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ABSTRACT

The goal of this thesis was to research and develop

epicyclic spur gearbox for sintering manufacturing process.

Sintered type of manufacturing process has been in place for

quite a long time, though its usage has been limited by

knowledge in the material, processes and design of these

parameters integrated together for optimization. The pages to

follow provide information on Sintering process and the design

of gear parts.

The focus has been to investigate different type of sinter

materials and design a 2-stage gearbox with high efficiency.

Other aim is also to showcase the advantage of using methods of

manufacturing that save cost and provide a reliable product.



v

PREFACE

This report is the result of our master’s thesis project.

Gears have been driving components in mechanical industry and

several machinery successes can be levied upon the advancement

in design of gears. Gear design and manufacturing is

conventionally known to be a machining operation. With

advancement in sintering process gears can be manufactured to a

greater degree of accuracy and at costs that save tremendous.

Though a few sectors like automobiles etc use this production

method for manufacturing of gears but the vital part is the

design convenience and production consistency that is still

unknown to most of the industrial manufacturer. The preceding

work brings information and advantages of using Sintering

process for gears.

Miniature gearboxes have been used in various materials like

plastics in several machines like printers, copiers etc.

Application of gearboxes in epicyclic type and miniature

structure is a difficult design work when machining is involved.

The same when encompassed with Sintered manufacturing process

makes design easier and less time consuming.

The papers to follow provide a vivid method of designing

and manufacturing gearboxes in sintered metal at prices that are

astonishing.
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Chapter One

INTRODUCTION: POWDER METALLURGY

1.1 Introduction:

Powder metallurgy is the name given to a process in which fine

powdered materials are blended, pressed into a desired shape

(compacted), and then heated (sintered) in a controlled

atmosphere at a temperature below the melting point of the major

constituent, for a sufficient time to bond the contacting

surfaces of the particles and establish the desired properties.

The process commonly designated as P/M, readily lends itself to

the mass production of small intricate parts of high precision,

often eliminating the need for any additional machining.

Figure 1.1 Powder Metal Parts [1]
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There is very little waste, unusual materials or mixtures can be

utilized or mixtures can be utilized and controlled degrees of

porosity or permeability can be produced. Major areas of

application tend to be those for which the P/M process has

strong economical advantage or those in which the desired

properties and characteristics are unique to P/M. The last four

decades have been a period of high development and growth for

the P/M industry. From 1960 to 1980 the consumption of iron

powder increased tenfold. P/M has become accepted as a viable,

proven method of parts production and is now considered to be an

alternative in the manufacture of many components. The current

market split for P/M products is 70% automotive, 15% appliances,

12 % business machines, and 5 % farm and garden equipment. Areas

of rapid growth however include aerospace applications, advanced

composites, electronic components, magnetic materials, and metal

working tools.
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Figure 1.2 PM structural Component Markets [2] (Source EPMA

website)

1.2 Advantages:

Below are the advantages of P/M that are to be employed to use

the technique economically and successfully.

1. Elimination or reduction of machining: The dimensional

accuracy and finish obtainable are such for many

applications machining operations can be totally

eliminated. If unusual dimensional accuracy is required,

single coining or sizing operation can give accuracy

equivalent to those obtainable from most production

machining.

2. High production rates: all steps in the P/M process are

simple and readily automated. Labor requirements are low,
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and product uniformity and reproducibility are among the

highest in manufacturing.

3. Production of complex shapes: Subject to the limitation

discussed above quite complete shapes can be produced

such as combination gears, cams and internal keys. It is

often possible to produce parts by P/M that cannot be

economically machined or cast.

4. Possibility of wide variation in compositions: Parts of

very high purity can be readily produced. Metals and

ceramics can be intimately mixed. Immiscible materials

can be combined, and solubility limits can be exceeded.

In all cases the homogeneity of the product generally

exceeds that of all competing techniques.

5. Availability of wide variation in properties: products

can range from low-density parts with controlled

permeability to high density ones, with properties that

equal or exceed those of equivalent wrought counterpart.

Damping of noise and vibration can be tailored into a P/M

product. Magnetic properties, wear properties and others

can all be designed to match the needs of a specific

application.

6. Reduction or elimination of scrap: P/M is the only common

manufacturing process in which no material is wasted. In

casting, machining, and press forming the scrap often
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exceeds 50 % of the started material. This is

particularly important when expensive materials are

involved and often makes it possible to use more costly

material without increasing the overall cost of the

product. An example of such a product would be the rare

earth magnets.

Figure 1.3 Raw Material utilization and energy requirements for

various processes [3] (Source EPMA website)
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Figure 1.4 Energy Consumption in PM [4] (Source EPMA website)

Figure 1.5 PM Cost Comparisons [5]

(Source EPMA website)
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Figure 1.6 PM Annual Energy consumption [6]

(Source EPMA website)

1.3 Disadvantages:

1. Inferior strength properties: In most cases P/M parts have

mechanical properties that are less then Wrought or cast

product of the same materials. There use might be limited

when high stresses are involved. However if the additional

expenses are justified, the required frequently be

obtained by using different materials or by employing

alternate or secondary processing technique.

2. Relatively high die cost: Because of the high pressure and

sever abrasion involved in the process, the dies must be

made of expensive materials and be relatively massive.
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Production volumes of less than 10000 identical parts are

normally not practical.

3. High Material cost: On a unit weight basis P/M are

considerably more expensive then wrought or cast stock.

However, the absence of scrap and the elimination for

machining can often offset the higher material cost.

Moreover P/M is usually employed for rather small parts

where the material cost per part is not very great.

4. Design limitations: The P/M process is simply not feasible

for many shapes. Parts must be able to be ejected from the

die. The thickness-diameter ratio is limited, thin

sections are difficult and the overall size must be within

the capacity of available presses.

5. Properties variation produced by variation in density: The

non-uniform density that results from compacting non-

uniform shapes generally results in property variations

throughout the part.
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Chapter Two

POWDER METALLURGY PROCESS

The basic Process: The P/M process consists of four basic steps

namely,

1. Powder manufacture

2. Mixing and blending

3. Compacting

4. Sintering

Optional secondary processing often follows to obtain special

properties or enhanced precision.
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Figure 2.1 Powder Metallurgy Processes [7]

(Source Powder Metallurgy design manual, Third Edition, 1998)

2.1 Powder Manufacture:

There are many ways, in which metals may be produced in powder
form,

 Comminution of solid metal

 Precipitation from solution of a salt;
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 Thermal decomposition of a chemical compound;

 Reduction of a compound, usually the oxide, in the solid

state,

 Electro deposition,

 And the atomization of molten metal.

Of these the last three account for the bulk of the powders

used.

2.1.1 Solid State Reduction:

This has been for long the most widely used method for the

production of iron powder. Selected ore is crushed, mixed with

carbon, and passed through a continuous furnace where reaction

takes place leaving a cake of sponge iron which is then further

treated by crushing, separation of non-metallic material, and

sieving to produce powder. Since no refining operation is

involved, the purity of the powder is dependent on that of the

raw materials. The irregular sponge-like particles are soft, and

readily compressible, and give compacts of good green strength.

Refractory metals are normally made by hydrogen reduction of

oxides, and the same process can be used for copper.
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2.1.2 Electrolysis or Electro deposition:

By choosing suitable conditions - composition and strength of

the electrolyte, temperature, current density, etc., many metals

can be deposited in a spongy or powdery state. Extensive further

processing - washing, drying, reducing, annealing and crushing

may be required. Copper is the main metal to be produced in this

way but chromium and manganese powders are also produced, by

electrolysis. In these cases, however, a dense and normally

brittle deposit is formed and requires to be crushed to powder.

Electrolytic iron was at one time produced on a substantial

scale but it has been largely superseded by powders made by less

costly processes. Very high purity and high density are two

distinguishing features.

2.1.3 Atomization:

In this process molten metal is broken up into small droplets

and rapidly frozen before the drops come into contact with each

other or with a solid surface. The principal method is to

disintegrate a thin stream of molten metal by subjecting it to

the impact of high-energy jets of gas or liquid. Air, nitrogen

and argon are commonly used gases, and water is the liquid most

widely used.
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2.1.3.1 Gas atomization

A commercial scale plant was set up in Japan to produce iron

powder using paraffin as the atomizing liquid the object being

to keep the surface oxygen content as low a possible. The

process was technically successful, but the advantages did not

justify, in commercial terms, the extra cost involved. However,

interest has not entirely evaporated and work is going on

elsewhere.

Figure 2.2 Vertical Gas atomization [8]

(Source EPMA website)
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Figure 2.3 shapes of gas atomization powders [9]

(Source EPMA website)

By varying the several parameters design and configurations of

the jets, pressure and volume of the atomizing fluid, thickness

of the stream of metal etc. it is possible to control the

particle size distribution over a wide range. The particle shape

is determined largely by the rate of solidification and varies

from spherical, if a low heat capacity gas is employed, to

highly irregular if water is used. In principle the technique is

applicable to all metals that can be melted, and is commercially

used for the production of iron, copper, including tool steels,

alloy steels, brass, bronze and the low-melting-point metals,

such as aluminum, tin, lead, zinc, cadmium. The readily

oxidisable metals, for example chromium-bearing alloys, are

being atomized on an increasing scale by means of inert gas,

especially argon.



15

Figure 2.4 Shapes of water atomization powder [10]

(Source EPMA website)

Figure 2.5 Water atomization [11]

(Source EPMA website)

In addition, there are several other processes that are finding

increasing application, an important one being centrifugal

atomization in which droplets of molten metal are discharged

from a rotating source. There are basically two types of

centrifugal atomization processes:
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 In one a cup of molten metal is rotated on a vertical axis

at a speed sufficient to throw off droplets of molten

metal, or a stream of metal is allowed to fall on a

rotating disc or cone;

 In the other a bar of the metal is rotated at high speed

and the free end is progressively melted e.g. by an

electron beam or plasma arc.

This latter process is called the Rotating Electrode Process

(REP), and the bar may be rotated either on a horizontal or on a

vertical axis. A special advantage of these processes is that

they can be carried out in a sealed vessel in a controlled

atmosphere - even vacuum - and thus produce 'clean' powders of

highly reactive metals. With the REP process the avoidance of

contact with refractory is a potent means of reducing the number

of non-metallic inclusions in the powder, and in components

manufactured from the powder.

Atomization is particularly useful for the production of alloys

in powder form, since the constituent’s metals are fully alloyed

in the molten state. Thus each powder particle has the same

chemical composition.

Additionally the process is used to produce compositions such as

copper-lead, in which the lead, though soluble in the liquid
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state, comes out of solution on solidification. If a casting of

such an alloy is made, serious segregation of the lead results,

but if the liquid is atomized, the end product is copper powder

containing a very fine and uniform distribution of lead

inclusions within each powder particle.

2.1.4 Mechanical Comminution:

Brittle materials such as inter-metallic compounds, Ferro-alloys

- Ferro-chromium, Ferro-silicon, etc. are pulverized

mechanically in ball mills, and a process known as the Cold

stream Process is finding increasing application for the

production of very fine powders such as are required for

injection molding. In this process, granular material, which may

be coarsely atomized powder, is fed in a stream of gas under

pressure through a venturi and is cooled and thereby embrittled

by the adiabatic expansion of the gas before impinging on a

target on which the granules shatters.

2.1.5 Chemical Process:

Thermal decomposition of a chemical compound is used in some

cases, a notable one being nickel carbonyl. This Carbonyl

Process was originally developed as a means of refining nickel,

crude metal being caused selectively to react with carbon

monoxide under pressure to form the carbonyl which is gaseous at
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the reaction temperature and which decomposes on raising the

temperature and lowering the pressure. The same process is used

for iron, and carbonyl iron powder finds small-scale application

where its very high purity is useful. Recently, demand for very

fine powders for the injection molding process has given a

considerable impetus to the carbonyl process. Typically the

particle size of carbonyl iron powder is 1 - 5 m, but, as in the

case of nickel, it can be tailored to suit particular

requirements. Another case of thermal decomposition is platinum

powder of which is made from sponge produced by heating salt -

platinum ammonium chloride. In the Sherritt-Gordon process,

nickel powder is made by hydrogen reduction of a solution of a

nickel salt under pressure.

2.2 Powder Characteristics:

The further processing and the final results achieved in the

sintered part are influenced by the characteristics of the

powder:

 Particle size,

 Size distribution,

 Particle shape,

 Structure

 Surface condition.
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FIGURE 2.2 Typical metal powder particle shapes: a. Atomized Cu;
b. Sponge Fe; c. Water atomized Fe; d. Electrolytic Cu [12]

(Source Powder Metallurgy design manual, Third Edition, 1998)

A very important parameter is the apparent density (AD) of the

powder, i.e. the mass of a given volume, since this strongly

influences the strength of the compact obtained on pressing. The

AD is a function of particle shape and the degree of porosity of

the particles. The choice of powder characteristics is normally

based on compromise, since many of the factors are in direct

opposition to each other: An increase in the irregularity and

porous texture of the powder grain, i.e. decrease in apparent

density, increases the reduction in volume that occurs on

pressing and thus the degree of cold-welding, which, in turn,

gives greater green strength to the compact. This increase in
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contacting surfaces also leads to more efficient sintering. The

same process is used for iron, and carbonyl iron powder finds

small-scale application where its very high purity is useful.

Additionally the greater reduction in volume necessary to give

the required green density may require greater pressure and

consequently larger presses and stronger dies. The ease and

efficiency of packing the powder in the die depends to a large

extent on a wide particle size distribution. So that the voids

created between large particles can be progressively filled with

those of smaller size. Fine particle sizes tend to leave smaller

pores, which are easily closed during sintering. An excess of

fines, however, reduces flow properties with the results already

detailed above. The purity of the powder is critically

important. Impurity levels, which can be tolerated, depend to a

large extent on the nature and state of combination of the

substances concerned. For example, the presence of combined

carbon in iron tends to harden the matrix so that increased

pressures are required during compaction. Free carbon, however,

is often an advantage, acting as a lubricant during the pressing

operation.

A thin oxide film coats most metal powder grains, but in general

these do not interfere with the process, since they are ruptured

during the pressing operation to provide clean and active metal
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surfaces, which are easily cold-welded. Their final reduction

under the controlled sintering atmosphere is essential for

complete metal bonding and maximum strength. Stable oxide films

or included oxide particles, such as SiO2 and Al2O3 are more

serious, since these are generally abrasive and lead to

increased tool wear.

2.3 Compaction

The mechanics of the compaction cycle largely determine the

shapes that are practical to produce by the P/M process. The

conventional die compaction process is described below. More

advanced compaction processes, such as isostatic compaction

(both cold and hot), cold forming and roll compaction are also

used.
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Figure 2.7 PM Press [13]

Conventionally compaction is performed in hard tooling in a

cycle consisting of four events shown in Figure 2.8
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Figure 2.8 Typical tool motions during a powder compaction cycle

[14] (Source Powder Metallurgy design manual, Third Edition,

1998)

The volume of powder fed into the die is controlled by the

position of the lower punch relative to the die when the die is

filled. After filling, the feed shoe is withdrawn and the upper

punch enters the die. Different types of compacting systems are

available for controlling the relative motion of the tool

members. In all cases, force is applied to each end of the

compact through the punches. When compaction is completed, the

upper punch withdraws from the die and relative motion between

the lower punch and die ejects the compact. Compaction cycles

are classified as single, double or multiple actions.
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Conventional press production rates can be vary from 200 to 2000

pieces per hour and are dependent on material filling

properties, component geometry and size, and machine type.

Movement of only one of the prime tool elements, usually the

upper punch, is termed single action. Relative motion of the two

members, either both punches with die stationary as shown in

Figure or upper punch and die with lower punch stationary, is

termed double action. Multiple action utilizes several tool

members so arranged and controlled that a separate member

supports each level of the component.

Figure 2.9 Steps in compaction [15]
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The behavior of the powder during compaction significantly

affects the properties of the P/M components. As compaction

begins, the powder particles reorient to a more dense particle

packing level with progressively reduced micro porosity, and the

area of surface contact between particles increases. As

compaction progresses, micro porosity is further reduced by

continued realignment and by plastic deformation of the

particles. These events are illustrated in Figure 2.10

Figure 2.10 Densification [16]

(Source Powder Metallurgy design manual, Third Edition, 1998)

The fill ratio, which is the green component (pressed) density

divided by the apparent density of the material (powder density

at fill) is typically between 2:1 and 2.5:1.

The final compaction pressure, which is developed at the end of

the stroke, ranges from 110 to 275 Mpa (8 to 20 tons per square
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inch) for copper and aluminum powders to a maximum of 690 Mpa

(50 tons per square inch) for ferrous powders The high pressures

cause cold welding and interlocking of the particles, imparting

sufficient strength to the compact after pressing and before

sintering is termed the green strength.

The extremely high pressure causes elastic deformation in the

compact. When the pressure is released on ejection, the elastic

deformation is recovered (termed “spring back”) so that the

compact dimension exceeds the die dimension. The spring back is

usually 0.3 % or less of the die dimensions.

The mechanics of powder compaction are largely governed by

friction between the die and the powder and between powder

particles. Friction losses cause a reduction in a compaction

pressure, and consequently in the density of the compact. Adding

the correct amount of lubricant to the powder blend reduces

friction between the powder particles and tool members. An

alternate process, die wall lubrication, applies die release

agents to the tooling surfaces. By reducing, or even eliminating

the admixed dry lubricant in the powder blend, die wall

lubrication can:

. Help achieve higher green density in certain materials

. Reduce ejection forces

. Avoid chipping or cracking of intricately shaped green

compacts
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. Reduce or eliminate sintering furnace emissions

. Extend tool life

. Improve sintering production rates

. Reduce furnace maintenance

. Improve sintered properties of certain materials

. Allow machining in the as-compacted condition

Double action compaction reduces density variations parallel to

punch movements. Extreme density gradients with in P/M

components are usually undesirable because of material property

reductions and non-uniform dimensional changes during sintering.

As a guide, the density should not vary more than 0.3g/ccm

within a P/M component. The permissible range and location of

density gradients should be determined between the end user and

P/M parts supplier. In some cases, density gradients and

controlled micro porosity levels are deliberately developed to

gain product advantages. For example, one section may require

lower density to allow for impregnation while another requires

maximum density for maximum strength.

For axial compaction, density gradients impose a limit on the

length of the compact. The most important parameter for

determining the severity of density gradients and maximum

allowable length is the ratio of length to diameter (l/d). When

1/d is low, single action compaction may be adequate. Successful

compaction is not generally achieved when 1/d exceeds 5:1. Thin
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wall sections are often difficult to fill properly, causing

slower production rates and reduced part consistency. Where the

ratio of length to wall thickness is 8:1 or greater, special

precautions must be taken to achieve uniform fill, and extreme

variation s in density are virtually unavoidable.

Double action compaction generates a plane perpendicular to the

die axis between the punches where there is essentially no axial

movements of powder. A line in this plane on full section views

of P/M components ids termed a “neutral axis”. Placement of the

plane can be varied by controlling punch movements during

compaction. There is some latitude to locate the plane to

achieve favorable density gradients. In some cases, the location

of the plane is dictated by the configuration of the compact,

such as a change in level.

2.3.1 Warm Compaction:

Warm compacting of ferrous powders is used to achieve higher

densities and to create parts with unique magnetic qualities.

Compacting binder-treated, powder, heated between 93-149C (200-

300 degree F), Results in density increases ranging from

0.05g/ccm to 0.15g/ccm.

This density increase may eliminate the need for double press,

double sinter processing. Parts pressed in the manner also show

dramatic increases in green strength (double conventional cold

compaction) in many cases sufficient to permit machining of the
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parts prior to sintering. Sinter hardening can be used without

the need for machining in the hardened condition. This

improvement in green parts reduces green scrap and permits

production of more complex shaped parts with thin sections.

A number of techniques are used for heating the powders prior to

compacting. One system utilizes heated augers to heat the powder

as well to meter it into the press-feeding shuttle. This system

automatically compensates for different parts sizes by adjusting

the speed of the augers and the temperature of the auger

heaters. A second system utilizes fluidized bed principle where

by the powder is suspended around heating elements by using

compressed air as the fluidizing medium. Again, the heated

powdered is metered into the press feeding system after being

heated to the desired temperature. A third system cascades the

power over a labyrinth of chambers filled with heated fluid and

the powder is heated by contact with the chambers as it moves

downward toward the press feeder.

The powder temperature must be closely controlled within the

temperature range specified by the powder supplier.

Supplementary heating and insulating of the receiving chamber,

delivery hose, press feed shuttle and tooling is required to

ensure proper process control.
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2.4 Sintering:

Sintering is the process where by metal powder particles bond at

temperature below the melting point of the major constituent by

atomic transport events. Movements of the metal, on the atomic

scale, reduce the net surface energy by reducing surface area.

The contact points between particles, which were formed during

compaction, increase in size and strength, improving mechanical

properties. The compact can additionally shrink, grow, increase

in conductivity or become harder. Shrinkage and growth are

defined as the change in dimensions from the die dimension to

the sintered dimensions. Shrinkage is opposite in effect to the

increase in dimension due to spring back that occurs on ejection

from the die; growth is additive.

Shrinkage is primarily caused by the solid-state diffusion,

which increases the size of the contact area between particles,

reducing pore volume he and therefore increasing density. The

amount of shrinkage varies inversely with the green density.

Therefore large density gradients result in non-uniform

dimensional changes, distortion, residual stresses and cracks.

2.4.1 The Sintering Operation:

In the typically sintering operation, the green compacts are

placed either manually or automatically on a conveyer that

travels through the furnace at a controlled rate depending o the

alloy being sintered. Small and medium size components are
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generally transported on conveyers using alloy belts 305 to 915

mm (12 to 36 inches) wide. Roller hearth furnaces are used for

larger components that are carried in alloy trays on driven

rollers. Walking beam, pusher and vacuum furnaces are used where

temperatures exceed the capabilities of alloy belts or roller

hearth furnaces. Ceramic or graphite plates keep components flat

during sintering. Thin, flat components are stacked on the

plates to maximize furnace throughput.

Typical sintering temperature ranges are 790 to 845 degree C

(1450 to 1550F For bronze alloys and 1095 to 1150C (2000 to

2100 F) for ferrous alloys. High temperature sintering at the

temperatures up to 1370C (2500F) is being utilized to improve

properties of ferrous components. There are usually three zones

in typical furnaces: preheat high heat and cooling. The preheat

zone removes lubricants and other organic components of the

powder mix, and raises the temperature of the compact. Sintering

is accomplished in the high heat zone. The components are cooled

in a protective atmosphere below the oxidizing range in the

cooling zone. Belt furnace cycles average 45 to 75 minutes for

small bronze bushings and two to three hours for average size

ferrous components. A typical furnace temperature cycle is

illustrated in figure. Throughput varies with component size,
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belt width and belt speed, reaching as great as 450 kg/hr (1000

lb/hr) in large furnaces.

2.4.2 High temperature Sintering:

As sintering temperatures for ferrous alloys are increased to

the higher end of the sintering range of 1315C (2400F), the

mechanical properties are generally improved. The improvement

comes primarily from more complete interparticle bonding, more

spherical porosity and improved diffusion of alloying elements.

Density is also increased, and this effect contributes

particularly to dynamic properties such as impact energy and

endurance limit. The effect of densification on dynamic

properties is most pronounced when porosity is reduced to 0.5%

or less.

Copper steels show similar, but less significant improvement.

Copper melts at conventional sintering temperatures, producing a

liquid phase, which accelerates sintering and improves

mechanical properties. The increased sintering temperature

brings about a further improvement.

Prealloyed austenitic stainless steels 1120 C (2050 F) with

1260 F, tensile and yield strengths were nearly equal, but

elongation more than tripled at the higher temperatures. When

nitrogen was introduced into the sintering atmosphere, strength
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increased and the ductility was lowered due to absorption of

nitrogen from the sintering atmosphere.

Figure 2.11: High Temperature Sintering [17]

(Source Powder Metallurgy design manual, Third Edition, 1998)

2.4.3 Liquid Phase Sintering:

Liquid phase sintering is sometimes used to improve mechanical

properties by reducing micro porosity, achieving nearly a pore

free condition. The process utilizes an additive to the powder

mix, which liquefies at a temperature below the melting point of

the base powder, and one in which the base powder is soluble.

Sintering cycle parameters are adjusted to achieve the desired

results.
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The liquid phase distinguishes this process from conventional

sintering, in which no liquification occurs. This process is

shown in figure 2.12.

Figure 2.12 Liquid Phase Sintering [18]

(Source Powder Metallurgy design manual, Third Edition, 1998)

During the solution reprecipitation stage, the solid dissolves

into the liquid, and the small particles dissolve and

reprecipitate on the larger particles. The solid skeleton is

formed by rearrangement of the larger particles.

The increased densification that occurs during liquid phase

sintering causes shrinkage of the compact. The amount of

shrinkage depends on the density of the compact. The shrinkage
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is predictable, and the production tool can be adjusted to

provide for it, so that the dimensional repeatability is not

adversely affected.

2.4.4 Sinter Hardening:

P/M components may be heat treated by a number of operations as

described in above sections. However, these are traditionally

secondary operations, which entail processes such as reheating

the components in a controlled atmosphere, followed by quench

hardening the tempering. Under certain circumstances the need of

secondary hardening processes may be eliminated.

The rate of cooling experienced by parts following sintering

influences the micro structural constituents that are formed.

The micro structural constituents present depend on the

effective cooling rate, mass and shape of the part (ruling

section) and material composition (Hardenability).

Conventionally sintered copper and nickel steels, such as FC-

0208 and FN-0205, usually yield microstructures consisting of

ferrite and pearlite. More highly alloyed materials, such as

partially alloyed low alloy steels, may form some bainite in

addition to ferrite and fine unresolved pearlite. However, if

the sintering furnace is modified to permit the cooling rate to

be increased, it is possible to produce martensite in the

microstructure.
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Sintering-hardening refers to a process where the cooling rate

experienced in the cooling zone of the sintering furnace is fast

enough that the steel matrix is transformed into bainite/or

martensite. Depending on the composition and the mass of the

component, cooling rates of 1 to 10 degree C per second, through

the temperature range from 900 to 425º C (1650 to 800 ºF), are

generally necessary. Sintering hardened steel alloys, their

composition, mechanical properties and Hardenability are

described in MPIF standard 35.

2.4.5 The Sintering Atmosphere:

A controlled atmosphere is maintained inside the furnace during

sintering for any of several reasons.

1. Help remove and “burn off” lubricants and other organic

components from the metal powder mix.

2. Reduce surface oxides from the powder surface and enable

diffusion to take place as an essential part of the sintering

process.

3. Provide a uniform heat transfer to and from the compact

through conduction and convection.

4. Prevent oxidation of the compact as it travels through the

heating and cooling section of the furnace.

5. Vary the alloy composition of the compact by adding or

removing elements such as carbon and nitrogen
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Traditional sintering atmospheres include endothermic gas

produced from natural gas and dissociated ammonia produced from

anhydrous ammonia. More recently atmosphere systems based on

pure nitrogen and pure hydrogen from cryogenic sources are being

used. Vacuum or partial pressure vacuum is also used for

sintering of certain alloys in a batch-type furnace. The dew

point, hydrogen content, carbon potential and oxygen content of

the sintering atmosphere are mentioned and controlled to obtain

the desired properties in the P/M component. The choice of the

atmosphere type is based on factors such as the material being

sintered, the furnace design, and the properties required of the

P/M component as well as economic consideration.

2.4.6 Mixed Phase Sintering.

Mixes of elemental powders are normally used for most

applications relying on partial and complete alloying to occur

during sintering. The process in termed “mixed Phase Sintering”.

Mixtures of elemental powders offers several advantages over

Prealloyed powder including.

1. Composition is easy to change.

2. Compaction pressures are lower because elemental powders have

better compressibility.

3. Higher green density and strength are achieved.

4. It is possible to form unique microstructures.
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Mixed phase sintering requires extra care in material selection

and processing because.

1. The composition may not be fully homogenous; local variations

may occur. The variations require both time and temperature

control to ensure homogenization.

2. The process works best with fine particles where diffusion

distances are small, but fine particles may cause compaction

difficulties such as poor powder flow, tools wear and powder

wedging between tool members.

3. Two powders with sufficiently different diffusion rate can

cause swelling.

4. Detrimental phases, such as brittle intermetallics, can form

with improper control of the sintering cycle.

2.4.7 Infiltration and Assembly.

Infiltration and assembly are frequently accomplished during

sintering. Infiltration is performed by positioning a preform of

the infiltrant material, with a lower melting point than the

primary metal, on or under the pressed green (presintered)

compact. For example, copper and its alloys are the most common

infiltrants for iron. The infiltrant melt before the sintering

temperature is reached. Some is diffused into the powder

particles of the primary metals (depending on solubility), and

some is deposited in the pores of the compact by the capillary

action, forming a composite structure. Properties depend on the
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metals used, their proportions, and the conditions under which

they were combined. In addition to improving mechanical

properties, infiltration seals pores in preparation for

electroplating, improves machinability, and essentially makes

the components gas or liquid tight.

Assembly is accomplished by fitting the components together

prior to sintering, as shown in Figure, Slots and keyways are

used for location and orientation. Infiltration is used to

affect a bond similar to brazing or soldering. Another method is

to formulate one component for low growth (or shrinkage) and the

other for high growth. This technique, known as sinter bonding,

develops a bond that is superior to a press fit.

2.5 Secondary Operations:

One of the major P/M advantages is its capability to produce

components to net or near net shape with few or no secondary

operations. Sometimes components may require closer tolerances,

increased mechanical properties; features not possible by

compaction, surface protection or enhanced appearance. Most of

the operations that accomplish these features are performed on

P/M components in the same manner as on cast or forged

components.

However, micro porosity frequently imposes limitations on some

secondary operations. Molten salts, cutting fluids, cleaning

solutions and plating solutions can be trapped in the pores of
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the component causing corrosion. If fluid use is essential to

the process, it must be completely removed or chemically

compatible with the P/M allow and application environment.

Six types of operations are commonly performed: repressing,

impregnation heat-treating machining, surface treatment and

welding/brazing.

Restriking usually requires different tooling that is employed

for compaction. There are two types of Restriking operations:

repressing and sizing. Both cause plastic deformation, and both

may deform the metal, closing surface micro porosity, negating

the advantages of the pores.

Repressing reduces volume there by increasing density and

improving strength, hardness and dimensional accuracy.

Repressing can also be used to modify the surface shape, such as

embossing (coining).

Sizing primarily improves dimensional accuracy with little or no

increase in density or strength. It is accomplished by

burnishing using die or cold rod sizing tools. Reaming,

broaching and boring sometimes called sizing operations when

they are used to bring an inside diameter to finished dimension.

They are, strictly speaking, machining operations because they

are accomplished by removing, rather than by displacing metal.

Figure 2.13 shows the sequence of the events in sizing a

bushing.
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Figure 2.13 Sizing of Bushing [19]

(Source Powder Metallurgy design manual, Third Edition, 1998)

Controlled micro porosity permits P/M components to the

impregnated with oils or resins. Oil impregnation is achieved by

soaking the components in heated oil, or by vacuum techniques.

Conventional P/M bearings can absorb from 10 to 30% by volume of

oil. Solid resins impregnants are used to provide lubrication or

to seal the pores, either to develop pressure tightness or to

permit the use of processing solutions that would otherwise be

trapped in the pores and degrade the component. Impregnation is

also used in some cases to improve machinability.

The power heat treatment of P/M components is an important

concern, which should be considered at the design phase of the

component. It not only affects the mechanical properties, but
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also imparts a dimensional change and degree of distortion,

which must be taken into account when designing tools.

Heat treatment is a generic term for thermal cycle. There are

many types of cycle that are designed to impart specific

properties to the material through modification of the

microstructure. Most involve heating into the austenitic phase

region and cooling under various conditions to achieve a desired

microstructure.

Heat-treating procedures for P/M components have thermal cycles

similar to those wrought steels of similar composition. However

The response to the cycles is significantly different, primarily

due to microporosity. Those processes commonly used are

. Normalizing

. Annealing

. Stress relieving

. Neutral hardening

. Case hardening

Carburizing

Carbonitriding

Nitrocarburizing

Nitriding

. Austempering

. Quenching

. Tempering
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. Gas nitriding

. Local hardening

Induction

Flame

Laser

Normalizing and annealing provide a soft, ductile condition.

Slow cooling rates are used to attain a ferritic/pearlitic

microstructure, which is best, suited for optimum machinability,

welding and cold working.

Neutral hardening and case hardening utilize a rapid cooling or

quenching in oil from the solution temperature, converting the

microstructure to martensite. The cycles impart the maximum

strength and hardness. In wrought steel, these properties are

governed by composition and grain size. In P/M, properties are

also affected by density (percent microporosity).

The steel is heated to its solution temperature in an atmosphere

of controlled carbon potential to prevent both carburization and

decarburization. The solution temperature is a function of the

carbon content of the steel. Rapid cooling of the steel by

immersion in a quenchant fluid causes transformation of the

austenite, which is present at the solution temperature, into

martensite on quenching. Low carbon content is normally

specified when the application requires coining, sizing or

machining. Other types of neutral hardening are induction and
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flame, which are rapid heating cycles usually applied with

specialized equipment to individual components rather than a

batch lot.

Carburizing and Carbonitriding are the two most commonly used

case hardening heat treatments. Carburizing utilizes a furnace

atmosphere with a higher carbon potential than the base steel

composition. A Carbonitriding atmosphere contains high level of

both carbon and nitrogen, which impart maximum hardenability, ad

compressive residual stresses, which enhance fatigue strength.

These treatments are normally specified when maximum fatigue

strength and impact energy are desired. Density should be above

7.0/ccm (89%relative density) to attain the best combination of

properties.

In nitro carburizing and nitriding, the major component of the

atmosphere is nitrogen. The treatments are performed at

temperatures below 720 degree C (1330 º F), and rely on

diffusion of nitrogen to achieve surface hardening, rather than

transformation to martensite. Steam treatment is normally

required prior to nitriding or Nitrocarburizing in order to

prevent embrittlement of the P/M material. They are classified

as surface treatment since no changes occur to the core

microstructure of the component. They are normally applied where

resistance to the sliding wear is the primary requirement.
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P/M is normally used to minimize machining operations by

incorporating as much of the required finished configuration as

possible.

Machining is sometimes necessary to produce special shapes,

thread, cross-holes and closer tolerances. Machining parameters

for steel P/M components are different from cast iron and are

most like those for cast or wrought steel, but with some

specific issues. Materials can be added readily to the powder

blend to improve machinability. Small additions of sulfur and

manganese sulfide are common in ferrous components, and lead is

occasionally added to nonferrous components. Copper infiltration

of steel parts also improves machinability. Oil or resin

impregnation improves machinability of all porous P/M

components.

Machining of high-density P/M parts (above 92% dense) is similar

to machining wrought metals. Lower densities require adjustment

for optimum results. Much of the difficulty in machining P/M

parts comes from the micro fatigue on tool cutting edges

associated with porosity in the P/M parts. In some cases, this

also limits the ability to use cutting fluids because they can

actually increase the thermal fatigue through local quenching of

the cutting edge. In addition, coolants may be a problem In

terms of staining and corrosions of parts, or through affecting

the self-lubricating performance of the component. In situations
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where P/M components are replacing cast or wrought parts on

certain machine tools (such as transfer lines), it is common

that coolants may be either mandatory for chip flushing or not

an option at all, depending on the specific machine type.

Machining procedures for self-lubricating porous components

should avoid closing surface micro porosity. Sharp tools and

light cuts should be used in single point machining to reduce

shearing of the work piece surface. A PVD coating (TiN, TiCN

orTiA1N) will reduce tool wear and cutting force on either

carbide or HSS tooling. While cutting fluids are preferred for

most machining operations, fluid pickup increases with greater

component micro porosity. Fluids should be chemically compatible

with the P/M alloy; subsequent processing may make it necessary

to remove them. Ideally all machining, except grinding, should

be done before de burring because retained de burring abrasives

can cause excessive tool wear.

Following are general guidelines for performing various

machining operations, when required.

1. Turning: Sharp pointed tools are recommended. Carbide is

used for softer materials and titanium nitride coated carbide or

cubic boron nitride for harder materials. Cutting angles on

single point tools should be 15 degrees back rake about 10

degrees and relief’s about 10 degrees. Cutting speeds of 0.8to

1.6 m/s (160 to 320 sfm) and feeds of 0.05 to 0.10 mm (0.002 to
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0.004in.) are normally used. Cermets are particularly

appropriate at speeds in excess of about 4.0 ms (800 sfm),

although specific speed value recommendations are very sensitive

to part properties and the geometry of the cut. Depth of the cut

is preferably at least 0.10 mm (0.004 in.) to avoid surface

rubbing, which work hardens the material and accelerates tool

wear. When closing of surface microporosity must be avoided,

slow speeds of 0.5to 0.75 m/s 9100 to 150 sfm), lower depth of

cut of 0.005 mm (0.002 in.) and very sharp tools are used.

2. Milling: Cutters of high-speed steel and carbide are

recommended. Coatings are beneficial to reduce cutting forces

and reduce wear, especially at higher speeds, with PVD for high

speed steel or sharp edged carbide, and CVD an option for

carbide inserts with honed edges. Helical cutters with axial

rake are preferred so that chips are sheared on an angle.

Recommended speeds are 0.36 m/s (70 sfm) for high-speed steels

and upto 1.5 m/s (300 sfm) for carbide tools. Feeds should be

0.05 to 0.13 mm (0.002 to 0.005 in.) per tooth for roughing and

0.03 to 0.05 mm 90.001 to 0.002 in.) per tooth for finishing .

3. Drilling and tapping: Speeds and feeds used for drilling

P/M components are usually 80 to 85% those for wrought metals of

the same compositions. Nitrided steel, high-speed steel and

carbide drills are recommended for long life. When holes in the

direction of pressing must be drilled, they can be spotted,
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partially formed or chamfered in pressing the component, thus

simplifying the drilling operation. Internal threads are

produced by conventional tapping methods. Premium grade steel

and Nitrided taps give excellent life. Titanium nitride coated

drills and taps are recommended to reduce drilling force and

burring tendency. Roll form tapping is also used especially I

blind holes. P/M design can offer a process advantage by

providing a burr relief slot

4. Grinding: Grinding operation similar to those for

wrought products apply to P/M components. However, where surface

micro porosity is required, grinding may be unacceptable because

it tends to reduce or close micro porosity. For hardened

materials and high precision, cubic boron nitride grinding

wheels are very effective.

Practically all-common finishing methods apply to P/M

components. While procedures in many applications are similar to

those for wrought and cast components, the structural

characteristics and micro porosity, particularly in low-density

components, require some modifications in finishing operations.

Following are descriptions of various surface treatments applied

to P/M components.

1. Deburring: P/M components are rolled in rotating barrels or

agitated in vibrating tubs (usually with some form of abrasive

media and water) for cleaning, deburring, rolling or
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burnishing. Rust inhibitors should be added to the water.

Components may be spun dry after the operation; heat may be

used to evaporate water from the pores. Components can be

resin or oil impregnated before eliminate possible water

absorption during deburring. Deburring should be done after

the machining to avoid abrasive pickup in the pores that could

cause excessive tool wear. Residual abrasives should be

avoided on components where carryover could be detrimental to

the functioning of P/M components in service.

2. Burnishing: Burnishing can improve finish and dimensional

accuracy or work hardened surfaces. Tumbling roller

burnishing, ball sizing and sick burnishing, using a broach-

like tool with button and ridges, are common burnishing

techniques. As with machining, precautions may be required to

be avoiding closing desired surface micro porosity.

3. Blackening: Ferrous P/M components can be colored by several

methods. They can be furnace blackened to impart indoor

corrosion resistance. Oil dipping gives a deeper color as well

as slightly greater corrosion resistance. Oil that leaves a

dry film on the components may be used.

Ferrous P/M components can also be chemically blackened, using

a commercial liquid salt bath. Entrapment of the salt in pores

of components should be avoided. The components can be

impregnated, prior blackening, with a resin that will not
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break down in the bath. Alloys containing nickel and copper

tend to adversely affect most blackening baths. These

materials also seriously affect component color. An oil dip

improves appearance and corrosion resistance as it does with

furnace blackening.

4. Steam Treating: Steam treating forms an oxide coating (Fe3O4).

It is commonly used to improve the wear properties of ferrous

P/M components and additionally provides improved corrosions

resistance. The process closes some of the interconnecting

micro porosity and all surface micro porosity, increasing

component density and compressive strength, and providing gas

pressure tightness to 1.7 Mpa (250 psi) The process tends to

cause a slight size change (0.0075 to 0.0125 mm or 0.0003 to

0.0005 in. pickup her surface) and it makes the components

somewhat less ductile and more difficult to machine.

5. Plating: All types of plating in general use, including

copper, nickel, chromium, cadmium and zinc, can be applied to

P/M components. Components should have micro porosity sealed,

usually by resin impregnation, to avoid entrapment of plating

solutions in the pores. Components that have been oil

impregnated or oil quenched must have all oil removed from the

pores and surface prior to resin impregnation and/or plating.

Electro less nickel-plating also can be used, and peen
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(mechanical) platting is applicable to non-impregnated

components.
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Chapter Three

AGMA STANDARDS

3.1: AGMA

AGMA: American gear Manufacturers Association.

AGMA standards recommend gear specifications for quality,

material, treatment and measuring methods and practices.

The objectives of the Association were stated in Article II of

the constitution, which were:

 The discussion of subjects of interest and value to the

industry in which its members are engaged;

 The advancement and improvement of that industry;

 The collection and dissemination of statistics and information

of value to its members;

 The standardization of gear design and manufacture and

application; and

 The promotion of a spirit of cooperation among its members for

improved production and increased application of gears.

AGMA has long been known for the development of standards for

use by the gearing industry. This work is carried out by the

members within its 25 Technical Committees who contribute their

knowledge and experience while taking advantage of the
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educational opportunity to learn from interacting with their

peer.

Below are the standards that have been used for the design of

the enclosed Epicyclic type gearbox.

ANSI/AGMA 6023-A88 - Design Manual for Enclosed Epicyclic Gear

Drives

Covers designs for drive employing Epicyclic gear arrangements.

Includes descriptions of Epicyclic drives, nomenclature,

application information, and design guidelines with reference to

other AGMA Standards.

ISBN: 1-55589-504-2

ANSI/AGMA 2000-A88 - Gear Classification and Inspection Handbook

- Tolerances and Measuring Methods for Unassembled Spur and

Helical Gears (Including Metric Equivalents)

Correlates gear quality levels with gear tooth tolerances.

Provides information on manufacturing procedures, master gears,

measuring methods and practices. Appendix material provides

guidance on specifying levels and information on additional

methods of gear inspection.

ISBN: 1-55589-495-X



54

Chapter Four

DESIGN OF GEARBOX

4.1 Material Selection for Gears:

Iron-Copper and Copper Steel (FC-0208-50)

Fe-Cu-C is the most common type of sintered metals used for non

heat-treated gears as they have very good sintering

characteristics. With or without graphite powder (carbon) the

proportions of each depend on the strength level required and

whether the material is to be used in the as sintered or heat

treated condition.

Material Characteristics

Because graphite diffuses readily into an iron powder matrix

during sintering, combined carbon of 0.8% or more is attainable.

Copper powder is added to increase strength, hardness and wear

resistance. Wear resistance can be enhanced by heat treatment.

When the final density is to be 0.7 gm/cc or more, these

materials may be manufactured by pressing, presintering,

repressing and sintering.

P/M iron-copper and copper steel materials find wide usage in

medium strength and structural applications. Copper contents of

2% are typical. When secondary machining is required, combined

carbon contents of less than 0.5% should be specified. Material

in this category also can be heat treated to increase strength

and wear resistance. Higher copper content materials (in the
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range of 5%) are recommended when maximum wear resistance is

required and when heat-treating is not practical. Low-density

parts can be oil-impregnated for self-lubrication in use.

Microstructure

Admixed copper powder melts at approximately 1980 degree F

(1082º C) flows between the iron particles and into small pores,

and thus helps the sintering of the steel. Normally sintered

alloys with 2% copper show little or no undissolved copper. At

the higher percentages, the copper will be seen as a separate

phase. The copper dissolves in the iron but does not penetrate

to the center of the iron particles. When copper melts, it

diffuses or migrates leaving behind fairly large pores. These

pores remain and can easily be seen in the microstructure.

Chemical Composition %: Iron-Copper and Copper Steel

Material
Designation.

Fe Cu C Element

93.2 1.5 0.6 MinimumFC-0208-50
97.9 3.9 0.9 Maximum

Material Properties: FC-0208-50

Minimum Strength (Yield) 50 x 103 psi.

Typical Ultimate strength = 60 x 103 psi.

Yield strength = 55 x 103 psi.

Elongation < 1 %

Young’s Modulus = 17.5 x 106 psi.

Poisson’s Ratio = 0.25



56

Unnotched Charpy Impact Energy = 5 ft-lbf

Transverse rupture strength = 125 x 103 psi.

Compressive Yield strength = 50 x 103 psi.

Hardness = HRB 73

Density = 6.7 g/cm3

4.2 Gearbox Design:

The gearbox is designed to achieve a 36:1 gear ratio. The motor

output (OP) speed is 5200 rpm.

Thus the output from gearbox would be

= 5200/36=144.4 rpm.

Stage 1 6:1

Stage 2 6:1

Stage 1

= 5200/6 = 866.6 rpm

Stage 2

= 866.6/6 = 144.4 rpm

The design is to be based of to the below important parameters:

1) O/P speed requirements: Approx 150 rpm to achieve a speed

of 75 fpm on the OD of the ø 1.9” tube.

2) Torque requirements: Maximum torque output to be 5 in-lb.

3) ID of the tube: ID is restricted to ø 1.65”.

Assume for stage 1 the pinion with 14T (see below table showing

minimum numbers of pinion teeth and maximum ring gear teeth to
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avoid interference). Also assume 20 teeth pinion to be used for

planet gears.

Maximum number of gear teeth to avoid interference between a 20°

full-depth pinion and full-depth gears of various sizes

Number of pinion

teeth

Maximum gear teeth

17 1309

16 101

15 45

14 26

13 16

14 teeth is the start up point to calculate the speed output

requirements.

Check Calculations for Ring Gear with 60 teeth.

In the first step the output stage rpm are calculated by trial

and error to achieve the required rpm.

As we know for calculating the speed of a planetary gear setup:-

e = train value = nL – nA / nF - nA

nA = rpm of carrier spider/arm, nF = rpm of first gear, nL = rpm

of the last gear.

Also e = Product of teeth or driver/ product on teeth

or driver

e = -14 / 60 = -0.233
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-0.23 = 0 - nA / (-5200) - nA

-0.23 5200 + 0.23 nA = - nA

1196 = - 1.23 nA

nA == - 972.35 rpm

We need to have 866.6 rpm on the first stage output arm

(carrier).

Thus 60T ring gear does not give the required O/P.

Assume ring gear with 70 teeth.

e = -14/70 = -0.2

–0.2 = 0 - nA / (-5200) - nA

1040 + 0.2 nA = - nA

– 1040 / 1.2 = nA = -866.6 rpm

This gives the correct O/P rpm.

Lets calculate the rpm on the planet with the assumed values of

the sun gear (pinion) and the ring gear: -

e = - 14/ 20 = -0.7

– 0.7 = nP1 – (866.6)/ (-5200) – (-866.6)

nP1 = (3640 – 606.62) – 866.6

= 3033.38 – 866.6 = 2166.78 RPM.

Stage 2

The calculated value 1 is the output for the stage 1 carrier

This design has been enhanced to use the internal carrier spider

for stage 1, as a 3 pin part which acts as arm to transform the



59

torque from pinion to the planet carrier and also holds a sun

gear on the other end of the carrier as shown below.

Figure 4.1 3-pin carrier spider

This design can be conveniently manufactured by sintered metal.

Thus the output on the carrier is 866.6 rpm.

For stage 2 assume the sun gear teeth to be 14 (as below)

866.6 / 6 = 144.4 on the output

e = -14 / 70 = - 0.2

– 0.2 = 0 - nA / (- 866.6) – (+nA)

173.32 + 0.2 nA = -1 nA.

– 173.32 / 1.2 = nA

nA = -144.4 rpm (as required)

Calculate the planet gear speed:

For interchangeability parts we would use the gears from the

first stage planets = 20T

e = -14 / 20 = - 0.7
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– 0.7 = nPl – (-176.85) / (-866.6) – (-176.85)

606.62 – 123.795 – 176.85 = nPl

nPl = 305.975 rpm.

The initial calculation gives us below design parameters

Gear No of teeth rpm

Pinion G1 14T 5200

Planets G2 20T 2166.78

Carrier spider G3 14T (3 Pins) 866.6

Output shaft G4

(3 Pins)

None 144.4

Ring gear G5 70T Stationary

4.2.1 Calculation of individual gear parameters:

The constraint to design the gears with the above known is the

OD of the ring gear. The motor for the gearbox assembly is to be

used within a 1.9" OD tube. The tube has ID tolerance of 1.750"

– 1.765". This gives a maximum limit of 1.75 on the ID. The

motor OD is 1.22". The OD Of the ring gear has to be less than

1.6”, which gives safe distance between the gear motor assembly

and the ID tube.

For sintered powder metallurgy the smaller the surface area of

the gear less is the tonnage on the press. But smaller the

component the more complicated the tool gets and life of tool is
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also decreased accordingly. With a standard tool to manufacture

gears the life is approx 100,000 parts.

This is very important at this stage to determine the size of

the gears and further to predict the number of parts that can be

manufactured.

The diametral Pitch of all gears for this gearbox must be the

same to run together. The center distance between the sun,

planet and ring gear are to be in such a way so as to

accommodate these gears in the 1.6” OD limit.

We know pitch diameter =

Center distance = nS + nPl / 2 X Pd

nS: No of teeth on pinion

nPl: No of teeth on Planet

= 14 + 20 / 2 x 24

= 0.708

This would make the OD the ring gear close to 1.75 that is not

acceptable.

Assume Pd = 24

Pd = number of teeth / pitch diameter

Pitch diameter = 14 / 24

= 0.583

Planet pitch diameter = 20/24 = 0.833"

Again center distance = 14 + 20 / 2 x 40 = 0.425

Pitch dimension = 14 / 40 = 0.35
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Pitch diameter = 20 /40 = 0.5

Pitch ring gear = 0.35 + 0.5 = 0.675

1.35” not applicable

Assume Pd = 48

dL = 14 + 20 / 48 = 0.425

This Diametral Pitch would work.

Circular pitch = Π / P = 3.14 / 48 = 0.0654".

Pitch diameter sun = 14 / 48 = 0.2916"

Pitch diameter Planet = 20 / 48 = 0.416.

Pitch diameter ring gear = 70 / 48 = 1.458"

Face width of the gear = 4 X 0.0654 = 0.2616"

The circular pitch can be used to calculate the various

parameters for the gear thus: -

Addendum Factor circular pitch

0.3183 x 0.0654 = 0.0208

Dedendum 0.3683 x 0.0654 = 0.0240

Working depth 0.6366 x 0.0654 = 0.0416

Whole depth 0.6866 x 0.0654 = 0.0449

Clearance 0.05 x 0.0654 = 0.00327

Tooth thickness 0.50 x 0.0654 = 0.00327

Width of space 0.52 x 0.0654 = 0.034

Backlash = width of

space-tooth thickness

0.0327 – 0.0327 = 0.0013"
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4.2.2 Calculation for pinions:

No of teeth: 14

Addendum circle: pitch circle diameter + (2 x addendum).

=0.2916 + 2(0.208) =0.333”

Dedendum circle = pitch circle diameter - (2 x Dedendum).

=0.2916 - 2(0.0260) =0.2396”.

Minimum Face width F = 4 x circular Pitch= 4 x 0.0654= 0.261”.

The pinion is designed with a stretched base with a hole slot

for placement on the shaft. To avoid slippage a flat in the form

of D is provided on the pinion.

Gear Type: External Spur

Specification: AGMA

Gear Quality 7 Run out Tolerance 0.0009

Diametral Pitch 48 Pitch Variation

Tolerance

+/-

0.0006

Number of Teeth 14 Profile tolerance 0.0005

Pressure angle 20º Addendum 0.0208

Backlash class C

standard

Dedendum 0.0260

Part number G1 Circular Pitch 0.0654

Outside diameter 0.333 Chordal Tooth

Thickness

0.0327

Outside diameter +0/- Bore Tolerance Band 0.0020
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tolerance 0.008

Pitch diameter

(ref)

0.2916 Max Fillet Radius 0.005

Tooth to tooth

error

0.0016 Max Tip Radius 0.010

Total composite

error

0.0026 Clearance 0.0062

Measurement over

wire (MOW)

0.3410 Root Diameter 0.2376

MOW tolerance -0.0014

/-0.0080

Working Depth 0.0417

Wire Diameters 0.0360 Whole Depth 0.0478

Test Radius 0.1453 Base Circle Diameter 0.2741

Test Radius

Tolerance

-

0.0007/-

0.0040

ALL DIMENSIONS ARE IN inches.

4.2.3 Calculation for planet:

No of teeth: 20

Addendum circle: pitch circle diameter + (2 x addendum).

=0.416 + 2(0.208) =0.4576”

Dedendum circle = pitch circle diameter - (2 x Dedendum).

=0.416 - 2(0.0260) =0.364”.
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Minimum Face width F = 4 x circular Pitch = 4 x 0.0654= 0.261”.

Gear Type: External Spur

Specification: AGMA

Gear Quality 7 Run out Tolerance 0.001

Diametral Pitch 48 Pitch Variation

Tolerance

+0/-

0.0006

Number of Teeth 20 Profile tolerance 0.0005

Pressure angle 20º Addendum 0.0208

Backlash class C

standard

Dedendum 0.0260

Part number G2 Circular Pitch 0.0654

Outside diameter 0.458 Chordal Tooth

Thickness

0.0327

Outside diameter

tolerance

+0/-

0.008

Bore Tolerance Band 0.0020

Pitch diameter

(ref)

0.4166 Max Fillet Radius 0.005

Tooth to tooth

error

0.0015 Max Tip Radius 0.010

Total composite

error

0.0026 Clearance 0.0062

Measurement over

wire (MOW)

0.4664 Root Diameter 0.3626
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MOW tolerance -0.0014

/-0.0080

Working Depth 0.0417

Wire Diameters 0.0360 Whole Depth 0.0478

Test Radius 0.2083 Base Circle Diameter 0.3915

Test Radius

Tolerance

-

0.0007/-

0.0040

ALL DIMENSIONS ARE IN inches.

4.2.4 Calculation for 3-pin carrier spider:

No of teeth: 14

Addendum circle: pitch circle diameter + (2 x addendum).

=0.2916 + 2(0.208) =0.333”

Dedendum circle = pitch circle diameter - (2 x Dedendum).

=0.2916 - 2(0.0260) =0.2396”.

Minimum Face width F = 4 x circular Pitch= 4 x 0.0654= 0.261”.

The values for the gear are the same as the Pinion G1.

4.2.5 Calculation for 70 teeth ring gear:

No of teeth: 70, Pitch Circle Diameter = 1.1236

Addendum circle: pitch circle diameter + (2 x addendum).

=1.1236 - 2(0.208) =1.082”

Dedendum circle = pitch circle diameter - (2 x Dedendum).

=1.1236 + 2(0.0260) =1.1756”.
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Gear Type: Internal Spur

Specification: AGMA

Gear Quality 7 Run out Tolerance 0.0014

Diametral Pitch 48 Pitch Variation

Tolerance

+0/-

0.0007

Number of Teeth 70 Profile tolerance 0.0006

Pressure angle 20º Addendum 0.0208

Backlash class C

standard

Dedendum 0.0260

Part number G5 Circular Pitch 0.0654

Inside diameter 1.417 Chordal Tooth

Thickness

0.0327

inside diameter

tolerance

+0/-

0.009

OD Tolerance Band 0.0020

Pitch diameter

(ref)

1.4584 Max Tip Radius 0.010

Tooth to tooth

error

0.0014 Clearance 0.0062

Total composite

error

0.0029 Root Diameter 0.2376

Measurement over

wire (MOW

1.4105 Working Depth 0.0417

MOW tolerance -0.0014 Whole Depth 0.0478
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/-0.0088

Wire Diameters 0.0350 Test Radius 0.7292

Test Radius

Tolerance

-0.0007

/-0.0044

ALL DIMENSIONS ARE IN inches.

4.3 Beam Strength and wear Calculation:

AGMA provides calculation methods for

1. Beam strength

2. Wear strength

4.3.1 Calculations of torques:

The motor torque constant is 0.386 inlb/A

Kt = 0.386 in-lb/A

The peak current to which the motor would be used is 1.2 A

Thus max torque generated by motor = 1.2 x 0.386= 0.4632 in-lb

on the shaft.

The torque distribution is stage 1:

6:1 = 6 x 0.4632 = 2.7792 in-lb.

Stage 2:

6:1 = 6 x 2.7792 = 16.6752 in lbs.

All the gears in the assembly must be able to withstand maximum

of 17 in-lb + a safety torque factor to achieve complete

reliable product.

Motor power = 24V x 2.5 A = 60 Watts
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Thus Power = 0.080 hp.

The prime suspects for the gearbox failure are beam strength of

gear teeth and wear resistance (pitting).

We would calculate for the 14 T pinion and 20 teeth planet gear

and verify the beam strength and wear characteristics to check

the safety in the design. These calculations are done with

equations from Spur Gear Bending ANSI/AGMA 2001-C95 standards.

Wear calculations:

dp =Np/Pd = 2C/ mG 1 + external gears, - internal gears.

V = π x d x n / 12

Wt =33000 x H / V

AGMA contact Stress equation

c = Cp (Wt Ko Kv’ Ks Km Cf / dp f I) 1/2

AGMA contact endurance strength

c,all =Sc Zn CH /SH KT KR

Wear factor of safety = c, all / c

Similarly bending calculations:

dp =Np/Pd = 2C/ mG 1 + external gears, - internal gears.

V = π x d x n / 12

Wt =33000 x H / V

AGMA contact Stress equation

= (Wt Ko Kv’ Ks Pd Km KB / f J)

AGMA contact endurance strength
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All =St YN /SF KT KR

Bending factor of safety = call / 

4.3.2 Pinion Gear G1 Strength Calculations:

Following are the calculation for the above safety factors:

V = π x d x n / 12

V = π x 0.2916 x 5200 / 12 = 396 ft/min

Wt = 2.8 lbf

4.3.2.1 Dynamic Factor Kv’:
Dynamic factors are used to account for inaccuracies in the

manufacture and meshing of gear teeth in action.

Thus

Kv’ = ((A + V)/A) B V in ft/min.

Where A=50+ 56(1-B)

B= 0.25(12-QV) 2/3

QV = AGMA Quality Number

B= 0.25(12-QV) 2/3 = 0.25 (12-7) 2/3 = 0.723.

A=50+ 56(1-B) = 50+ 56(1-0.723)

=50+15.5=65.5

Kv’ = ((65.5 + 396)/65.5) B

=1.2114

4.3.2.2 Load Distribution Factor:

The load distribution factor modified the stress equations to

reflect non-uniform distribution of load across the line of

contact. The idea is to locate the gear midspan between two
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bearings at the zero slope place when the load is applied.

However this is not always possible.

The load distribution factor under these conditions is given by

Km =Cmf = 1+ Cmc (Cpf cpm +Cma Ce).

Figure 4.2 Empirical Constants A, B and C. Definition of S and S1
used in evaluating Cpm [20]
(Source ANSI/AGMA 2001-C95)

Where:

Cmc = 1 for uncrowned teeth.

Cpf = (F/10d) – 0.025 for F1 in
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Thus = (0.261/10x0.291) – 0.025

=0.0896-0.025=0.0646”

cpm = 1.1 for straddle mounted pinion with S1 /S 0.175

Cma = A+BF+CF2

A, B and C are empirical constants, f-face width.

Thus from above table

A= 0.127, B= 0.0158, C= -0.093 x 10-4

Cma = 0.127 + (0.0158x 0.261) – (0.093 x 10-4 x 0.2612)

=0.1311 + (0.0063 x 10-4)

= 0.1311

Ce = 1 for all conditions.

This would give us:

Cmf = 1+ Cmc (Cpf cpm +Cma Ce) = 1+ 1(0.0646x1.1 + 0.1311x1)

=1+ (0.07106+0.1311)

=1.202= Km

4.3.2.3 Size Factor:

The size factor reflects non-uniformity of material properties

due to size. It depends upon

1. Tooth size

2. Diameter of par

3. Ratio of tooth size to diameter of part

4. Face width

5. Area of stress pattern

6. Ratio of case depth to tooth size
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7. Hardenability and heat treatment.

Ks = 1.192 ((f 0.277)/P) 0.0535

Y- Lewis form factor for 14 Teeth Y=0.277

Ks = 1.192 ((0.261 0.277)/48) 0.0535

Ks = 1.192 (0.0015) 0.0535

Ks =0.8417

4.3.2.4 The Load cycle factor:

Purpose of load cycles factors YN and ZN is to modify the AGMA

strength values for lives other than 107 cycles. See figure 3

YN = 1.3558 x N –0.0178

Where N- no of load cycles=108

Thus

YN = 1.3558 x (108) –0.0178

=0.9768.

Stress cycle factor

ZN =1.4488 (N8) –0.023

= 1.4488 x (108) –0.023

= 0.949
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Figure 4.3 bending strength cycle factor YN and pitting

resistance stress cycle factor ZN [21]

(Source ANSI/AGMA 2001-C95)
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4.3.2.5 Reliability Factor:

The reliability factor accounts for the effect of the

statistical distributions of material fatigue failures. Load

variation is not addressed here.

KR = 0.658 – 0.0759 ln (1-R)

R-reliability = 0.99

KR = 0.658 – 0.0759 ln (0.1)

KR = 0.658 – 0.0759 x (-2.3)

KR = 0.8327

4.3.2.6 Temperature factors:

KT = 1 for temperatures < 250F

4.3.2.7 Geometry Factors:

The Geometry factors J and I are introduced similar to Lewis

factor to account the effect of tooth form into the stress

equation.

I = (cos t sin t/2 mN) mG / (mG+1)…External gears

I = (cos t sin t/2 mN) mG / (mG-1)…Internal gears

Where t = Pressure Angle= 20

I = (cos t sin t/2 mN) mG / (mG+1)…External gears

Substituting values

I = (cos 20 sin 20/2 x1) 1.42 / (1.42+1)

mG = dg/dp = 1.42

mN=1 for spur gears.
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Solving

0.626/2.42 = 0.259

4.3.2.8 Elastic Coefficient factor Cp:

Cp =1960 psi

Figure 4.4 Elastic Coefficient Cp [22]

(Source ANSI/AGMA 2001-C95)

4.3.2.9 AGMA Strength Equations:

From figure 5 as below

At 108 cycles and 0.99 reliability

St = 77.3 HB +12800 psi

Hardness for the type of material used for the gearbox is 126

BHN.

St = 77.3 x 126 +12800 =22539.8 psi

From allowable contact strength is:

SC = 322 HB +29100 psi
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SC = 322 x 126 +29100 = 69672 psi

Figure 4.5 AGMA strength Equations [23]

(Source ANSI/AGMA 2001-C95)

4.3.2.10 Hardness ratio Factor CH

The pinion generally has a smaller number of teeth than the gear

and consequently is subjected to more cycles of contact stress.

If both pinion and gear are through hardened then a uniform

surface can be obtained by making the pinion harder than the
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gear. A similar effect can be obtained when a surface hardened

pinion is mated with through hardened gear. The hardness ratio

factor is used only for the gear. Its purpose is to adjust the

surface strengths for this effect. The values of CH are obtained

from the equation.

CH = 1.0 + A’ (mG –1.0)

Where A’ = 0 when the ratio of hardness of pinion and gear is

less then 1.2.

Thus CH = 1.

4.3.2.11 Rim Thickness factor:

When the rim thickness is not sufficient to provide full support

to the teeth root the location of bending fatigue failure may be

through the gear rim rather then at the tooth fillet. In such

cases the use of a stress-modifying factor KB is recommended.

This factor the rim thickness factor KB adjusts the estimated

bending stress for the thin-rimmed gear.

KB = 1.6 ln (2.242/mB)…. mB < 1.2

KB = 1…. mB 1.2.

mB = tR / ht

tR = rim thickness below the tooth, in.

ht = the whole depth.

For pinion

KB = 1.
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Figure 4.6 Rim Thickness Factor KB [24]

(Source ANSI/AGMA 2001-C95)

4.3.2.12 Pinion Tooth Bending

= (Wt Ko Kv’ Ks Pd Km KB / f J)

Substituting the calculated values in above we get:

= (2.8 x 1 x 1.2114 x 0.8417 x 48 x 1.202 / 0.2616 x 0.30)

= 2098 psi.

All =St YN /SF KT KR

All = (22539.8x 0.9768) / 0.8327 = 26439.4

Compare All and 

All /  = 26439.4 / 2098 = 12.6

This shows that the pinion gears have a minimum of 12 factor of

safety so the design should work for bending stress.
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4.3.2.13 Pinion Tooth Wear:

c = Cp (Wt Ko Kv’ Ks Km Cf / dp f I) 1/2

c = 1960 (2.8x 1x 1.2114 x 0.8417 x 1.202 x1 / 0.291 x 0.261 x

0.259)1/2

= 25887.6 psi

c,all =Sc Zn CH /SH KT KR

c,all = 69672x 0.948 x 1 / 1x 0.8327 = 79319.14 psi.

SH = 1

Thus

c,all / c = 79319.14 / 25887.6 = 3.06

This gives a safe factor of safety for the pinion gear against

wear.

It can be noted from the values of the ratio for bending and

wear for the pinions that the gear is safer for bending rather

then wear. The factor of safety at 2 is good enough for the

required reliability. Additional Hardening process can be

accomplished on the sintered gears to increase life.

4.3.3 Planet Gear G2 Strength calculations:

The calculations are similar to the pinion G1 with below

additions.

V = π x d x n / 12

V = π x 0.416 x 2166.78 / 12 = 235 ft/min

Wt = 2.8 lbf
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4.3.3.1 Dynamic Factor Kv’:
Dynamic factors are used to account for inaccuracies in the

manufacture and meshing of gear teeth in action.

Thus

Kv’ = ((A + V)/A) B V in ft/min.

Where A=50+ 56(1-B)

B= 0.25(12-QV) 2/3

QV = AGMA Quality Number

B= 0.25(12-QV) 2/3 = 0.25 (12-7) 2/3 = 0.723.

A=50+ 56(1-B) = 50+ 56(1-0.723)

=50+15.5=65.5

Kv’ = ((65.5 + 235)/65.5) B

=1.1642

4.3.3.2 Load Distribution Factor:

The load distribution factor under these conditions is given by

Km =Cmf = 1+ Cmc (Cpf cpm +Cma Ce).

Where:

Cmc = 1 for uncrowned teeth.

Cpf = (F/10d) – 0.025 for F1 in

Thus = (0.261/10x0.416) – 0.025

=0.041”

cpm = 1.1 for straddle mounted pinion with S1 /S 0.175

Cma = A+BF+CF2

A, B and C are empirical constants, f-face width.
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Thus from above table

A= 0.127, B= 0.0158, C= -0.093 x 10-4

Cma = 0.127 + (0.0158x 0.261) – (0.093 x 10-4 x 0.2612)

=0.1311 + (0.0063 x 10-4)

= 0.1311

Ce = 1 for all conditions.

This would give us:

Cmf = 1+ Cmc (Cpf cpm +Cma Ce) = 1+ 1(0.041x1.1 + 0.1311x1)

=1.172= Km

4.3.3.3 Size Factor:

Ks = 1.192 ((f 0.322)/P) 0.0535

Y- Lewis form factor for 20 Teeth Y=0.322

Ks = 1.192 ((0.261 0.322)/48) 0.0535

Ks = 1.192 (0.0015) 0.0535

Ks =0.877

4.3.3.4 Geometry Factors:

The Geometry factors J and I are introduced similar to Lewis

factor to account the effect of tooth form into the stress

equation.

I = (cos t sin t/2 mN) mG / (mG+1)…External gears

I = (cos t sin t/2 mN) mG / (mG-1)…Internal gears

Where t = Pressure Angle= 20

I = (cos t sin t/2 mN) mG / (mG+1)…External gears
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Substituting values

I = (cos 20 sin 20/2 x1) 1.42 / (1.42+1)

mG = dg/dp = 1.42

mN=1 for spur gears.

Solving

0.626/2.42 = 0.259

4.3.4 Planet Tooth Bending

= (Wt Ko Kv’ Ks Pd Km KB / f J)

Substituting the calculated values in above we get:

= (2.8 x 1 x 1.1642 x 0.877 x 48 x 1.1722 / 0.259 x 0.30)

= 2070 psi.

All =St YN /SF KT KR

All = (22539.8x 0.9768) / 0.8327 = 26439.4

Compare All and 

All /  = 26439.4 / 2070 = 12.7

This shows that the pinion gears have a minimum of 12 factor of

safety so the design should work for bending stress.

4.3.5 Planet Tooth Wear:

c = Cp (Wt Ko Kv’ Ks Km Cf / dp f I) 1/2

c = 1960 (2.8x 1x 1.1642 x 0.877 x 1.1722 x1 / 0.416 x 0.261 x

0.259)1/2

= 21396 psi

c,all =Sc Zn CH /SH KT KR
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c,all = 69672x 0.948 x 1 / 1x 0.8327 = 79319.14 psi.

SH = 1

Thus

c,all / c = 79319.14 / 21396 = 3.7

This gives a safe factor of safety for the planet gear against

wear.

It can be noted from the values of the ratio for bending and

wear that the safety factor reduces as it goes to the higher end

of the ratio due to high torque and friction forces are high.

Alternatively this factor is aided by the reduction of speed,

which account to less wear though not much.

Further calculations for stage two can be done but would yield

good factor of safety and need not be computed.
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Chapter Five

OTHER DESIGN REQUIREMENTS

The designed gearbox has been used to create high torque

generating product by attaching a DC brush less motor for

various applications. A few sample applications from this

product are for material handling, moving boards for display,

automatic door opening devices etc.

Other important requirements for the said gearbox

application are as below:

5.1 Delrin Washer:

The gearbox is provided with a Delrin washer (1” OD x 5/8”

ID x 0.042” thk) for smooth sliding surface for the planet

gears. This washer also helps in reducing noise levels and

keeping the lubricant (Rheolube grease) circulated around the

shaft and planet gears. Delrin material has very good wear

characteristics and is not affected by the ether component of

the grease.

5.2 Grease selection:

The gearbox would be provided with Rheolube 380G1 type of

grease, which is a petroleum suspended type lubricant with a

shelf life. This grease has the correct viscosity for the kind

of application to which the gearbox is to be used. Please see

attached specifications sheet for details.
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5.3 Aluminum sleeve:

The aluminum sleeve provides the requisite

Attachment to the gearbox as a holding member.

Provide surface area to avoid grease from leaking.

Add step to reduce the distance between pinion and the face of

the motor.

Reinforce the structure of the motor.

5.4 N-8092 Gasket:

This is a Non asbestos type of gasket with excellent crush

resistance and sealing characteristics against oils, greases

etc. These can be used to a temperature range upto 180º C.

5.5 Motor selection:

The gearbox is to be driven with a 24 VDC brush less type

motor. A Faulhaber brush less DC motor is selected for the

following reasons:

* 24VDC.

* With Integrated drive electronics.

* The motor OD 1.22” is less than 1.9” OD of tube.

* The motor can be modified to suit the gearbox assembly.

* The motor output is as required for the output from the

gearbox.

* Thermal limit protection provided.

* Suitable operating temperature as well as thermal

protection makes this motor very safe.
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* Very low start up current.

* Torque constant suitable to achieve required gearbox output

within peak current.

The motor would be modified for assembly with the gearbox in the

following:

The motor shaft is to be modified with a flat so as to assemble

with the 14 teeth pinion.

A special machined plate as shown is to be fastened to the motor

head for assembling the gearbox to the motor.

Modification on the motor non-drive end to attach to the bearing

housing (beyond the scope of this project).
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Chapter Six

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions:

The development in sintering process has led to generation

of advanced material composition that permits wide variety of

application usage. The selected powder FC-0208 is very suitable

for this gearbox and provides excellent functional

characteristics. FC-0208 can be sinter manufactured to gear

shapes with tooling to a very good accuracy (AGMA quality number

QV of 8 can be achieved). This material can be easily loctite

impregnated to provide sealing. Thus the performance of sintered

gear for a defined application can be achieved as a very cost

effective solution.

The potential to save energy and cost by using optimized

sintered product is extensive. This fact has been exploited in

automobile industry whereas other industries are still untouched

by the reach of sintered materials.

Being good engineers is not only to design products to

specification but also look for opportunities that are available

to be used for manufacturing methods and materials that can save

energy (or Global Warming so to say) and be of benefit to

mankind.
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6.2 Future Works:

The works in this thesis can be further used to do

extensive research for below:

1. Noise reduction in gearbox.

2. Efficiency increase.

3. Teeth profile optimization.

In a gearbox it is essential to define the teeth profiles of the

meshing gears for a rolling contact. Most of the gears lack this

ability, which makes them noisy and less efficient. The teeth

profile can be developed with optimized involute, tip relief and

root diameter using analytical methods, which will give values

for the teeth profiles. These values can be used to generate CAD

files for creation of optimized teeth profiles in tooling. This

arena is vast open for research and from design standpoint less

has been done.

The other area that can be investigated is effect of

different joining processes (welding) with sintered metals.

In this course of works I had done study to get a feel of this

step and was successful (surface finish was not acceptable

though the process of welding was used with special setups of

weld rods, gases (MIG) used etc) in welding different sintered

metal with galvanized tubes.
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Chapter Seven

DRAWINGS: Figure 7.1 Drawing of Assembly
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Figure 7.2 Drawing of Gear 1: G1
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Figure 7.3 Drawing of Gear 2: G2
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Figure 7.4 Drawing of Gear 3: G1
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Figure 7.5 Drawing of Gear 4: G4
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Figure 7.6 Drawing of Gear 5: G5
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Figure 7.7 Drawing of Part 1: P1
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Figure 7.8 Drawing of Part 2: P2
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Figure 7.9 Drawing of Gasket
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Figure 7.10 Details of screw
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