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ABSTRACT

Appropriate Energy Saving Technologies Ltd. (AEST) located in Soroti, Uganda aims to reduce
deforestation and indoor air pollution through their sustainable charcoal briquettes. However, the
charcoal mixture causes extreme wear in the briquette extruding machines, restricting the
business's ability to scale up. Case hardening was identified as a potential solution to increase
the wear resistance of the extruders by diffusing carbon into key components of the machine
such as the screw. Several steps were taken at MIT D-Lab to validate the case hardening strategy
including measuring the carbon content of steel samples from AEST's machines; designing a
furnace from materials widely available in Soroti that could achieve the temperature necessary
for case hardening; and evaluating different types of quenching liquids. Once the process had
been validated, D-Lab researchers and AEST employees implemented the procedure at AEST's
briquette production site, building a brick furnace and case hardening three screws. AEST has
since reported that the case hardened screw produces twice as many briquettes during its lifespan
as the untreated screw does. AEST is now looking to case harden other machines at their
workshop to increase overall briquette output.

Thesis Supervisor: Daniel Sweeney
Title: Research Scientist
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1. INTRODUCTION

Appropriate Energy Saving Technologies Ltd. (AEST) located in Soroti, Uganda has had

great success building a social business around their sustainable charcoal briquettes. An affiliate

of the Teso Women Development Initiative (TEWDI Uganda, www.tewdi.org), AEST produces

briquettes from locally-sourced agricultural waste, or "ag-waste," rather than wood. AEST's

briquettes, branded Makaa, aim to eliminate the harvesting of trees for fuel and reduce harmful

pollutants released into people's homes during use of traditional wood and charcoal-fueled

cookstoves, a particularly relevant danger for women and children [1]. The success of Makaa

briquettes in her community has led Betty Ikalany, the co-founder of TEWDI Uganda, to look

into increasing their production capacity. In 2014, they purchased a commercial meat grinder and

modified it so that it functioned as a screw press to compress and extrude charcoal briquettes.

The charcoal mixture is pushed through a cylindrical housing by a rotating screw that

compresses the material between its flights before extruding the briquette from a narrow orifice.

Figure 1-1 defines a number of key terms used to describe the extruding machines as well as

illustrates the compression and extrusion process of a screw press.

A n n A Shaft

Shank Flight

Figure 1-1 a: A simplified rendering of a screw. Strips of metal wrapped around the central shaft
form the screw flights. The portion of the shaft that does not contain flights is the shank.

III

Single Flight Parallel Flights

Figure 1-lb. Single vs. parallel flights. On the left, only one strip of metal wraps around the shaft
to form a flight. On the right, two separate strips of metal wrap around the shaft to form two

flights in parallel with one another and out of phase by 180 degrees.
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Figure 1-1c: The cross section of a screw press. The charcoal-binder mixture enters the extruder
from a hopper on the top. The screw, driven by a motor coupled to the shank, pushes the

charcoal through the housing, compressing the mixture between its narrowing flights. Finally,
the screw pushes the charcoal through a narrow orifice, compressing the mixture even further

and forming the briquettes.

After producing briquettes with the modified meat grinder, it became clear that the highly

abrasive charcoal mixture was damaging the machine's internal components. In particular, the

screw wore down so much that it could no longer adequately compress the charcoal mixture.

Figure 1-2 is a visual comparison between a new screw from the meat grinder and a worn out

screw.

4

Figure 1-2: Comparison between worn out and new screw. The abrasiveness of the charcoal
mixtures wears down the flights of the screws in the extruding machines. The screw on the left is

an unused screw with the flights still intact. The screw on the right has been completely worn
down. As the flights wear down, the screw no longer effectively compresses charcoal briquettes.

As evident in Figure 1-2, the charcoal completely wore down the screw's flights over time.

During repairs, the flights are built back up by repeatedly welding around the screw and

following the pattern of the worn out flights. Layers of metal are added by a welder until the
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flights have reached a sufficient height. This method of repair is not only costly but also 

relatively weak. The frequency of repairs increased as the screw grew older. 

The purpose of this project was to increase the lifespan of AEST' s briquette extruding 

machines. Their production site uses two different extruders to produce the briquettes (Figure 1-

3). One is the original modified meat grinder, while the other is a custom-made extruder 

constructed by Engineer Abdulkarim Katende, a Kampala-based fabricator. Both machines are 

screw presses; charcoal within the machine is churned and compressed by a giant screw within 

the cylindrical housing and pushed out of the orifice at the end. 

Figure 1-3: AEST's two charcoal briquette extruders. The machine on the left is a commercial 
meat grinder. The machine on the right was custom-built by Engineer Abdulkarim Katende in 

Kampala. Both machines are screw presses and outfitted with pulleys to connect them to a diesel 
engine. 

Both machines have been outfitted with pulleys so they can be powered by a diesel engine. 

Because the production site has one engine, only one machine can run at a time. Each machine 

has its own advantages and disadvantages. According to the workers, the meat grinder produces 

higher quality briquettes (briquettes that are compressed more during production burn longer 

during consumption and are considered higher quality), but the custom-made machine produces 

briquettes faster. 

After a successful collaboration through the Harvest Fuel Initiative, TEWDI Uganda and 

MIT D-Lab were interested in continuing their partnership to further develop the AEST business, 

and extruder lifespan was identified as a bottleneck that needed to be addressed. Once the need 

had been identified, the project could have taken two different courses. One option was to design 

a completely new briquetting machine whose lifespan would exceed that of either existing 

machine. However, it is difficult if not impossible to design an effective extruder without 
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experiencing the briquetting process first-hand. Documentation from researchers who had

previously visited the briquetting site simply was not sufficient to inform the design process, and

time and monetary constraints eliminated the option of replicating the briquetting process at

MIT. The development of an uninformed machine design would not only waste D-Lab's

resources but also the resources of AEST. At the risk of potentially damaging D-Lab's

relationship with their community partners, this option was not pursued.

The second option was to improve the existing machines so that they could better endure

abrasive conditions. This option was challenging because the machines being modified were in

Soroti, not Cambridge. There were approximations, however, at D-Lab that could be used for

testing. For example, D-Lab owned smaller versions of the commercial meat grinder, and a

duplicate screw from the custom-made extruder had been brought back from AEST on a

previous visit. With these assets, developing a process to improve the existing machines was the

more viable option to pursue. After conducting background research, case hardening was

identified as a potential solution to the abrasion problem. In the fall of 2014, this strategy was

validated and a procedure was developed that would be implemented in Soroti, Uganda in

January 2015.

The selected strategy increases the wear resistance of key components of the existing

machines by hardening the surface of the part. Surface treatment methods include, but are not

limited to, case hardening in which the surface of the part is chemically modified. As carbon

from an external source diffuses into the surface of the steel, a hard case forms around the part.

Pack carburizing, a method of case hardening in which carbon from a solid packing material

diffuses into the steel surface, is low-cost and has no stringent furnace specifications or

atmospheric requirements. This method is also intended to harden mild steels which was a

requirement for this project given the limited availability and high cost of harder steels in

Uganda. The primary disadvantage is the difficulty in consistently achieving the same case depth

which was not an immediate concern for this project [2].

To diffuse the carbon, the steel part is encased in a container full of a carbon source

material and placed in a furnace. Heating steel beyond a critical temperature causes the body-

centered cubic molecular structure known as ferrite to transition into a face-centered cubic

structure known as austenite. At this high temperature, carbon can diffuse into the surface of the

steel causing the phase to change once again into martensite but only near the surface. The
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longer a piece is heated in this carbon-rich environment, the deeper the hard martensite layer

diffuses into the workpiece. The piece is then removed from the container and quickly cooled by

submerging it in water (or another liquid) to freeze the surface in the martensitic phase. This

process is known as quenching and must be done immediately after the steel is removed from the

heat source. If the quenching process takes too long and the steel cools slowly, the piece will

revert back to the ferrite phase. For more information on case hardening and other types of

surface treatment, refer to the American Society for Metals' Metals Handbook, 8th ed Vol.2 Heat

Treating, Cleaning and Finishing [3].

There were many benefits to case hardening the screw that motivated its selection over

other strategies such as redesigning the entire briquetting machine or building key components

from harder steel. Perhaps most importantly, all the necessary materials were readily available in

Soroti and Kampala. The container was commissioned from a fabricator in the town, the bricks

were purchased from a local producer, and AEST's own charcoal dust was used as a carbon

source and their briquettes as fuel for the furnace. In addition, case hardening would maintain the

screw's ability to withstand high torsional loads. While harder steels also tend to be more brittle,

case hardening would only affect the surface of the screw, leaving the rest of the screw intact.

Also, given the time constraints of the implementation phase in Uganda, the relatively short time

it would take to case harden one screw and to train the AEST team in the process made this

option more appealing. Case hardening was anticipated to take 1-2 hours, so multiple screws

could be case hardened during the two week implementation phase. However, all the evaluation

of this project would happen after the visit to AEST had finished. The AEST team was asked to

compare the lifespans of a control screw and a case hardened screw.

This report begins by reviewing the steps taken to validate case hardening as a strategy to

address the wear problem of AEST's briquette extruders. Following the discussion of tests run in

Cambridge at MIT, the results of field implementation at AEST's workshop in Soroti are

presented. This is followed by a brief discussion of the social implications of the project,

particularly regarding gender inequality in Ugandan culture as well as the workplace culture at

AEST. After, this report summarizes the work that has been built off of this project and potential

strategies for future researchers to take to improve the case hardening procedure.
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2. CASE HARDENING VALIDATION

A number of experiments were conducted at MIT prior to field implementation to ensure

that case hardening was a valid solution. First, the carbon content of steel samples from AEST's

custom-made machine were qualitatively measured to ensure that case hardening-which is only

possible with low-carbon steels-was in fact a viable strategy. Next, a number of furnace designs

were tested to ensure that a furnace built with locally-sourced materials could reach the

necessary temperature for case hardening. Finally, a quenching solution to use in Soroti was

selected that would be both effective and readily available in the necessary quantities. Once the

carbon content was measured, the furnace designed, and the quenching solution selected, steel

samples were case hardened and the resulting change in hardness measured. The results from

these samples proved that case hardening would be a viable strategy to improve the charcoal

extruders.

These three components of the project were designed and evaluated under a number of

constraints. First, this project was undertaken as part of the D-Lab Development class. While the

strategy of case hardening had been identified during the previous summer, the actual design and

testing occurred during the fall semester of 2014 with field implementation occurring in January

2015. This fixed timeline played an important role in establishing the scope of this project.

Second, the materials budget for the class was fixed which served as motivation to keep the early

prototypes small until they could be scaled up during implementation in Uganda. Finally, safety

was a significant concern due to the handling of red-hot metal and furnaces. Experiments were

designed around the physical limitations of the workshop area. The limited space available in the

courtyard outside of D-Lab further motivated the decision to prototype smaller designs and case

harden steel samples rather than actuals screws.

2.1 Assessing Initial Carbon Content of Screws

The first stage of this project was to determine whether case hardening would be a viable

solution to the wear problem. Case hardening is only effective in low-carbon steels with carbon

contents below 0.65%. It is possible for surface carbon to become saturated, and high levels of

carbon in the case can negatively impact part performance [2]. If the screws were made of hard

steel, simply heating and quenching the part could be sufficient to increase the hardness and
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would be less expensive than case hardening. A screw identical to the one in the custom-made

machine was brought back to D-Lab on a previous trip to Uganda. Samples of both the central

shaft and the flights as well as a sample of rebar were tested with the help of Professor Mike

Tarkanian to determine the carbon content of each sample. While rebar was not used in the

construction of these particular screws, it was investigated as a potential material for future

extruder fabrication.

Using a mounting press, the samples were encased in a resin powder and heated for 15

minutes at 40 kN and 155 C to solidify the resin (Figure 2-1).

Figure 2-1: Three samples of steel tested to approximate their carbon content. Clockwise from
the bottom piece: A sample from the shaft of the screw; a sample from the metal used to make

the flight of the screw; a sample from a piece of rebar (to evaluate the potential of using rebar to
construct the screw). All three had low levels of carbon and, thus, were fit for case hardening.

The piece was polished with a Rotopol and increasingly fine sandpaper. The piece was then

chemically etched with nitric acid which eats away at metal at different rates depending on the

molecular structure. Variations in depth can be imaged under a microscope to determine

percentage of carbon. All three samples had a carbon content of less than 0.4% and could, thus,

be effectively case hardened.

2.2 Furnace Construction

The next step of the project was to design a furnace that could be replicated in Uganda.

While there are a few blacksmiths and forges in Soroti town, it was in AEST's interest do as

much of the case hardening work as possible with the resources and manpower available in-

14



house as a means of reducing cost and time. Given the time and material constraints of the

project as well as the space limitations of the MIT courtyard where these experiments were

conducted, smaller furnaces were built to case harden steel samples rather than full-size furnaces

that would fit the actual screw. The furnace would be scaled up during testing in Soroti.

As specified in the ASM Handbook, case hardening requires a furnace temperature

ranging from 1500 F to 1700 F (approximately 815 C to 925 C) [3]. There was some concern

that the open fire fueled by the wood charcoal at D-Lab would not reach the temperature required

for case hardening, so a leaf blower was integrated into the furnace design to provide more

oxygen to the fire, thus increasing the combustion temperature. The first furnace iteration was

cylindrical, constructed from 27 fired bricks, with an open top and a stiff, metal mesh between

the first and second layer of bricks to elevate the charcoal and allow more oxygen to feed the fire

from underneath (Figure 2-2).

Figure 2-2: First iteration of the small furnace model burning wood charcoal for fuel. The bricks
are arranged in a circular pattern to minimize material usage, and the three bricks on top are

removable so fuel can be continuously added. A leaf blower feeds extra oxygen to the fire from
underneath the fuel. The wire mesh held between the first and second layers of bricks elevates

the fuel and allows for more oxygen to feed the fire.

The leaf blower in the D-Lab workshop was extremely powerful, so a PVC Tjoint was attached

to the end of the blower in an attempt to redirect part of the airflow away from the furnace.

However, there would not be access to reliable electricity at the AEST workshop, so the leaf
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blower would not be a viable means of providing extra oxygen. As it turns out, the additional air

was unnecessary as the wood charcoal burned hot enough to allow for case hardening.

Taking advantage of the direct relationship between steel temperature and color, the

heated samples were compared to a chart which related the color of the sample to the

corresponding temperature [4]. The test revealed that even without the blower, the furnace was

hot enough to case harden. Even so, the second furnace iteration continued to elevate the

charcoal with a wire mesh and included an additional outer layer of 25 bricks to help insulate the

fire (Figure 2-3). The inner and outer walls were sealed off at the top to form an insulating layer

of air between them. The outer wall of bricks was constructed as a square to minimize heat loss.

Attempting to seal off the gap between two concentric circles with rectangular bricks resulted in

large gaps through which hot air could escape. Making the outer layer a box allowed the top to

be sealed off more effectively.

The use of mud or cement to seal the cracks was also considered to further insulate the

furnace. However, the use of sealant was omitted to allow for flexibility in furnace prototyping

and construction. It was unclear how many furnace iterations would be created, and there were a

finite number of bricks available at the workshop.

- t-

do-

V"4.

Figure 2-3: The second furnace iteration had an additional layer of bricks to better insulate the
furnace. The gap between the two layers was sealed off, but the furnace itself remained open on

top. There was still a wire mesh between the first and second layers of bricks to elevate the wood
charcoal fuel and an inlet at the bottom to allow for air, but there was no blower. This furnace

design reached sufficient temperatures for case hardening.
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Perhaps the most valuable lesson garnered from the initial furnace trials was a better

understanding of just how much fuel it would take to run the furnace for an extended period of

time. To help minimize the cost of the project, a reasonable compromise between case hardening

depth (which is related to the duration of the case hardening process) and the fuel consumption

had to be reached. The ASM Handbook provides a figure relating case hardening time to depth

[3]. This figure informed the decision that 1 hour would be an ideal time and result in a case

hardening depth of approximately 0.02 inches. This time was chosen rather arbitrarily as there

was no data relating the depth of the case hardened layer to the lifespan of a steel screw. In other

words, there was no way to know ahead of time whether the depth achieved after 1 hour would

be sufficient to improve the briquette machine's performance.

2.3 Selecting the Quenching Liquid

The next stage of the project was to select the most effective quenching liquid. The

thermal conductivity of the quenching liquid has a direct effect on the rate of cooling of the

hardened piece [5]. An ideal quenching liquid would cool the metal as fast as possible without

resulting in cracks. This test was designed to determine the most effective quenching liquid

under the assumption that the best quenching liquid for a case hardened screw would be the same

for a screw that had simply been heated and quenched (no addition of carbon).

Four identical pieces of 1.5cm steel rod were cut approximately 5 cm in length. One

would be a control and the remaining three would each be heated and quenched in either water,

vegetable oil, or a "Super Quench" solution. The Super Quench solution consisted of:

* 5 gallons water

* 5 lbs salt

* 32 oz Dawn dishwashing liquid

* 8 oz Simple Green cleaning solution (concentrated)

Robb Gunter, founder of the Forgery School of Blacksmithing, developed the Super Quench

method for treating low and mild steels while working as the Resident Blacksmith for Sandia

Laboratories [6]. Given the small size of the sample, the recipe was scaled down to fit inside a

one-gallon paint can.

17



The three pieces being tested would each be placed directly in the furnace (no container)

and heated before being quenched in their respective solutions. While this experiment would

ideally have been conducted using the carbon source and fuel available in Soroti, material

constraints prompted the use of wood charcoal instead of ag-waste charcoal briquettes. Given the

cost of wood charcoal and monetary constraints on the project, the heating time was reduced

from 1 hour to 20 minutes for all three samples in this experiment.

Basic surface tests were conducted to measure the hardness on the surface of the four

steel samples. Hardness is evaluated by applying a fixed load at a small point on the steel's

surface. The depth of the resulting indent is measured and correlated to a hardness value using

the Rockwell scale. For each sample, the hardness was evaluated a five random points along its

length. Table 2-1 displays the results from the four samples. All numbers were measured on the

C scale with the exception of the control and the oil which had measured values less than 20 on

the C scale. To get accurate measurements of the hardness for these two samples, evaluation had

to be done with the B scale. The results from this test are outlined in Table 2-1:

Table 2-1: Results of quenching liquid experiment. Three steel samples were heated and
quenched in three different liquids and their surface hardnesses compared to that of a control.

Hardness was measured at five locations along the sample's surface with the Rockwell C scale,
although values for the control and the oil quench were too low to be accurately measured on the

C scale. Of the three quenching liquids, water was the most effective and, thus, selected as the
quenching liquid for the final procedure.

Sample 1 2 3 4 5 Average

Control <20 <20 <20 <20 <20 <20

Oil <20 <20 <20 <20 <20 <20

Super Quench 28.5 25.5 20.5 26.5 31.0 26.4

Water 26.5 36.0 43.0 36.5 32.5 34.9

Water proved to be the most effective quenching liquid, resulting in the greatest increase in

surface hardness, and was selected as the final quenching liquid.
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2.4 Case Hardening Steel Samples

With the furnace designed and the quenching liquid selected, a sample of steel was case

hardened to ensure that the use of a carbon source would significantly increase the surface

hardness in comparison to simply heating and quenching the sample. The piece being case

hardened would be quenched in water after being heated in a container. For this test, a container

was constructed from a 2-inch square tube welded closed on one end and filled with charcoal

dust ground from pieces of wood charcoal. The container was covered with a piece of steel and

then completely surrounded by wood charcoal inside the furnace for 20 minutes before the part

was removed and quenched in water.

The surface of the case hardened piece was measured at five locations along its length.

The measured values along with their average are presented in Table 2-2 in comparison to the

control measurements from the quenching experiment. The results of this test established case

hardening as the superior method of surface hardening and proved that a carbon case could be

successfully formed under the resource constraints of this project.

Table 2-2: Results of scaled-down case hardening test. A sample of steel was case hardened and
its surface hardness measure at five locations along its length. The case hardened sample was

then compared to the samples from the quenching liquid experiment (Table 2-1). Case Hardening
was measurably more effective than the other methods at hardening the surface of the steel.

Sample 1 2 3 4 5 Average

Control <20 <20 <20 <20 <20 <20

Case Hardening 79.5 75.0 81.0 76.0 81.0 78.5

(quenched in water)

In addition to surface hardness values, the depth of the resulting case can be used to

characterize the part, although the procedure for measuring depth is much more involved and did

not fit within the project's time constraints. However, the depth of the case can be estimated

from empirical data presented in the 8 th edition ASM Handbook. A figure in the pack carburizing

section of the handbook illustrates the relationship between case depth and time [3]. While the

resolution of the graph is not fine enough to accurately read the depth at 20 minutes, it can be

visually estimated that the depth after 1 hour is 0.02 inches. Assuming that the slope is
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sufficiently steep, it can also be estimated that between 0 and 1 hour, the relationship between

case depth and time is linear, which would mean the depth after 20 minutes of heating would be

approximately 0.006 inches.

Although testing the surface hardness of a sample is relatively simple under lab

conditions, the necessary equipment would not be available in Soroti. File testing would provide

a crude estimate of the hardness of metals while in the field. Calibrated files can be purchased to

run these tests. These files are designed to scratch only metals that are a specific hardness or

softer. It is worth noting, however, that file tests are extremely subjective based on the pressure

exerted by the file on the metal and the hardness of the file [7]. Because of these biases, file

testing should be used only as a means of gauging relative hardness between samples. There

would be no means of quantitatively measuring hardness unless samples were brought back to

MIT.

Two files were brought to Soroti; one file had very fine teeth while the other was very

coarse. These files would be run across the case hardened pieces in Soroti to gauge their

hardness relative to samples of untreated steel. Because the file teeth imbed deeper into the

surface of soft steel than hard steel, there is more resistance when a file is dragged across soft

steel. This difference in traction can be felt by the person wielding the file and would provide a

rough estimate of the relative hardness between two samples. In addition, these files would be

used as a teaching tool to demonstrate the effect of case hardening on metal. While there are no

physical indicators visible to the naked eye that steel has been hardened, an AEST employee

dragging a file across an untreated and case hardened screw would be able to feel a difference as

well as see any scratches to the surface.
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3. CASE HARDENING IMPLEMENTATION

In January 2015, a team of D-Lab researchers travelled to Soroti, Uganda to implement

the case hardening procedure in AEST's workshop. There were a number of objectives for this

trip. The first objective was to meet with Engineer Katende in Kampala, the designer of the

custom-made extruder. Because of his previous engagement with AEST and the briquetting

process, he would be commissioned to fabricate two new screws as well as the case hardening

container to fit those screws. Once in Soroti, the second objective was to case harden one of

these commissioned screws, leaving the other screw untouched as a control against which the

effects of case hardening on screw lifespan could be evaluated. In addition, assuming enough

materials and time, the screw from the custom-made machine that was already in use as well as

the screw for the commercial extruder would be case hardened. The final objective was to

engage employees in the case hardening project as to ensure that AEST would be able to case

harden future extruder screws on their own should the process prove effective and beneficial to

the organization.

3.1 Material Collection and Construction in Kampala and Soroti

To help distinguish between these four screws, Table 3-1 lays out a few of their

properties as well as the numbers by which they will be referred for the remainder of this report.
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Table 3-1: A comparison of the of the four screws tested in Soroti, Uganda including which
machine they are from, whether or not they were case hardened, and a picture to contrast the

varying geometries (pictures not to scale)

Number Extruder Case Picture and Dimensions

(meat grinder Hardened

or custom) (yes or no)

1 Custom Yes

Shaft Length (with shank): 81 cm

Shaft Length (without shank): 50 cm

Diameter: 10 cm

2 Custom Yes

Shaft Length (with shank): 81 cm

Shaft Length (without shank): 50 cm

Diameter: 10 cm

3 Custom No

Shaft Length (with shank): 81 cm

Shaft Length (without shank): 50 cm

Diameter: 10 cm

4 Meat grinder Yes

Shaft Length: 24 cm

Diameter: 11 cm

I
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Screws 2 and 3 were commissioned from Engineer Katende during this trip. 

The screw was fabricated by winding 0.75 cm diameter steel rods around the screw shaft (Figure 

3-1 ). The rods were tack welded to the shaft and then to each other to create the flights. Once 

four thin rods had been welded on top of each other, they were welded more thoroughly together 

and angle ground down to create a smooth surface. The process was then repeated to create a 

parallel flight. 

Figure 3-1: Engineers Katende (right) and Peter (left) making a custom screw during this trip to 
Uganda. In this picture, the central shaft is supported by two mounts on either end, and a 

temporary handle is welded to the end so the shaft can be turned while the flights are added. 

In addition to making two screws, Engineer Katende fabricated the case hardening 

container. Case hardening requires there to be at least 1 inch (2.54 cm) of charcoal between the 

part and the container walls [3] . Given the dimensions of the largest screw, the container had to 

be at least 15 cm wide and at least 75 cm long. A lid was also fabricated and contained a hole in 

the center just wide enough for the shaft. The screw shank would not be case hardened to 

preserve its ductility and prevent deformation. Increased brittleness would reduce the screw's 

ability to withstand the high torque from the engine, and any physical changes to the shape or the 

surface finish could prevent the shaft from fitting properly into its bearings. Figure 3-2 depicts 

the container along with the lid and protruding shank. 
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Figure 3-2: Eva prepares the furnace for case hardening. The handles on the container allow the 
container to be lifted into a vertical position to remove the screw after it has hardened. The lid 

has a hole in the center for the shaft to protrude from and was placed upside-down on the 
container so it could be easily removed. 

The handles on the container in Figure 3-2 were added by a fabricator in Soroti to aid with the 

removal of the container from the furnace. 

Additional modifications to the commissioned screws were also made in Soroti before 

case hardening tests could begin. Once a part is case hardened, it cannot be welded again. The 

heat from welding would counteract the case hardening effect, and the part would revert back to 

its original, softer state. Hooks were added to the ends of the screws, and the fabricator ensured 

that they were narrow enough to fit through the hole in the container lid. To remove the case 

hardened screw from the container, a rod would be used to grab the screw through the hook and 

to pull the screw out, eliminating any direct contact between the user and the heated metal. Also, 

a parallel flight was added to the screw, offset from the original screw by 180 degrees (see 

pictures for screws 2 and 3 in Table 3-1 ). 
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It is worth noting that screw 1 originally had only one flight but did not effectively

compress the charcoal when producing briquettes. Betty reported that the briquettes produced by

screw 1 were loose and did not keep their form. To resolve this issue, Betty asked a local

fabricator to add a parallel flight to increase the screw's compression ability. However, unlike

screws 2 and 3, screw 1 had a parallel flight that was only offset by 90 degrees (see Table 3-1 for

comparative pictures screws 1, 2, and 3).

It is apparent that the geometry of a screw (e.g. the location of the flights) affects the

charcoal quality, but it is unclear to what extent the geometry affects the screw's lifespan.

Because of this uncertainty, the geometry of the screws had to be controlled to ensure that any

improvements in the lifespan would be the result of the case hardening procedure and nothing

else. As a result, the comparison between case hardened and not case hardened (control) screws

would have to be between two screws of the same geometry. In this test, two screws with flights

offset by 180 degrees were used to determine the effectiveness of case hardening as a means of

increasing the lifespan of a screw.

3.2 Furnace Construction at AEST

The furnace was constructed from approximately 60 dried but unfired clay bricks

purchased from a local brick maker. The ASM Handbook recommends that screws and augers be

heated in a horizontal position with the shaft running parallel to the ground [3]. This orientation

helps prevent any physical deformation from occurring while the metal is softened by the heat.

Consequently, the furnace design was changed to from a square to an oval to accommodate the

length of the screw and its container (see Figures 3-3a and 3-3b).
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a. b

Figures 3-3: Full-size furnace build in Soroti. a) The inner layer of bricks has wire mesh between
the first and second layer of bricks that the ground nut shells are poured on. There are also two
bricks in the center of the furnace underneath the wire mesh to help support the weight of the
charcoal and container. b) The completed furnace has two layers of bricks to help contain the

heat. The furnace was built in an oval shape to accommodate the length of the container.

Leftover wire mesh from AEST's briquette drying racks was placed between the first and second

layer of bricks, and both ends of the furnace were left open to allow for airflow underneath the

charcoal. Two bricks were placed flat in the middle of the furnace underneath the wire mesh so

that the mesh did not have to independently support the total weight of the charcoal fuel, the

container, and the screw.

3.3 Case Hardening Tests

The container was filled with small pieces of charcoal collected from the briquette

production site. The charcoal bits varied in size but never exceeded I cm across. While using a

powdered carbon source increases the surface area of the piece in contact with the carbon during

diffusion, these larger pieces were widely available at the production site and selected instead

[8]. A layer of charcoal pieces approximately 5 cm thick was first placed at the bottom of the

container. While one person held the screw in the center of the container, the rest of the team

scooped charcoal bits into the space around the screw using their hands and small containers.

The charcoal around the sides effectively immobilized the screw. Once the case hardening

container was full, the lid was placed over the top.

The lid that had been constructed to fit very tightly on the container but had no handles to

assist with removal. As a result, the lid was very difficult to remove from the container especially
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when hot. To resolve this issue, the lid was placed on upside-down. The sides of the lid no longer

slid against the outside of the container walls making the lid easy to remove using metal rods as

levers. Figure 3-2 shows the upside-down lid orientation. Because the lid was placed so loosely

on the container, there was a small gap that allowed some of the charcoal bits to fall out of the

container. Unfortunately this meant that a small portion of the screw's flights were not in contact

with charcoal and would not be properly case hardened. The area was small enough and would

still be heated and quenched, so this problem was not an immediate concern.

Eva, an AEST employee, helped build the fire for the furnace. First a layer of groundnut

shells was placed on the wire mesh and ignited. On top of that was a layer of charcoal briquettes

that were purchased from AEST. Long pieces of dried grass were used to help spread the flames

around the groundnut shell kindling. Once the first layer of charcoal began to burn, the container

was placed gently on top and then covered with charcoal.

Each screw was to be heated for 1 hour at hardening temperature to control the cost of

materials. Based on the combustion rate of the wood charcoal used at D-Lab, the Makaa

briquettes were not expected to be able to sustain the necessary heat for 1 hour. Extra briquettes

had been set aside to replenish the fire as necessary throughout the case hardening procedure.

However, the ag-waste charcoal burned much slower than the wood charcoal had. The variation

in burn rate could be due to differences in briquette density, shape, and moisture content.

Covering the container with charcoal took about 13-14 kg of charcoal, and that amount was

sufficient to sustain the fire for over 2 hours. Because of this, the screw could be case hardened

for much longer than the 1 hour that was originally anticipated.

Screws 1, 2, and 4 were case hardened under varying conditions. Table 3-2 compares the

duration of time each screw spent in the furnace and the amount of charcoal used.
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Table 3-2: Screws 1, 2, and 4 case hardening conditions. Screw 2 was kept in the furnace for the
longest time and thus required the most charcoal. The values for the briquette weights were

estimated by approximating what fraction of a 40 kg sack of charcoal was used.

Screw Time (hrs) Briquettes Used (kg)

1 2.25 14

2 3 28

4 2.25 20

Unfortunately, due to oversight, the quantity of charcoal used for each trial was not accurately

measured. Given that the entire sack of charcoal was approximately 40 kg, weight estimates were

made based on the fraction of the bag's contents consumed during the procedure. For screw 1,

approximately one-third of the charcoal in the sack was used, and for screw 2, approximately

two-thirds of the sack was consumed.

A 200 L plastic barrel was purchased to hold the water for quenching. The bottom and

sides of the barrel were lined with bricks so that the hot metal would not damage the plastic

when it touched the walls. To minimize the cost of water, the same water was used to quench all

three screws.

Removing the hot screws was probably the most dangerous part of the procedure, and so

safety measures were taken. Quenching required the red-hot screw be lifted from the fire and

quickly plunged in water. Rods were used to lift the screw and to distance the user from potential

boiling water splatter caused by the hot metal rapidly heating the quenching liquid. In the end,

the water did not actually reach a scalding temperature and barely splashed out of the barrel, so

this particular precaution proved unnecessary. The people removing the screws wore closed-toed

shoes and work gloves. In the future, long pants and sleeves may also be useful as well as safety

glasses. Stray bricks, buckets, and spectators were moved a safe distance away to clear a path

between the furnace and the barrel.

Screws 1 and 2 were more difficult to handle than screw 4 because of their larger size and

heavier weight. Two people removed the lid of the container with rods approximately 2 meters in

length. The rods were then run through the hook at the end of the screw, although the narrowness
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of the hook made it difficult to fit two rods inside. The rods were then used to leverage the screw

out of the container. Because the charcoal pieces inside the container weighed down the screw,

pulling on the screw actually caused the entire container to be removed from the furnace. During

the first case hardening trial, the container pulled through the end of the furnace, breaking down

the walls. No one was hurt and no bricks were damaged, but in future trials, the end of the

furnace was opened up before attempting to remove the screw. While the bricks were hot--

especially the ones on the inside layer of the wall that were in contact with the burning charcoal--

it was possible to remove them by hand while wearing welding gloves. To ensure safety, these

heated bricks were placed out of the way, keeping the path between the furnace and the

quenching barrel clear. Once the entire container was removed from the furnace, the container

could be positioned vertically and the screw pulled up and out.

Screw 4 was the easiest to quench simply because the small size allowed one person to

handle it. The container was built around the dimensions of the larger screws of the custom-made

machine, so screw 4 was placed near the top of the container rather than being buried deep

underneath a thick layer of charcoal pieces. During this trial, a 15 cm sample of the thin rod used

to make the flights on screws 2 and 3 was also placed inside the container. Because the screws

would be remaining in Soroti where no accurate hardness testing could be done, case hardened

samples were brought back to MIT for evaluation. Both screw 4 and the steel sample were

removed and quenched using a set of long-handled tongs borrowed from a local fabricator.

With the furnace burning for 2-3 hours every afternoon, there was an abundance of

excess heat being wasted. Eva used the furnace to boil water for tea (Figure 3-4), and some of the

students participating in a D-Lab innovation workshop used the furnace to melt beeswax for their

project. The quenching process caused the water in the barrel to reach a comfortably warm

temperature and was later used by Betty's children as bath water.
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Figure 3-4: Alternative uses for the furnace. Running the furnace for 2-3 hours at a time resulted
in excess heat that was used to boil water for tea and to melt beeswax to make candles.

3.4 Results of Case Hardening Tests

Given the short duration of this trip, evaluation of the screw lifespan change would need

to occur after the D-Lab team had returned to MIT. Instructions for measuring the diameter

change of the screw and thickness of the flights were created to help AEST employees track the

changes to the screw over time. A copy of these instructions can be found in Appendix A.

Unfortunately, hectic work schedules prevented Betty or any of the AEST employees from

providing consistent or accurate measurements. No measurements were taken after the screws

had been case hardened. However, when Betty visited D-Lab in March, she reported that the

control screw had worn out after producing 2 tons of charcoal briquettes while the case hardened

screw wore out after producing 4 tons of charcoal. The case hardening procedure successfully

increased the lifespan of the extruder screw without sacrificing the quality of the produced

briquettes.

The steel samples brought back from Uganda were analyzed by Professor Tarkanian.

Using a well lubricated saw blade, the samples were cut down to be analyzed. Coolant during the

cutting was necessary because the friction-generated heat from the saw blade and steel could

have caused the sample to revert back to the ferrite (softer) phase, undoing the effects of the case

30



hardening procedure. The results of his surface hardness test on both samples can be found in

Table 3-3.

Table 3-3: Surface hardness test results of case hardened and control samples brought back to
MIT from Soroti. The case hardened sample yielded significantly higher values on the Rockwell
C Scale. Inconsistencies in the values can be attributed to uneven heat or carbon distribution. The

values for the control sample were less than 20 and needed to be measured with the B Scale.

Sample 1 2 3 4 5 6 7 Average

Case Hardened 45 57 49 34 23 62 52 46

Control 9 3 5 -- -- -- -- 5.6

The first five tests on the case hardened piece were done on the end of the rod. Professor

Tarkanian explained that the inconsistencies in the values could be due to uneven heat or carbon

distribution inside the container. This makes sense considering the charcoal pieces used as the

carbon source were gathered from the ground, and dirt, small rocks, and leaves were scooped

into the container alongside the charcoal that was needed. Given the type of fuel used and the

nature of an open fire, providing consistent heat to such a large piece was difficult. In any case,

the metal was still hardened considerably due to the case hardening. Such high values (in the 50-

60 range) indicate that carbon had been absorbed and suggest that the case hardening procedure

had been successful. According to Professor Tarkanian, if the piece had simply been heated and

quenched, the values would have been lower.

There were a couple visible physical differences between the case hardened screws and

control. In particular, after being case hardened, screw 2 darkened in color and screw 4's rough

surface smoothed out at the end closest to the opening of the container (Figure 3-5).
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Figure 3-5: The surface of the case hardened meat grinder screw became very smooth after the 
process. However, only the end closest to the opening of the container was smoothed over. 

Unfortunately, without the actual screw to examine, no informed explanation for the difference 

in texture of the commercial screw could be provided. There has been no evaluation done for the 

commercial grinder, and further follow-up with AEST will be necessary to evaluate the 

effectiveness of case hardening on the smaller screw. 
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4. SOCIAL IMPLICATIONS

While technical challenges during the implementation phase were expected, the social

implications of introducing the case hardening procedure into the AEST work culture had not

been addressed prior to the site visit. In particular, the gender imbalance at the production site

was unanticipated. During the design process, the intended "user" of the case hardening

procedure had not been actively discussed. Working with a women's initiative led to the

assumption that the intended users would be female employees. In actuality, women with

authority in AEST's parent organization, TEWDI Uganda, tend to hold management positions.

Betty herself is the executive director while her sister, Helen, is a project officer. Positions

pertaining to the extruding machinery are held by men. The male workers operate and repair the

machinery while female workers cook the cassava porridge used to bind the charcoal briquettes

together. The division of labor in the charcoal production process reflect traditional Ugandan

values and responsibilities.

Early in the design phase, Betty had expressed interest in including Eva in the case

hardening practice. As a woman in Uganda, Eva's day-to-day responsibilities included

household cooking as well as cooking for Betty's organization. Betty believed that her skills and

more importantly her first-hand experience with stoves would make case hardening more

intuitive for Eva than it would for some of AEST's male employees. Eva did end up being

instrumental to the case hardening implementation. When windy conditions hindered the furnace

ignition, she laid out ground nut shells to use as kindling and long grass blades to spread the

flames. However, Betty had also charged Eva with feeding the thirty-plus children attending the

Innovation-Entrepreneurship workshop organized by two D-Lab students in conjunction with

TEWDI. With cooking occupying most of her time, it was difficult for Eva to be involved with

the case hardening project in a larger capacity.

Looking back, it is unclear whether any sort of considerations taking gender into account

during the design phase could have changed the actual outcome. In other words, even if the

procedure had been designed specifically for female users, the social structure and company

culture at AEST may have still prevented women from getting involved. As mentioned

previously, AEST's employees naturally fall into roles that adhere to traditional gender

responsibilities. If the intention of case hardening was to be both a technical and social
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intervention, questions pertaining to the scope of the cultural impact would have needed to have

been discussed in advance. For example, should the case hardening procedure be designed to

open opportunities for women outside of their traditional roles, or should case hardening be

designed to be carried out alongside their traditional roles? What would the social implications

be for either of these options? How would the men respond? What does Betty want to see in her

organization?

Future researchers may consider introducing a gender component to the case hardening

project in an attempt to engage women in nontraditional roles. Options could range from

redesigning the furnace to double as a cooking stove, which would allow women to engage in the

workshop while completing their traditional responsibilities; or, AEST could employ some of the

neighborhood girls who are out of school to operate the machinery and case harden different

extruder components. In many ways, case hardening could be used as a means of both social and

technical intervention, but social considerations would need to be factored in early in the design

process, and a concrete goal would need to be established early in the process and in conjunction

with Betty.
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5. PROJECT DEVELOPMENTS

Since the conclusion of onsite work in January 2015, the project has been taken up by the

MIT Engineers Without Borders team (EWB). The EWB team has looked into improving the

case hardening procedure. Their primary focus has been to research whether the addition of

materials such as bone charcoal or synthetic chemicals to the carbon source could increase the

case hardening efficiency or reduce the amount of time and fuel necessary to achieve the same

hardness depth. The EWB team travelled to Soroti in January 2016, and while they were unable

to run tests to determine the effects of additives, they did significant work in improving the

furnace design to better insulate heat and took rough measurements of the temperatures achieved.

The EWB furnace design kept the two-walled structure from this project but used mud to seal the

cracks between bricks and better insulate the fire. The wire mesh was kept to elevate the fuel, but

the overall size of the furnace was decreased to reduce fuel usage.

Case hardening has also become more widely used at AEST as a strategy for improving

machine performance. Betty is interested in case hardening components of her charcoal grinding

machine used to produce charcoal dust. Several Kampala-based fabricators that build and repair

extruders have expressed interest in case hardening other machines and parts that they make. The

case hardening procedure in Appendix B was sent to Betty as well as a number of these local

fabricators for their future reference.

35



6. CONCLUSION

The growing production output at AEST has necessitated a solution to the abrasive wear

problem of their briquette extruding machines. From various heat treatment procedures, case

hardening was identified as a viable option to address this issue. The screws from AEST's

machines would be heated in a container full of charcoal, allowing the carbon to diffuse into the

screw and making its surface harder and more resistant to wear. This strategy was experimentally

validated at D-Lab and developed to be implemented under both material and monetary

constraints. Materials used were all readily available in Soroti, Uganda, and case hardening tests

were performed onsite at AEST's workshop. During the implementation phase, both technical

and social challenges arose that will need to be addressed in future iterations of this project.

While case hardening has been identified and validated as an effective strategy for

increasing the lifespan of AEST's briquette extruders, there are a number of questions left

unanswered. Future development of the case hardening procedure should aim to optimize the

process through onsite experimentation. While it would be time intensive and require a sizeable

amount of material and monetary resources, it would be invaluable for AEST's business to

quantitatively measure the relationship between case hardening depth and screw lifespan. This

would require case hardening multiple screw for varied periods of time, and then producing

charcoal with each screw until it had worn down to a dysfunctional state. While a case hardened

screw has a lifespan on the order of months, this long-term study would lay the groundwork for

future case hardening research in this context. The evaluation of any future iterations of the case

hardening procedure would no longer need to wait months for the screw to wear down, a major

hindrance in the evaluation of this project. Instead, a simple depth test would be sufficient to

predict the screw's lifespan. With the establishment of a lifespan vs. depth relationship,

experimentation with furnace design, the carbon source particle size, the carbon source material,

and the duration of heating would all be possible. To the author's knowledge, equipment to

perform quantitative depth measurements are not available in Uganda, so samples would need to

either be transported to a location capable of making such measurements, or a low-cost, reliable

method of measuring depth would need to be developed to support this research.
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7. APPENDIX

Appendix A: Instructions for Tracking Wear

These instructions were sent to AEST after the completion of the onsite case hardening

tests. The intention was for these measurements to serve as a method of evaluation for the case

hardening procedure. Project evaluation depended on the comparison of wear between the

control and the case hardened screw. However, due to unforeseen circumstances, measurements

were not collected. These instructions have been included in the event that future researchers

would like to carry out and evaluate a case hardening test.

I. Commercial Meat Grinder Screw

1. Measuring flight thickness (3 measurements)

Instructions: Use a tape measure to record the thickness at the tips of the flights.

W
*LII
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2. Measuring flight height (2 measurements)

Instructions: Place two pieces of straight lumber (2x4's, also can be metal rods or

anything with a straight edge) against the flights on both sides of the screw. Use a third

2x4 to make the two edges flush with the end of the screw. Use a measuring tape to

measure the distance between the two edges of the lumber (see photo below). Repeat

with the other end of the screw.

Measurement #1 Measurement #2

11. Custom-Made Screws

1. Measuring flight thickness (1 measurement)

Instructions: Use a tape measure to record the thickness at the tip of the flight.
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2. Measuring flight height (picture) 

Instructions: Since the screw can' t be removed from the housing without taking the 

bearings off, you can take picture of the screw like the one below. Since the diameter of 

the shaft is known, the diameter of the screw can be extrapolated from the image. 

Take a picture of the screw head-on like the one above. The black circle represents the 

housing. You can use this picture to estimate the height of the screw flights since you can 

measure the diameter of the housing. 
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Appendix B: Case Hardening Procedure

Appendix B is a detailed case hardening procedure that was used in Soroti to case harden the

three screws described in this report.

1. Prepare Case Hardening Container (-15
minutes)

Container
* Form 5 cm layer of charcoal dust at the

container bottom
* Place screw in center of container
* Fill the rest of the container with

charcoal dust
* Container walls should be at least 2.5

cm away from the screw
* Place lid on

Lid /
-I

-r

I

('aroa DSust
(Carbon Source)

2. Construct the Furnace (-20 minutes)

* Flatten ground where furnace will be
constructed (-2 m x 1.5 m area)

* Construct walls with two layers of
bricks separated by an air gap (-0.2 m
wide)

* Use metal mesh to form an air gap
underneath charcoal. Mesh can be
placed between the first and second
layer of bricks for elevation (-0. 1 m off
the ground)

* Place 1-2 bricks under the mesh to
support the weight of the container and
fuel

Container + Screw

Double Layer
Brick Walls

Charcoal Briquettes

- - -

Wire Mesh Support Brick

3. Ignite the Furnace and Begin Heating

* Material layers from the bottom up:
wire mesh, groundnut shells
(kindling), charcoal, container +
screw, more charcoal
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4. Leave container in furnace for 1 hour 

• Furnace can be used during this time 
to cook or heat water 

5. Fill quenching barrel with water 

• If using a plastic barrel, line the bottom 
with bricks so heat from the screw does 
not damage the bucket 

• Barrel should be large enough to hold 
the entire screw ( ~ 200 L) 

• Water level should be high enough to 
submerge entire screw not including the 
shank 
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6. Remove screw from container with rods 

• SAFETY: cover exposed skin, wear 
thick gloves, eye protection, closed toed 
shoes 

• Removal may require two people 

7. Place screw into quenching bucket 

• Must occur as quickly as possible 
• Screw shank should remain above the 

water level 
• Continue to support the screw with rods 

8. Let screw cool, then remove from 
quenching bucket (-5 minutes) 

• Screw shank should air cool and will 
take longer to reach ambient 
temperature ( ~ 1 hour) 
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