workpiece
because the process does not require bending or forguigone could use a heated
workpiece ifthe force requirements are not availal#e mentionedor the tiller blades,

the input material has a direct impact on the manufacturing preelested 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

recommendedIf additional hardness is desired, the workpiece can be quedtesd

completing all deformation operations.

Table 66. Recommended processing conditions for shearing planar geometry onto
AISI 1018steel fodder chopper blades.

Temperature | Force Required Force Required
o w/ SFof 1.5
(°C) (kN) ()
20 628.5 942.8
600 314.3 471.5
1,000 54.65 81.98

Noticeable trends for all three spare parts ao&v discussedFirst, it takes

considerably less force to deform workpieces at increasingly elevated temperatures. The
yield stresse®f the die metalsare often exceeded when parts are deformed at room
temperaturewhich will resultin premature die failureThe selection othe working

temperature of the workpieahouldincludea cost analysis and list of themachinery



available.A cost analysis, described section6.2 Future Work would determine the
payback periods on the investment in equipntigetfurnaces and presses with different
force capacitied_ess expensive, lower force capability equipnmeaybe able to baused

to process materials atevated temperatusebut it would requireadditional steps and
equipment to heat the workpiebefore processingA valueadded(VA) analysis, also
described insection 6.2 Future Work should be completetb comparethe feasible

manufacturingprocess options.

For bending,it is recommended that thminch radius and punch anglethe dies
usedto form thetiller blades and threshing teetimatch thé requiredfinal part geometries
given the provision of an additional higher forging foatéhe end of the bending operation
to plastically deform the workpiece to the exact shape of the dies and reduce spring back
Note thatthe radius of the bottom dieill needto be adjusted according to the thickness

of the part.

Correspondinglythe 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 applicatioMaximizing thesurface contadrea of theop and bottontdies
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 thminomned sharp
edge forging die used on the@im thick tiller blades. The expectation ofdtang 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 forginggss.
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Lastly, the die designs presentedl require that the dies be attached to the
processing equipment #nsureaccurate 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 adjasi@wperly

affixing to each type of machine.

5.13 Chapter Summary

CHAPTER Sdiscusses 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
hardneswalues are tabulated. The results dikeded bypart 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 irethef the analyses

in this thesis.For tiller blade bending operatios) the spring back calculations were
explained, but determingédnotbeuseful in the context of this thesis. Nekig simulatios

were performed using the exact geometries of the dies and workpieces fabricated at
Georgia Tech for experimentatiolmhe FEA setup parameters included die geometry,
friction coefficients, speeds, mesh sizes, step values, and various materials at elevated
temperaturesthe numerical force results were verified with a mesh convergence analysis.

Representative simulations were verified with experimeifitee correlation of the
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simulation and experimental resulalidatedthat those simulations were set up and
performed correcthylastly, the results of the simulations for workpiece metals at elevated
temperatures and greater die displacement speeds were presented to provide more realistic
manufacturingforce requirementecommendationdn order to account for some of the
differencedound between the simulation and experimental results, sensitivity analyses for
the material deviations between simulations and experiments astldedriction
coefficient ranges were conductdthe 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 thierication of the
machinery andgpare parts will helpotimprove the overall balance of paymeatslthe
economyin Bangladesh. Agriculture is the leading industry in Bangladeshthetugh
import costs ofmachinery andpare partsotivateshis researcls the spare parts market
has reached a value 881 million USDas of the year 202QAlam, 2023. This thesis
detaik manufacturing processes atieir mechanicahnaly®s for shearing, bending, and
forging operations required to generate three diffehégitly consumedpare parts: tiller
blades, threshingteeth and fodder chopper blasleThe results of thigesearch can be

applied to developing and existing SkiB Bangladesh.

First, morphological processes for each part were determined based on feasibility
of implementation in Bangladeshi facilitiaadspeed of manufactur&he processes were
generated from a visual analysis of eagarepart. As will be discussed in sectidh?2
Future Work the appropriatenanufacturing process can be selected basedeoresults
of a costanalysis forpurchasingnachinery and market demafat each partNext, the
atomic compositions of each paréredeterminedThis was done to perform calculations,
simulations, and experimentsing materials with similar propertiasthose used ithe

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; tirevided
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preliminary force estimates for the sheariiogging, and bendingperations. The shearing
operationcalculations were deemed sufficient with the inclusion of a safety fiacioake

force requirement recommendations. The forging calculations were verified with calibrated
simulations foraccuracyin adhering to thequation constraintsut were not included in

the rest of the analysis. The bending calculations were also determined to be accurate, but
the constraints of the equations wexeeedeas it wasletermined thapplying additional

forging force after bendingvas the optimal processing techniquause to achieve more

uniform final products without spring back.

Die designs were generated asinulatedto ensure that the final resulting
workpiece geometry matched that of thrgginal part dimensions. Through iterations of
die designsthe simulations proved that the dies presented in this thesis generate the desired
geometries for each operation. In Bangladesh, theadiebe replicatedusing existing

commonly foungdmachiningequipmenincluding CNC mills and lathe.

Simulations, adhering to the mesh convergence stuctespleted on each
workpiece geometry, were performed matching the constraints of the experimental
conditions at Georgia Techlhose simulations were verified by performing the
experimentaisingthe same conditiorasthe simulationsExperimental verification of the
simulations was then completéithe testing equipment used at Georgia Tech included the
Instron and Wabash Press to perform the bending and forging opereggpextivelyThe
correlation of the simulation and experimental results provedhibaimulations 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 consé@dé&imulations are most applicable
to facilities in Bangladesh while the previous simulations were more applicable to

experimental verification.

The forging operationbave elevatedaverage percerdifferenceof 15% for the
tiller blade sharp edge forging and 39% for the threshing toothhball forgingin the
comparisorof the experimental and simulation results. This was attributgie slignment
issues for both parts an#mperatureestimatesfor the threshing teethwhile these
deviationsare not ideal, the sources of errors will be remedied in pradtiee will be
more control of the threshing tooth workpiece temperature in operationulsectdne bolt
headforging operation willoccurquickly at high die displacement speeds directly after
uniformly heating the workpiese Alignment will be maintained when the dies include
fixturing specific tothe machinery in Bangladeshi facilitieixturing will maintain
centralized axes along the directiondi¢ displacementThe 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 seftir he final operation of forging the flats on
the threshing tooth had a very Iggrcentdifferenceof 1.4% because that operation did

not require any alignment in the diéiserefoe not introducing that source of error

The bending operations for both the tiller blades and threshing teeth had very low
differenceqfrom 1% to 11%)when comparing the experimental and simulation resftilts

the angle generated in the final part. This is due to thedrggd ofsurface contaauring
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forging. It is strongly recommended to apply additiomatging force after the initial
bending force for angleplarts. 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 ofall simulations and results, the following conclusions are
drawn. First, thdigherthe temperature of a workpiece, the less force is required to perform
any deformation operatiorit is recommended that théler blade and threshing teeth
workpieces be heated to at least 600FPAls also corresponds to less stress being induced
onthe dies, as shown by the die stress analysdsication alslightly reduces the forces
required.Knowing the expected forces to be encountered in theufaaturing process,

facilitiesin Bangladesh camseor purchase machinewith the appropriate force capacity.

6.2 Future Work

Future work and research directions will now be identififte two mainfuture
objectives ardor CSISA-MEA partnersBangladestio performforming processes with
hot metal workpiecesto further verify simulationresultsincluding various material
compositions available ther@he second objective is tmmpletecost analysesof the

machineryto define the bedinancialapproach talevelopmanufacturingacilities.

First, it was not feasible to perform all of teeperimentst elevated temperatures
at Georgia Techlherefore gxperiments at elevated temperatiwsiesuld be performeith
the futureto furthervalidate the high temperature simulations andlyticalcalculations.
The following manufacturing operations would benefit from high temperature data:

shearing of AISIL043steel tiller blades, sharp edge forging of A1B#43steel tiller blades,

20¢



bending of AISI1043steel tiller blades, shearing of AISI 4140 steel threshing teeth, bolt
head forging of AISI 4140 steel threshing teeth, bending of AlSI 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 assistancl®AGIEA engineers,

these elevated temperature tests could be conducted locally. mgdsshi facilities are
equipped with the machining capabilities to manufacture the die detggosbed in this
thesis, and they can be implemented in the actual manufacturingdawiith fixturing

for testing angpermanent manufacturinghe loadsrequired to perform the deformation
operationsat elevated temperaturean be compared to the simulations and calculations

outlined in this thesis for further verification of simulation accuracy.

It would alsobe usefulto know the exact compositions of the metals available to
and used by Bangladeshi manufacturers. As mention€H®WPTER 2Background and
Significance material to make these agricultural components originates from beached
cargo ships in the Chittagong region of Bangladésithe main source of stock material
is recycledfrom these shipsit is not uniform inthe materialproperties or geomess If
thecompositions of thenetak areknown, then thealculations and simulations presented
in this thesiswill more accurately reflecthe manufacturing operations in Bangladesh.
Table 67 presents th@ropertiesof the metalsthat need to be obtained to perform the
required analyse§.hose parameterseed to reflect the temperatures of the workpiece in
manufacturing operations. In addition to these values, the flow stress curvesdoiutie
metalsare needetbr simulation inpuif the materials are not already within DEFORM or

ANSYS libraries The rightmost column offable 67 indicateswhetherthe material



propertyvalue will be used in the preliminary analytical calculations, simulations, or for
material compositiodeterminationThe hardness value is included because it can help to
identify an unknown metalising Equation19, ascanthe 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
Elastic Modulus

Purpose
Calculations/Simulations

Tensile Yield Strength

Calculations/Simulations

Ultimate Tensile Strength

Calculations/Simulations

Elongation at Break

Calculations/Simulations

Friction Coefficient

Calculations/Simulations

Poi ssonds 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 analyes for computer simulationsra analytical
calculationsshould be performed otine steels used in Bangladests manydifferent
variationsare obtainedrom beached ship3he results of theesensitivityanalysesvould
boundthe minimum and maximum forces required to perform an operation and ensure that
the equipment available or to be purchased mweret those calculatedrequirements
Performing a sensitivity analysis using the simulasettings presented in this thewit
further improve the overall robustness of the research aapptieability to the conditions

anticipated by Bangladeshi manufacturers.
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Finally, cost analyses are not performed in this thd3igre are cosinaly®s such
as return on investment for machinery purchasesnowbeing studied by CSISMEA
partners in Bangladesh, but their work was not included in the Sthdgosts and payback
periods for any specific machinettyat might bgpurchased to perform the manufacturing
operationsshouldstill be determinedor individual developing manufacturing facikts
Equipment cost analysekould include a survey of the market size gralvolume of parts
being produced by other manufacturers in the region. That survey would determine the
volume of partghat is economically reasonalfta each individual facility to produce, in
turn impacting the decision owhetherhigh or low volumeproduction equipmenis
purchasedlIf there is significant investment in a facility and machinery to manufacture a
partin a saturated marketupply, the manufacturer will nte profitable The available
labor force also needs to be evaluated to ensure mheatthe production capacigesired
The availability of the stock material as well as the analysis on the material characteristics
of that metaheeds to be determined. If one metal is of greater purchase value, an analysis
of its potentialwear resstance and anticipated lifespan can increase the sale cost of the
final manufactured partf more brittle metal is used, the final cost may need to be lowered
to counteract the higher replacement ratdditionally, aVA or nonVA value added
analysisof 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 investméinés in
facility should be made. For example, at a highoperation, the facility may need to have

more staff and betteguality equipment stationeat that operatian
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Figure A 1: Tiller blade 6-mm thick workpiece CAD drawing.
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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.
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Figure A 6: Bottom non-mirrored die for 5-mm thick tiller blade workpiece.
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