














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4 Conclusions 

Imaging results on the model composites of DOEBAlm-PDA resin and E-glass fiber 
coated with alkylamine silanes indicate that matrix cracks do not grow to a critical flaw 
size but coalesce with existing matrix cracks to form critical flaws. In regions of high 
fiber volume fraction, matrix crack formation is suppressed. However, the close 
proximity of the fibers and the dynamics of the fiber-fracture process can induce failure 

of adjacent fibers. These results suggests that the k' variable used by Phoenix in the 
chain-of-bundles model may have a functional dependence on interfiber spacing. 
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Key Words: Metallography, microstructure, optical microscopy, ferrous alloys, non­
ferrous alloys 

Prerequisite Koowledge: Understanding ofbasic chemistry, introductory materials 
science (crystallography, light microscopy, phase diagrams, etc.) and a strong problem 
solving ability. 

Objective: This laboratory exercise will relate how microstructures determine the 
physical and mechanical properties of metals. Common engineering structures are used 
to show how materials are relevant and important to everyday life. 

Equipment: 

The lab can be performed using the pictures included in this write-up. The much better 
alternative is to obtain samples similar to those listed and create metallographic mounts. 
Therefore the required components include: a light microscope, filar eyepiece, ruler, 
calculator and the following samples: 

1. Steel reinforcing bar 
2. High strength steel bolt 
3. Carburized gear tooth w/ pearlitic structure 
4. Carburized gear tooth w/ martensitic structure 
5. Carburized gear tooth w/ decarburized surface structure 
6. Gray cast iron 
7. Nodular cast iron 
8. Thermal sprayed coating (any source) 
9. Electrolytic tough pitch copper 
10. Titaniurn 6AI4V compressor blade 
11. Single crystal turbine blade (or 718 nickel alloy) 

It is noted that some of these samples may be difficult to obtain, in which case the 
material should be obtained and the function ofthe component explained in generic 
terms. This list can also be edited (reduced) without adversely affecting the lab as a 
whole. 
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Introduction: 

"Structure detennines properties," is a common saying in our introductory course in 
materials engineering. Students are introduced to the idea that alI materials have a 
microstructure and that these structures can be simple or very complex. The goal of this 
experiment is to observe common engineering materials and to deduce the properties that 
are a re suIt of the microstructures. 

Using the light microscope you will observe II metallic samples. Each sample has been 
polished and etched (with a chemi cal) to make its microstructure observable. From 
looking at the microstructure you will be able to characterize the materials. Using your 
newfound knowledge of materials engineering and some deductive reasoning answer the 
questions listed in the lab. It may help to read through the whole lab and to observe ali 
the specimens before attempting to answer the questions. 

(One ofthe goals ofthe lab is to integrate knowledge and apply a knowledge base to 
explain and characterize different materials. 1 have attempted to make the questions 
general enough that most 2nd year engineering students can answer them.) 

Procedure: 

Image each ofthe samples under the light microscope (or observe the micrographs 
included in this text). Adjust the focus and light intensity to obtain a clear image. Be 
sure you are looking at the sample and not the medium in which it is mounted. After 
observing the microstructure answer the questions. The answers wilI be found in the lab 
text and through your own application of basic engineering principles. 

1. Ferrous AlIoys 

Steel 

For many engineering applications steel is the number one material for the job. Steel is 
so popular because the properties can vary so widely depending on alloy content and heat 
treatment. Steel can be hard and brittle or soft and ductile and anywhere in between. The 
name 'steel' implies a mixture ofiron with other elements. Iron exists in two allotropic 
fonns: body centered cubic (BCC) at temperatures up to 72TC and face centered cubic 
(FCC) from 72TC to 1200·C. The ability of iron to exist as two different structures is 
what makes it such a versatile material. Unalloyed iron is very soft and ductile, having a 
tensile strength of only 15 ksi whereas a 4340 alloy steel can have a tensile strength 
exceeding 200 ksi! 

The principal alloying element is carbon. Carbon is an interstitial element, which means 
it exists in the spaces between the much larger iron atoms. The interstitial atoms include 
B, 0, N, C, and H. Ofthese 5, carbon is the most valuable and universally associated 
with steel. Carbon is only soluble up to 0.02 wt. % in BCC iron but can be dissolved in 
amounts up to 2% in FCC iron. Because carbon is virtually insoluable in BCC iron it 
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forms a separate phase. This phase is known as cementite and has a composition ofFe3C. 
Cementite is hard and brittle. Ferrite or alpha iron are the names given to bcc iron and 
can be used interchangeably. The distribution, size and quantity ofthe cementite phase in 
bec (a/pha) iron determines the mechanical properties. There are also several 
substitutional elements that are added to steel to improve its strength and toughness. 
These include but are not limited to Ni, Cr, Mo, V, and Mn. Strength can be thought of 
as the amount offorce required to fracture the steel whereas toughness is the amount of 
energy absorbed by the material during fracture. 

The phases or microstructure present at room temperature depend on the alloy 
composition and cooling rate. To heat treat steel we first heat it above the transformation 
temperature, to around 830°C. At this high temperature the iron reverts back to FCC and 
the alloying elements go into solution. This FCC phase of steel is known as austenite. In 
plain carbon steels and most alloy steels austenite is unstable below 72TC. The cooling 
rate will determine the structure the austenite transforms into. For simplicity we will 
focus on two cooling rates: slow cooling in air and rapid cooling in water. 

Ifwe cool slowly the carbon will be rejected from the ferrite as it transforms from 
austenite (Figure 2). Carbon wiII segregate to form altemating layers or lamellae ofthe 
two phases: ferrite and Fe3C. This microstructure is known as pearlite. Sample 1 is a 
reinforcing bar that is used in concrete structures. Look at the sample and notice the 
islands ofpearlite (dark) surrounded by ferrite (Iight). Ifyou look c10sely you can see the 
lamellar structure. (Questions 1 & 2) Eutectoid steels (0.8% C) are often used for 
railroad tracks. The structure is 100% pearlite (as predicted from the Fe - Fe3C phase 
diagram). Pearlite is chosen because it is neither too hard (must resist fatigue cracking) 
nor too soft (must resist deformation from high loading). (Question 3) 

Now lets consider water quenching our austenite. Ifwe quench our sample in water the 
carbon does not have time to diffuse. Rather carbon is trapped in the lattice as it 
transforms from FCC to BCC. The carbon' s inability to diffuse causes a distortion in the 
lattice and the resultant structure is body centered tetragonal. This diffusionless 
transformation of iron into a single phase is the martensite reaction and the product is 
martensite. Martensite is very hard (up to 65 Rc) and brittle. As-quenched martensite 
has very few engineering applications. Ifhowever we temper the martensite we can 
regain toughness with only a smallloss in strength. Tempering involves heating the 
martensite to around 500°C for 20 minutes or so. This allows for the diffusion of carbon 
and an overall relaxation ofthe lattice. The resulting structure is a fine dispersion of 
carbide in ferrite and is known as tempered martensite. Sample 2 is a high strength 
aircraft bolt. It is composed of 4340 steel in the quenched and tempered condition. 4340 
is a very hardenable steel in that water quenching is not required to obtain martensite. 
(Question 4). In general alloy steels can form martensite at slower cooling rates than 
plain carbon steels. 
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Sample 3 is a gear tooth from a machine. The function of a gear is to transmit force in an 
efficient way. (Question 5) Gears are generally made from low carbon or alloy steel 
(Carbon = 0.10 %- 0.25%). Typical grades include 1018, 1117 and 8620. The surface of 
the gear is hardened by the addition of carbon, this is known as case-hardening. The case 
has a thickness of250 Ilm to over 1 mm and can have a structure of martensite or pearlite 
depending on the cooling rate. Sample 3 was slow cooled following the carburizing 
process. The core ofthe gear is pearlite and ferrite. Case hardening is achieved by 
heating the gear to a high temperature (800'C and higher) in a reducing atmosphere of 
CO and H2. This allows carbon to diffuse into the lattice, which is FCC at this 
temperature. Recall that FCC has a much higher solubility limit of carbon than BCC. A 
generic carburizing reaction is CO + H2 ..... C + H20 where C denotes carbon in solution. 
Other gasses can be used as a source of carbon (methane, propane, etc.). (Question 6) 
Sample 4 is a gear tooth that also underwent a carburizing process but was water 
quenched following diffusion ofC. Look at the structure ofthe sample and how it differs 
from Sample 3. (Question 7) Sample 5 is another machine component that was case 
hardened. This component was exposed to air at temperatures exceeding 500'C. The 
structure has changed and as a re suit is more inc1ined to wear under sliding contact 
conditions. (Question 8) 

Cast Iron 

1'0 this point we have discussed steel, which is an iron alloy which contained less than 
1.2 % carbon. If we now increase the carbon content to between 2 and 4 % we create a 
new structure called cast iron. As the name implies they are intended to be cast into the 
desired shape rather than being worked in the solid state. Cast irons are used for 
thousands of engineering applications. There are several types of cast iron, which are 
created by varying heat treatment and alloying elements. Sample 6 came from the block 
of a 350 Chevrolet engine. Look at the microstructure and notice that carbon is present in 
the form of graphite flakes. This type of cast iron is denoted gray cast iron and contains 
silicon to promote the formation of graphite as opposed to iron carbide (Fe3C). (Fe3C is 
considered a metastable phase of carbon, the true equilibrium phase of carbon is graphite) 
The sample has been prepared so that half is as-polished and half is etched. The as­
polished half appears as graphite flakes in a white matrix. When we etch the sample with 
2% nitric acid the pearlite matri x is exposed. Ifyou look close you can see the lamellar 
structure ofthe pearlite. (Question 9) 

The brittle nature of gray cast iron lead to the development of nodu/ar or ductile cast 
iron. By adding small amounts ofmagnesium or cerium to the molten cast iron favorable 
nuc1eation sites are created. These nuc1eation sites allow the graphite to precipitate into a 
spherical shape. Sample 7 is a part of an automotive crankshaft, it consists of graphite 
spheres in a matrix of pearlite and ferrite. The spheres of graphite give the ductile iron 
greater strength and toughness. The tensile strength of this sample is around 80 ksi as 
compared to 35 ksi for the gray cast iron. Depending on the heat treatment tensile 
strengths ofup to 120 ksi can be achieved. (Question 10) The production of ductile iron 
has seen a steady increase in recent years whereas gray cast iron production is on a steep 
dec1ine. 
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Plasma Sprayed Coatings 

Plasma spraying is a process for creating unique coatings which may otherwise be 
difficult to produce. In this process a gas (usually N2 and Hz) is ionized by a large power 
input (100-200 kW). The result is a plasma which consists of electron-stripped ions and a 
large current flow (300-400 amps) (Figure 1). The resulting plasma has a temperature of 
6000° C to 20,000° C and travels at speeds exceeding Mach 1. Metal or ceramic powders 
are injected into the gas stream (commonly referred to as the plume) and accelerated 
toward the surface to be coated. The molten particles build up the coating one 'splat' at a 
time. The plume temperature is controlled by the applied voltage and by the gas flow 
rate. Plasma spraying can be done in ambient conditions or in an inert atmosphere to 
prevent oxidation of the molten particle (Question 11). Sample 8 is a coating of Fe and 
Cr sprayed in ambient conditions. The coating consists ofiron and chrome 'splats' plus a 
certain volume of oxidized metal and porosity. Porosity is minimized with optimized 
plume conditions (not too hot or cold). The coating is used to prevent abrasive and 
erosive wear in paper making machinery. The coating must survive a sulphuric acid 
environment plus impingement of abrasive particles (Question 12). 

gas in 

Plasma 
Gun 

II. Non-ferrous alloys 

ETPCopper 

Plasma 
'plume' 

powder 
injectio n S ubstra te 

Figure 1. Schematic of plasma spray system 

Unalloyed copper is an important engineering metal. Because of its high electrical 
conductivity it is used extensively in the electronics industry. Copper also has excellent 
resistance to corrosion and high ductility, which allows for very fine wire to be created. 
Electrolytic tough pitch (ETP) copper is 99.9% pure. The remaining impurity is mainly 
oxygen. Sample 9 shows the structure of ETP copper. Oxygen is almost insoluable in 
copper. When the copper is cast the oxygen combines to form a CU20 eutectic 
compound. The eutectic composition has the lowest melting temperature thus, it is the 
last to solidify. The CuzO segregates to the grain boundaries upon solidification. When 
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copper is etched the oxides are revealed. The black areas are porosity, which is revealed 
by going in and out offocus while observing the microstruc1ure. Oxygen free copper 
would appear alI white under the microscope as no phase would be present to 'decorate' 
the grain boundaries (Question 13). Oxygen free copper is more expensive but has a 
higher electrical conductivity than ETP copper. 

Titanium 6AI 4V 

Titaniurn is also a very important engineering material. Titaniurn has been recognized as 
an element for 200 years, but only in the last 50 years has the metal gained strategic 
importance. Titaniurn has wide spread uses ranging from chemical processing equipment 
to surgical implants and prosthetic devices. However, aerospace applications, including 
structural components andjet engines, stiH account for the largest share oftitaniurn alloy 
use. 

Titaniurn, like iron, is an allotropic material. This means that it exists as two different 
crystal structures depending on temperature. From room temperature up to 883'C the 
structure is hexagonal close packed (HCP) and is denoted as alpha. Above 883'C the 
structure transforms to BCC and is denoted as beta. Alloying elements can be added that 
change the transformation temperature or even make beta iron stable at room 
temperature. This ability to manipulate the crystal struc1ure gives titaniurn tremendous 
versatility. Complex variations in microstructure are possible. This yields a wide range 
of properties where yield strength can range from 70 ksi to 250 ksi! This is strength 
comparable to alloy steel but with only 60% the density. 

A jet engine in the modem commercial airplane is quite an engineering marvel (Figure 
2). Sample 10 is a compressor blade from ajet engine. Figure 3 is a cross section ofa 
modem jet engine. Notice the compressor blades are on the front or 'cool' side ofthe 
engine. The compressor blades guide air into the combustion chamber or 'burner can' 
where fuel is injected and ignited. This creates a stream ofhot compressed gas which 
tums the turbine blades and then exits the rear ofthe engine. The titaniurn alloy contains 
6% alurninurn and 4% vanadiurn. The aluminurn stabilizes the alpha phase and adds 
ductility and reduces density. Vanadiurn stabilizes the beta phase alIowing it to exist at 
room temperature. Observe the microstructure, the white slightly elongated grains are a 
phase while the darker grains are equiaxed J3 phase. This combination of alpha and beta 
yields a tensile strength of 160 ksi. The compressor blades must endure thousands of 
hours of centrifugal forces and various foreign object impingement (hail, graveI, birds). 
(Question 14 & 15) 
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Figure 2. Cross-section of a 94 inch fan blade Pratt and Whitney 4000 axial flow 
turbine jet engine. (Courtesy of Pratt & Whitney) 

Nickel alloy 

Nickel based super alloys are used in high temperature environments. Nickel, unlike 
steel, maintains its strength to temperatures exceeding 2000° F and has excellent 
resistance to cOITosion. Steel on the other hand has very little strength at temperatures 
above 10000 F and poor cOITosion resistance. Sample 11 is a turbine blade from a jet 
engine. Recall that the turbine blades rotate as a result of hot compressed gasses. The 
turbine blades rotate at several thousand RPM, so they must endure both high 
temperature (2000° F) and centrifugal forces. Commercial aviation fuel contains sul fur, 
which is cOITosive to nickel at elevated temperatures. To improve the cOITosion 
resistance ofthe nickel the surface is alloyed with aluminum to form a nickel-aluminum 
intermetallic compound. Even with this protective coating some turbine blades will fail 
due to hot cOITosion. Sample Il was removed during a routine engine rebuilding and did 
not fail in service. (Question 16) 

Creep is the phenomena of deforrnation at elevated temperatures. There will be some 
increase in the size ofthe turbine blade due to thermal expansion, which is accounted for. 
Nickel is resistant to creep thanks to second phase particles that prevent grain boundary 
sliding. In order to maintain long terrn creep resistance the nickel is cast into a single 
crystal. Certain directions i.e. <110>, <001>, etc. have higher strength and resistance to 
deformation because ofthe way the atoms are arranged. Recall that polycrystalline 
materials are for the most part isotropic, (meaning they have similar properties in ali 
directions) this is due to the fact that the grains are oriented in different directions and the 
net result is an averaging of the properties. By using a single crystal the direction of 
greatest strength can be grown and oriented in the direction of greatest stress. (Question 
11) 
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Nickel is a very versatile metal, but it is expensive which limits its applications to those 
that can j ustify the expenditure. 

You have now completed the lab! You should have found ali the answers or deduced 
them from your engineering background. From looking at the different microstructures 
you can see how diverse metals can be. The one common theme that must be 
remembered is that structure determines properties. 
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Question Sheet 

1. Estimate the % pearlite in sample 1 and then determine the total carbon content. 

2. Given that pearlite consists of ferrite and Fe3C what type of mechanical properties 
would you expect (i.e. low strength, brittle, ductile, etc.)? 

3. Name the other major reason why a raii steel must have a minimum hardness (Rc =30) 
(it can't be too soft) 

4. What is the difference between hardness and hardenability? 

5. What properties are important in a gear that would justify the expense of case 
hardening? 

6. For samples 3 and 4 measure the carburization depth using the filar eyepiece. For 
sample 5 measure the depleted region. 

7. How does the microstructure of the case in Sample 4 differ from that of Sample 3? 
What is the advantage ofhaving said microstructure in Sample 4? 

8. What has happened to sample 5? What is different about its microstructure and why 
did it occur? 

9. From looking at the microstructure of cast iron speculate as to why it fractures in a 
brittle manner. 

10. How could the matrix ofthe ductile iron be altered to attain even greater strength 
(Think microstructure as a function ofheat treatment)? 

11. Describe the coating microstructure. What is the nominal thickness? 

12. How might the plasma spray process be used in the repair ofwom parts? (This 
process is very common in the aircraft industry) 

13. How does the presence of oxygen affect the electrical conductivity of copper? Why? 

14. What type ofproperties would be important for ajet engine component? 

15. Titanium alloys are said to be notch sensitive. What does this mean? 

16. Measure the thickness of the aluminumlnickel coating. 

17. What is missing in the microstructure ofthe single crystal turbine blade that was 
present in the other samples? 
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Answer Sheet 

1. Estimate the % pearlite in sample 1 and then detennine the total carbon content. 

There is roughly 50% pearlite in the microstructure. Carbon content is therefore 
0.50 x 0.8 wt% C in pearlite, which equa/es to 0.4 wt. % total carbon in the steel. 
Therefore the rebar sample is probably a 1040 steel. 

2. Given that pearlite consists offeITÎte and Fe3C what type ofmechanical properties 
would you expect (i.e. low strength, brittle, ductile, etc.)? 

Pearlite can be thought of as a composite which derives its strengthfrom both the 
ductile ferrite (matrix) and hard, brittle cementite (hardener). The net properties 
consist ofmoderate strength (lOO ksi yield strength), good ductility (elongation = 20-
30%) and good toughness and wear resistance. 

3. Name the other major reason why a raiI steel must have a minimum hardness (Re =30) 
(it can't be too soft) 

The rail must resist sliding (abrasive) wear from the wheel. In general gre ater hardness 
equates to gre ater wear resistance. lfthe rail is too hard however, there will be gre ater 
susceptibility to rolling contact fatigue. Thus a balance is achieved by utilizing 100% 
pearlite. 

4. What is the difference between hardness and hardenability? 

Hardness is a mechanical property that measures a material 's ability to resist 
deformation. Hardness is proportional to tensile strength in mosI cases. 
Hardenabilty is the ease at which martensite forms during the cooling process. A 
1020 steel has low hardenabilty because even water quenching will not produce 
100% martensite whereas a 1-2 inch thick 4340 steel will form martensite when air 
cooled. 

5. What properties are important in a gear that would justify the expense of case 
hardening? 

A gear needs to be tough but wear resistant. By carburizing the surface a hard, 
brittle structure is created. The high hardness equates to high sliding wear 
resistance. The majority of the gear is a pearlitic structure, which has good 
toughness (resistance to fracture) and machinabilty. 
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6. For samples 3 and 4 measure the carburization depth using the filar eyepiece. For 
sample 5 measure the depleted region. 

The values will vary depending on the samples. 

7. How does the microstructure ofthe case in Sample 4 differ from that ofSample 37 
What is the advantage ofhaving said microstructure in Sample 47 

Sample 3 was slow coo/ed after carburization resulting in a pearlitic matrix. Sample 
4 was quenched in water following carburization, whichformed a high carbon 
martensite. Martensite is much harder than pearlite and will be a more wear 
resistant structure. 

8. What has happened to sample 57 What is different about its microstructure and why 
did it occur7 

Sample 5 was exposed to an oxidizing atmosphere at an elevated temperature. The 
result is decarburization. Carbon in solution diffused and formed ca or C02 and left 
the system. The resulting structure is soft, ductile ferrite. Wear resistance will be 
severally reduced. 

9. From looking at the microstructure of cast iron speculate as to why it fractures in a 
brittle manner. 

The cast iron contains a large volume of graphite flakes. Graphite being very brittle 
is a non-load bearing structure and will act as a site for crack initiation. The shape 
oftheflakes creates stress risers, which exacerbate the overall brittle nature ofthe 
material. 

10. How could the matrix ofthe ductile iron be altered to attain even gre ater strength 
(Think microstructure as a function ofheat treatment)7 

Upon solidification the graphite willform as spheres in a matrix of austenite. The 
austenite will transform into pearlite, bainite, or martensite depending on cooling 
rate. A matrix ofbainite would provide higher strength than pearlite. (You may want 
to mention austempering at this point) Austempering is performed by quenching the 
cast iron to a temperature just above the martensite start temperature and holding. 
The transformed structure is a mixture of austenite andferrite, dubbed 'ausferrite. ' 
Ausferrite has toughness and strength comparable to cast steel. 
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Il. Describe the coating microstructure. What is the nominal thickness? 

The structure consists of 'splats ' of metal and oxide layers (gray regions). The 
coating is built up one splat at a time and can be thought of as a composite of metal 
and metal oxide. The coating thickness will depend on the sample. 

12. How might the plasma spray process be used in the repair of wom parts? (This 
process is very common in the aircraft industry) 

Components that have worn and are outside oftolerance can be built up again by the 
thermal spray process. Using powder or wire feed stock of the parent material the 
component is coated and then machined ar ground to final dimension. This process 
is much less expensive than total replacement ofthe component. 

13. How does the presence of oxygen affect the electrical conductivity of copper? Why? 

Oxygen reduces the conductivity by forming copper oxides (CU20). The copper 
oxides cause a discontinuity in the lattice, which scatters electrons. In general any 
impurity added to a pure metal will reduce the electrical conductivity. 

14. What type ofproperties would be important for ajet engine component? 

Ajet engine component needs to be light weight, strong, tough, and corrosion 
resistant. Price and ease of manufacture are also considerations. 

15. Titanium alloys are said to be notch sensitive. What does this mean? 

Notch sensitivity occurs when smal/ surface discontinuities or changes in geometry 
al/ow frac ture at stresses considerably lower than what would be predicted in a 
tensile test of a near perfect sample. For this reason surfacefinish is very important 
and care is taken to avoid designs which have inherent stress concentrations. 

16. Measure the thickness of the aluminum/nickel coating. 

The coating thickness will vary depending on the sample. 

17. What is missing in the microstructure of the single crystal turbille blade that was 
present in the other samples? 

There are no grain boundaries as the sample is a single grain. 
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Appendix 
Photomicrographs ofthe samples 

Sample 1. Steel reinforcing bar, 400x, Nital 
etch. 
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Sam le II Nickel alloy turbine blade, 400x 
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OXYGEN DIFFUSION INTO TITANIUM 

Aaron P. Broumas, Nick M. Degnan, Michael L. Meier 

Department of Chemical Engineering and Materials Science 
University of California, Davis 

Key Words: titanium, oxidation, microbardness, difIusion, solid solution strengtbening, 
activation energy 

Prerequisite Knowledge: basic knowledge of diffusion processes and bardness 

Objective: to measure Do and the activation energy for diffusion of oxygen into titanium 

Equipment: 
1. 
2. 
3. 
4. 

Introdllction: 

Ovens capable of reaching 900°C 
Metallographic specimen preparation equipment 
Microhardness tester 
Optical or scanning electron microscope 

Titanium is well koown for its excellent resistance to corrosion primarily duc to a passive 
oxide layer at the surf ace. When exposed to air at elevated temperatures, 300°C or more, 
this oxide layer will grow and simultaneously oxygen will diffuse into the metal. The 
oxygen atoms that do diffuse into the metal can occupy both interstitial and substitutional 
sites, making the material harder, and since the concentration of oxygen at the surface 
would be greater than concentration deeper into the metal it should be harder near the 
surface and softer in the interior. The correlation between the concentration profiIes and 
hardness profiles suggests that microhardness testing can be an effective tool in studying 
the oxygen difIusivity in titanium. 

The governing differential equation for diffusion, koown as Fick's second law, is: 

(1) 

where D is the diffusivity and C is the concentration of the diffusing species [1]. The 
solution to this differential equation, where surface concentrations are held ftxed and the 
diffusion medium is infmitely long, generates the concentration profile described by the 
equation 

(2) 
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where Co is the concentration at infinity, c, is the concentration at the surface, x is the 
distance from the surface, and t is the time. 

Rosa [2] has proposed using the following dimensionless correlation between hardness 
and oxygen concentration, 

H -Ha c-c 
<7:: a 

H, -Ha c, -Ca 
(3) 

where H refers to point hardness values, Ro refers to hardness values at infinity, and H, 
refers to hardness values at the surface. Substitution into equation 2 gives 

_H_-_H--,,--o oc 1--erf(_X-} 
H, -Ha 2JDi 

(4) 

By measuring the bardness values from the surface of the metal inward, a hardness 
profile that is scaled to the concentration profile can be generated. This means that 
instead ofusing complicated and expensive analytical machines to measure the oxygen 
concentrations directly, a microhardness tester can be used to measure these hardness 
profiles and ultimately to detennine the diffusivity. 

This experiment involves determining the activation energy and diffusion rate of oxygen 
into titanium from a series of microhardness profiles. Several aspects presented in 
materials science courses are ultimately covered in this experiment, three of which are 
high-temperature oxidation, diffusion, and solid-solution hardening. The goal ofthis 
experiment is to provide upper-division materials science laboratory courses with a 
relatively inexpensive procedure for measuring the diffusivity coefficients and activation 
energies while emphasizing fundamental issues of materials science. 

Proeedure: 
Material 
Commercially pure, 0.75-inch (19 rom) diametertitanium rods were used in this 
experiment. Pure titanium was used to avoid issues related to the presence of other 
alloying elements and, since it is an a alloy, there won't be any a-case to complicate 
matters. 

Heat Treating 
The temperature range used in this study range from 700 to 800°C. At roughly 89O"C, 
titanium transforms from a close-packed hexagonal a-phase to a body-centered cubic ~ 
phase, which remains stable to the melting temperature 1670°C. By limiting the 
temperature ofthe metal to just a single phase region during annealing, in this case the (I­
phase, we did not have to take into account the different diffusivities for the a and J3 
pbases and the moving a-~ pbase interface. 
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The O.75-inch (19 mm) diametertitanium pieces were cut into 0.75-inch (19 mm) long 
pieces and degreased with acetone and ethanol rinses. The samples were annealed in air 
at temperatures and times shown in table 1. 

Table 1. Annealing temperatures and times. 
~mple# 1 2 3 4 5 6 7 

rTemperature [C) 700 700 700 700 700 750 800 

:rime [hr) 20 50 100 200 500 100 100 

Metallography 
The annealed pieces were sectioned and mounted in Epomet mounting material, which is 
considerably harder than most mounting materials. This choice provided excellent edge 
retention, which is vital for accurate hardness data. The mounted specimens were then 
polished using 240, 320, 420, and 600 grit SiC abrasive papers, followed by intermediate 
polishing using 6 and then 3-micron diamond paste and finally 0.05 micron alumina on a 
vibratory polisher. 

Microhardness Testing 
A Kentron Micro Hardness Tester, equipped with a Knoop indenter, was used to measure 
hardness of the prepared specimens. Indentions were made using 100 grams load and a 
dwell time of 90 seconds. beginning from 30J.lll1 front the edge ofthe sample, 
approximately the width of one indentation. Additional indentions were roade in 
increments of 25.4 J.Ill1 toward the center until a depth of roughly 3 mm. A diagonal 
pattern was used so that many c10sely spaced readings, relative to the surface. could be 
roade. 

Figure 1 SEM image showing the microhardness indentations of a sample annealed at 800"C for 1 00 hours. 
Smaller indentations indicate higher hardness. 
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Results: 
Figure 1 shows typical microhardness indentions. Note that the excellent edge retention 
roade it possible to make measurements very close to the surface. Also note the diagonal 
pattern used. By distributing these indentations horizontally it was possible to space 
them close together vertically. 

Microhardness Profiles as a Function ojTime 
The hardness profiles for the samples heat treated at 700°C and for times up to SOO hours 
are shown in figure 2. Ro was calculated by averaging the flat-line portion of the 
hardness profiles and was determined to have a value of 47.2 KHN. li. and the 
diffusivity coefficient, D, were determined simultaneously by utilizing the "solver" utility 
in Excel and were determined to be 184.0 KHN and 1.14xlO,ll cm2/sec respectively. The 
constraining factor forthe solver application was minimization ofthe sum ofthe square 
of the differences between calculated and experimental hardness values. The resulting fit 
between the data points and the calculated profile yielded a root mean square error in the 
range of3.7 to 6.5 KHN. 
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Figure 2 Microhardness profiles for samples annealed at 700"C 

Microhardness Profiles as a Function ojTemperature 
In order to determine the activation energy of the system, annealing was done at three 
different temperatures, 700, 750 and 8000C and the annealing times were 100 hours each. 
The hardness profiles for two ofthese three samples are shown in figure 3. 

Unfortunately, at the beginning ofthis series ofmicrohardness tests the indenter was 
damaged. A new indenter was borrowed from another laboratory, but when it was used 
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to test a calibmtion standard the lengths ofthe indentations were half ofwhat they should 
have been. Therefore, a correction factor of 2 was used in these measurements. A new 
indenter will be purchased and these measurements wiII be repeated. 

Values for Ro and H. found from the 700°C profiles were carried over to the 750 and 
800°C profiles. Again, the "solver" component in Excel was used to determine vaIues of 
D for these profiles. The resulting fit between the data points and the calculated profile 
was exceIlent, with a root mean square error of 4.5 to 5.5 KHN. The diffusivity 
coefficients, D, forthe 750 and 800°C profiles, were 3.44xI0-ll and 9.76xlO-ll 

cm2/second respectively. 
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Figure 3 Microbardness profiles for samples annealed ai 750 and 800·C for 100 hours. 

Analysis of the Activation Energy 
The experimentally determined activation energy for oxygen diffusion in a-titanium was 
found to be 186 kJ/mol. The slope of InD vs. llT was used to determine this vaIue, and 
the linear equation that fits the three data points is shown in figure 4. The activation 
energy is in the range reporteei in the literature. 

Dm:ussion: 
Microhardness Profiles 
The hardness profiles generated by this experiment look just like concentration profiles. 
In fact, the correlations suggested by equations 3 and 4 are indeed reinforced by the plots 
shown in figures 3 and 4. Variables such as activation energies and diffusion coefficients 
found tbrough hardness testing can be used to predict the hardness values and therefore 
the relative concentration of oxygen at other temperatures, times, and depths. 
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The Stabi/ity of the Value of Ho 
Ha is the initial hardness of the material, before any oxygen difIusion bas taken place. 
Ha, however, can change due to other factors, such as recrystallization and grain growth. 
In this work annealed titanium was used to avoid this problem. Our results showed that 
for beat treatments done at 700"C and higber, and 20 hours and longer, the value of Ha 
did not cbange. It is possible that ifthis experiment is extended to lower temperatures 
and shorter times that it could change. 
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Figure 4 Arrbenius plot of the diffusivity 

Using Solver ta Find H" and D 
Using the solver capability of spreadsheets helped us to determine the hardness value at 
the surface, H., and the diffusion coefficients, D. These values, along with the value of 
Ha, were used in equation 4 to calculate the profiles. Using this numerical llppTOacb was 
necessary. It was not possible to measure H, for the reasons mentioned below. We were 
concerned about the possibility that this appr08cb could lead to multiple solutions. 
However, we had only two unknowns in a single equation, and we had 7 sets of data and 
a total of over 140 data points. The results tumed out to be very reasonable and the RMS 
error for ali 7 data sets was around 5 KHN, which is about the same as the scatter in the 
data. 

The hardness value at the smface would have been impossible to obtain since it would 
need an indentation right at the surface. Tbe diamond-sbaped indentions were roughly 25 
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J.LIIl wide, and our best atteInpt to place tbe indenter c10se to tbe edge would generate 
fractures tbat would reach tbe edge. The best way to solve tbis problem was to allow 
approximately 30 J.LIIl of relief from tbe edge. The surface hardness determines where tbe 
profiles begin, but tbe ditIusivity coefficient greatly influences tbe shape of tbe curve. 
The values for D and H. were automatically adjusted so that tbe calculated profiles fit as 
c10se as possible witb tbe experimental data points. Minimizing tbe sum oftbe difference 
between tbe calculated hardness (equation 4) and tbe experimental hardness for tbe 
profile(s) in each temperature group at fixed distances led to values for H. and D. For the 
cases ofthe 750 and 800"C, the value for H. found witb tbe 7()()"C profiles was used since 
it already provided tbe best fit for five profiles. The value ofD was determined 
numerically for each temperature. 

Activation Energies 
The activation energy found in this experiment is witbin tbe range of otber values cited in 
tbe Iiterature [2,4-7] and is very c10se to tbe value of Ti tracer diffusivity [8]. This 
suggests tbat the ditIusion of oxygen in a-Ti occurs by a substitutional vacancy 
mechanism. 

The table below lists tbe activation energies reported for earlier microhardness-based 
diffusivity studies as well as for otber methods, including tbe tracer diffusivities for pure 
titanium. 

Table 2. Activation energies for tbe ditIusivity of oxygen in titanium. 
Activation YearaDd 

IDvestigator Alloy Method EDergy RefereDce 
kJ/mol 

Present work CP-Ti Microhardness 186 2002 

Guptaand 
Ti-O. 2"% 
O-based Internalfriction 188 1962 [3] 

Weinig alloy 
Pratt et al Ti-3.5"%O Internal Friction 201 1954141 
Roe et al Ti75A Microhardness 140 1960 r51 
Rosa CP-Ti Microhardness 203 1970 r21 
Revyakin 150 1954 r61 
Tracer Diffusivity 
Dymentet al a - Ti44 Tracer 173 1968, [7] 

The experimental methods used in several oftbe investigations listed in table 1 were 
quite complex, requiring very expensive analytical machines. Our experiment shows 
how hardness testing can be used as an inexpensive method of determining the activation 
energies. 

Other Factors 
AII oftbe heat treatments were done in air, and while tbis might better represent typical 
service conditions, air contains four times as much nitrogen as oxygen. Nitrogen 
diffusion bas been addressed in other studies [8]. The activation energy of nitrogen 
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difIusion is similar to that for oxygen but its diffusion rate in the present temperature 
range is a factor of 4 lower than for oxygen. In general nitrogen does not seem to 
concern people as much as oxygen, perhaps because a thick layer of Ti02, not TiN, forms 
on the surface, and because of the lower diffusion rate. The matter was also not 
addressed here so that we could concentrate on a phenomenon that could be presented in 
a classroom setting. 

One other factor that intluences the results of these types of studies is the efIect the oxide 
itself has on the diffusivity. Once the oxide forms the value of c, changes from that of air 
to that of the oxide. Since the oxide forms immediately, c, probably never was equal to 
the oxygen concentration of air. This means that c, was probably constant and therefore 
Hs was probably constant. 

Conclusions: 
The results obtained here are similar to those reported in the literature. This experiment 
also incorporates a number of fundamental concepts, such as diffusion, solid solution 
strengthening, phase diagrams and practical skilIs such as heat treating, meta1lography, 
microhardness testing and data reduction. It is also a re1atively inexpensive experiment 
that can be dane as a group experiment. AII ofthese factors make it very attractive as an 
experiment for the teaching laboratory. 

It should be noted that the linear correlation may not be the best approximation. Data 
showing hardness as functions of oxygen concentration in pure titanium shows a slight 
nonlinear (concave down) relationship [9]. The nonlinear might not be enough to change 
the results significantly but a new analysis should be attempted. It would be interesting 
to split the students into two groups, ask each to use one ofthese approaches, and then 
compare the results and debate the merits of each. 

This experiment required us to tind new ways to analyze the data. The "solver" 
capabilities ofthe Excel spreadsheet alIowed us to solve for multiple unknowns using 
regression, which is not common in undergraduate education. 

An interesting side-benefit of this experiment is that aII of the specimens one would need 
to conduct an experiment on the kinetics of grain growth oftitanium are already 
prepared. AII that has to be done is to etch the samples and measure the grain sizes. 

FinalIy, similar experiments could be developed for other systems. We have shown here 
is that in certain cases microhardness testing can be used to investigate the diffusivity of 
materials. 
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Statistical Process Control: The Manufacturer's 
Best Friend 

Ransom West Douglas 
Program Director, Design Teclmology 

Norfolk State University 
Norfolk, Virginia 

Key Words: Control charts, continuous improvement, flow chart, process capability, and 
process improvement. 

Prerequisite Knowledge: Basic statistical concepts, variations, phases of statistical 
application, and tools of statistical process control. 

Objective: To demonstrate the application ofnon traditional SPC techniques in 
monitoring and controlling manufacturing processes involving lower production rates and 
smaller lot sizes. 

Introduction: Improvement of product quality in a manufacturing outfit utiJizing dual 
methods. Hidden causes for poor quality are identified through the use of a flow chart to 
provide the hasis for problem analysis. Traditional control charts for variables are not 
suitable under certain manufucturing environment, thus necessitating the application of 
non-conventional methods involving pre-control charts. 

Procedure: Lower production rates and smaJler lot sizes create a unique problem for the 
use of traditional SPC techniques. In this environment, there exist insufficient data to 
estimate the controllimits, process mean, and the process spread. To overcome this 
problem, pre-control and short run charts are recommended as they are appropriate for 
high capability processes. The pre-control chart is divided into five regions (fig. 1). 
The central green region, two yellow regions, one on each side ofthe green region., and 
two red regions on the outer side ofthe yeliow regions. This chart is used instead ofthe 
traditional process control chart when the process spread (60') is less than 70% ofthe blue 
print tolerance 
Of 6O'/(USL - LSL) = 0.7 
Cp = (USL - LSL)! (60') = 1/ 0.7 = 1.429 
USL - LSL = 6*1.429 = 8.570' 
Therefore, specification limits are 8.57/2 = 4.3cr away from the process mean. The green 
region covers the ±50% ofthe tolerance, making the boundaries ofthe green region 
equal ±2.15cr away from process mean. Each section of the yellow region is Yz as wide as 
the green region. The green plus the yeJlow regions cover the full width of the blue print 
tolerance. The red region indicate the out of specification region. 
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Please refer to the fOUT rules ofa pre-control chart on (fig.2). 
The assumptions of a pre-control charts are as follows: 
1. That the process follows a normal distribution 
2. That the process is highly capable, cp = 1.429 
3. That the specification limits are ± 4.30 
4. That the green region is bounded by ±2.1So with an area of 96. 84% ofthe nonnal 

distribution. 
5. That the probability of a part falling in one ofthe 2 yellow regions is 1.58% 
6. Thus, the probability ofboth the parts falling in the green region is 93.8%. The 

probability ofa part falling in the green and the other in the yellow is .9684*.0158 = 
0.0153. 

Comment: In 1oday' s tmbulent business environment where manufacturers of products 
are increasingly expected 10 improve the quality of their products, demands use of 
appropriate SPC tools. However, care must be taken 10 select the 100ls for a given 
manufacturing outfit. Job shop manufacturing environment would be more suitable for 
the use of pre-control SPC techniques. In a case study carried out at a defense 
contractor' s, to be shared with participants, it was found that pre-control charts are 
appropriate for use in a case oflower production rates and smaller lot sizes resulting in 
cycle-time reduction. 
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"MATERIALS FOR NEW DESIGNS, AND DESIGNING NEW MATERIALS. 
Paradigms Lost and Paradigms Found in the Changing World of Engineering Plastics" 
Leonard W. Fine, Department ofChemistry, Columbia University, New York, NY 10027 
and Sam Miller, Advanced Application Engineering, GE Plastics, Pittsfield, MA 01201. 

Abstract 
For those of us who will have spent most of OUT professionallives in the second half of 
the 20th century, we cannot faiI to see that entire century as a world oftransformations. 
Everything changed! And the rate of change accelerated through the century. For 
scientists and technologists, if there ever were classical textbook models for creating, 
designing, and building principles and practices for engineering the future, they have 
been transformed by the accelerating rate of change that is the benchmark of our times. 
And nowhere is that better illustrated than in the changing world of engineering plastics. 
This brief lesson from history suggests how some ideas and some things, and some ideas 
about things, have come together at the interface between research and education, and 
between teaching and leaming. 

Introduction 

Paradigm! The word Thomas Kuhn used to describe the intellectual order driving a 
scientific field or activity that is overthrown, convulsing, or shifting during a period of 
change. For my generation of scientists - growing to Manhood in the '60s under the 
impact of "The Structure of Scientific Revolutions (1962)" it is hard not to recognize 
parallels in technology. An existing order has the stability of a well-built model which 
gives us comfort with the understanding it brings. We know how things work or at least, 
are expected to work. A model! Sometimes mathematical. Sometimes economic. 
Sometimes scientific. Philosophical. Models help us understand. 

Kuhn will be remembered for teaching us .... 
1) that the processes of discovery and invention are intimately embedded in a larger 

framework ofhuman activity. 
2) that discoveries and inventions are the product not of some plodding rational 

process but ofhuman ingenuity intermingled with politics and personality. 
3) That science and technology are in the end social processes. 

In the plastic century that opened in 1902 with the invention of Bakelite, we have moved 
from a technics based on production and producers to one of consumption and 
consumers. The change-over has suddenly become evident. 

The implications for R&D in engineering plastics are timely to consider. Long 
before Bakelite, Adam Smith, the moral philosopher on whose ideas most modem 
economic theories were built, recognized that. .. "the fitness of any system or machine to 
produce the end for which it was intended, bestows a certain propriety and beauty upon 
the whole, and renders the very thought and contemplation of it agreeable." Adam Smith 
taught us that utility is one of the principal SOUTces of beauty! But something has 
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happened to Adam Smith's economic model that reduced science and invention to 
practiced technology in the market place. In spite of what Ecclesiastes teaches, there is 
something new under the Sun. The price and the profit are coupled to the aesthetic. And 
the driver of design has become the consumer - no longer, the producer - of products. 

From the Model T to the Mac 
Ford's Model T was revolutionary for its mass production methods. At the same time, a 
demanding public required rubber on the road that lasted for thousands of miles and the 
conveniences provided by of an assortment of Bakelite knobs, widgets, parts - in any 
color you wanted as long as it was black. 

Halfa century later, Steve Jobs and Steve Wozniak launched Apple Computer 
and hoped to fulfil a similar dream, revolutionizing the modem counterpart to the car, the 
computer. The Apple II that emerged a year later was the first ever commercial computer. 
It included color graphics for the first time, sported the Apple II DISK which was (at the 
time) the cheapest and easiest-to-use floppy drive available, and became the data storage 
device of choice among most scientists and technologists, especially the university 
crowd. And it had an alI plastic chassis, keys, and keyboard. 

In 1984, Apple Computer launched the Macintosh, featuring a user-friendly 
interface with a high-defmition screen, a mouse, and an integrated monitor and disk 
drive. The look was created not by scientists and engineers but rather by artists and 
designers. By product designers! And the Mac sported a radically different look (from the 
angular predecessor and competitor). There was something softer about the Mac. It had 
flowing lines, was a warm cream-color, and had the now classic icon-driven graphics 
interface. The Powerbook was launched in 1991. The PowerMac in 1994. 

Somewhere along the way Steve Jobs was forced out of the company he founded, 
in 1985, by successors who tried and failed to keep market share in the face of Microsoft, 
Windows and the PC. But without a doubt, plastics had a market. In 1996, Steve Jobs 
retumed to rebuild the nearly moribund Apple Computer. His genius insight? To take aII 
his "geek" computer and software engineers out of their backroom hangouts and move 
them into the front room where their customers hung out. He hired an industrial designf:r 
named Jonathan Ive and, as they say, the rest is history: the iMac; the iBook; the G3. 
Three computers that collectively sounded the death knell of the anonymous and 
essentially alienating dull-colored box and in its place a cool-100king design with an 
identifiable character that was understandable and familiar to the potential customer/us(:r. 
It was the first computer to have stylistically influenced and launched the design of 
families of products from tasking lamps to desk accessories. The paradigm had clearly 
shifted. 

Baekeland and Bakelite 
Long before there was polycarbonate, engineering plastics, or even"plastics," there was 
Bakelite, the invention (discovery) of an accomplished, well-trained Belgian chemist, one 
Leo Hendrik Baekeland. Trained and educated in his native country, at age 28 he already 
found himself Lecturer in Chemistry at the University of Ghent (1887). Shortly after 
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that, as a (now) rich and successful entrepreneur for having sold an improved 
photographic paper invention to George Eastman (1899). While dabbling in his garage 
chemistry laboratory at his home in the Bronx, he tumed his attention to reactions of 
phenol and fonnaldehyde. 

It was well-known at the time that phenol and fonnaldehyde would reaet but 
produce a hard, black, intractable and insoluble material that defied analysis. Baekeland 
reasoned that ifhe could vary the conditions and the quantities, and come up with a way 
of applying a coating to wood or wire, he might find a substitute for shellac, other 
vamishes, and insul ating wire coatings. In a series of experiments in mid-1907, 
Baekelund leamed howto manipulate the phenol-fonnaldehyde reation to produce a 
vamish and a solid, moldable resin. By 1908, with patent in hand, he announced to the 
world his discovery: 

"It makes excellent billiard balls ofwhich the elasticity is close to that ofivory, in 
short, it can be used for similar purposes like knobs, buttons, knife handles ... and 
many more applications for engineering purposes. 

By 1910, Baekelund had established the General Bakelite Corporation and the large scale 
production ofthis new, synthetic material. During the next 25 years, a generation of 
independent, entrepreneurial molders and extruders began doing what Grant Austen did 
in the fictional (1955) novel, "Cash McCall:." Re started a company in a bam with a 
rebuilt hydraulic press, spooning a carbolic-smeUing powder into the cavity before 
bringing the hot plattens together. When the press opened, a miracle had taken place. The 
powder had miraculously become the socket for an electric light bulb and he was in 
business. 

Central to Grant Austen's success was a powerfullogical structure connecting the 
four elements of polymer science: processing - structure - properties - perfonnance. 
Essentially ali polymer materials on their way from molecule to product undergo one or 
more processing steps: spinning; molding; casting; fonning. It is generally accepted that 
fmal material properties can vary drastically and dramatically with processing history. 
Design of processing equipment is itself a major industrial undertaking. 

Thomas Kuhn and Ris Paradigm 
It is interesting to speculate on the relative importance of new concepts and new tools in 
the progress of science and technology. Design has clearly become a force for change: a 
way to enhance perfonnance; a way to drive science and technology; and a way to create 
prosperity; maybe even the means to sustaining cultural advantage ... or creating cultural 
advantage ... in a competitive world 

In the early decades ofthe 20th century, PRODUCTION was the important focus; 
NOW, it is clearly CONSUPTION. Of course, production and consumption go hand-in­
hand with the difference being which is in the driver's seat - the original materials 
supplier (pRODUCTION) or the object-makers (CONSUMPTION). The paradigm has 
shifted. The relationship between users' needs and desires and the object are at the heart 
of our experience in our early 21st-century world. DESIGN is still the thing! But now we 
are aU included on the design tearn - consumers, producers, designers ... and scientists 
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and technologists - all shaping our worldly experience. Objects of desire (or necessity) 
can boldly announce that design is more than just a lifestyle issue. Design is a force for 
change: a way to enhance industry performance; a way to drive science and technology; 
and a way to create prosperity; maybe even the means to sustaining cultural advantage in 
a competitive world ... or creating cultural advantage. 

Kuhn rescued our understanding of science and technology from the mundane 
mechanical world of determinacy. He taught us why science and technology are exciting 
and unpredictable, getting beyond the "method" of science and the mechanical reduction 
of science to engineering practice. Kuhn taught us "The Structure of Scientific 
Revolutions." 

References 
1) The Structure of Scientific Revolutions (1969), by KUHN, Thomas S. 
2) Pioneer Plastic: The making and Selling ofCelluloid (1983), by FRlEDEL, Robert 
3) American Plastic: A Cultural History (1997), by MEIKLE, Jeffrey L. 
4) Three Hundred Years of Industrial Design (2000), by HEATH, Adrian and Ditte, and 

JENSEN, Aage Lund. 
5) Design ofthe 20th Century (1999), by FIELL, Charlotte and Peter. 

482 



BEAMS IN BENDING: AN 
INSTRUMENTED CLASSROOM 

DEMONSTRATOR 

Richard B. Griffin(1) 

Led Klosky(2) 

Reid Vander Schaa(2
) 

(IUepartment of Mechanical Engineering 
TexasA&M 

College Station, Texas 77843 

Telephone: 409-845-9779 
e-mail rgriffin@mengr.tamu.edu 

(2)Civil & Mechanical Engineering 
United States Military Academy 

West Point, New York 10996 

483 



Richard B. Griffin 

~·84 



Abstract 

Beams in Bending; an Instrumented Classroom Demonstrator 

Dr. Richard Griffm1
, Faculty 

Dr. Led Klosky, Faculty 
Capt. Reid Vander Schaaf, Faculty 
Civil & Mechanical Engineering 
United States Military Academy 
West Point, NY 10996 

In mechanics and/or material c1asses, students often struggle with the concept that 
both material properties and geometry may affect a materials response. A four-cantilever 
beam setup has been designed and developed to illustrate the effect that geometry and 
modulus of elasticity have on the strain measured in a beam. There are three aluminum 
beams and one steel beam contained in the fixture. The four beams are 1 in. x 1/8 in. 
(steel), 1 in. x 1/8 in. (Al), 1 in. x Y4 in (Al), and Y4 in. x 1 in. (Al) and about 16 inches 
long. Weights are hung from the end of the beam, and strain gauges are located 1 'li in. 
from the fixed end of the cantilever. The strain is measured as each load is placed on the 
cantilever beam. 

A comparison may be made between steel and aluminum at 1/8 in. in thickness, 
and the effect of material property is demonstrated. Then, the 1/8 in. aluminum can be 
compared to the Y4 in. thick aluminum beam, and now the effect of geometry can be 
observed. Finally, the fourth beam is tumed on edge so that the l-in. height is vertical, 
and a very dramatic effect on strain is observed. The unit can be brought to c1ass and used 
for either in c1ass demonstrations or can be made available for students to experiment 
with during, after, or before c1ass. 

1 Dr. Griffin was on sabbaticalleave at the United States Military Academy during the 2001- 2002 
academic year. He has retumed to Texas A&M University, MEEN Dept.-3123, College Station, TX 77843. 
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Key W ords: mechanics of materials, strength of materials, beam bending, cantilever 
beam, and material properties 

Prerequisite Knowledge 
Physics, statics, stresses and strains in beams, and strain gauges 

Objective 
This in-class demonstration enables a student to understand and compare the 

significance of geometry and material properties in the behavior of a beam under load. 

Equipment 
1. Beams ofvarious sizes see Table 1. 

Table 1 Dimensions moduli and moments of inertia for different beams , , 
Material Size, in. O x w x h) Modulus, psi 1= bh"'12, in4 

1 Steel (1018) 16~xlxl/8 30 x 10b 0.1628 x 10-3 

2 Alwninum (606IT6) 16\t2xlx1/8 10 x 10° 0.1628 x 10-3 

3 Aluminum (606IT6) 16 ~ x 1 x 1/4 10 x 10b 1.302 x 10-3 

4 Aluminum (606IT6) 16 ~ x 1/4 xl 10 x 10° 20.83 x 10-3 

2. Fixture for supporting the beams 
3. Load supporting fixture 
4. Weights 
5. Strain gauges 
6. Strain measuring equipment 
7. Dial indicators (optional) 

Cost depends on availability of strain measuring equipment. lf you have access to 
the strain measuring equipment, then the estimated cost would be about $50.00 in 
materials and about three days of machine room time. The strian mesuring components 
for installation in a computer that uses Lab View™ are about $1000 per module. 

Introduction 
Using demonstrations in the classroom helps those leamers who need something 

physical to connect theory with what is actua1ly happening. Over the past severa! rars 
the authors have developed a number of classroom demonstration devices. 1,2,3,4, In 
mechanics and materials classes students often struggle with the concept that an object's 
response to a load is controlled by either a material property or the geometry of the 
situation. The cantilevered beam device (CBD) described in this paper was developed to 
demonstrate,these differences. The CBD has been successfully used in a mechanics of 
materials class, where the device is brought to the classroom for demonstration or to havc: 
available for student's to experiment with. The current unit, shown in Figure 1, uses four 
beams, which are listed above in Table 1. Three of the beams have the l-inch dimension 
horizontal, while the fourth has the l-inch dimension in the vertical direction. lfbeams 
number 1 and 2 are compared, then the effect of material property may be demonstrated, 
while if numbers 2, 3 and 4 are compared the effect of geometry may be shown. The 
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detai1s ofthe device and its operation will be described in the following sections ofthe 
paper. 

DescriptiOD of Device 
The drawings for the canti1ever beam device are shown in Figure 1. Typical1y, 

ci.LRANCt HOLf rOR 1/4-20 0" rOf> Kl.U o. FlXTURE 4P:..ACES 

-------->lIj~AP 1/4-20 ~ J15 [)[EP 2 P\.AC[S 
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i !!.'hl~ -1 I ,~ "'~I tbi~,IM omo-{M;Er">G 
l' , , ~ I I I TAP 8OTTOIII HALF Of FIXTVRE FOR 1/4-20 4PlACES 

i--+==t---+--A--j-j-I-H--.€:>:.::"-""'" 

I 
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"""" , 

Figure 1. Drawings for the canti1ever beam device. 
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a l-lb. weight has been used for the load. Figure 2 shows the setup in the classroom. The 
midpoint for the strain gauges is located 1 'i2 in. from the fixed end ofthe cantilever. The 
strain readings vary from about 190 JlE for the steel to about 600 JlE units for the 
aluminum. Figure 3 shows the students gathered around the unit in the classroom. 

Figure 2. Cantilever beam setup in the classroom. 

Figure 3. Students gathered around the cantilever beam demonstration device. 

Theory 
One ofthe fundamental concepts in any introductory course in solid mechanics is 

the effect of geometry and material type on the behavior ofbeams in bending. For each 
ofthe beams shown, the shear and moment diagrams can be drawn by the students, 
allowingthem to find the moment, M, atthe location ofthe strain gage. The students 
should be led to noticing that the moment is unaffected by either the material type or the 
beam shape. This is because they are part ofthe force system, and are not stresses. The 
operative equation for computing the normal stress, O; in the direction ofthe strain gage 
(placed in the long direction on the beam), is: 

Mc 
(j=-

1 
Equation l 
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where 1 is the moment of inertia, (1/12)* bh3
, and c is the distance from the neutral axis to 

the strain gage. Of course, stress is not st:ra.in, and lTmust then be converted to strain, or 
microstrain depending on the strain readout device. This conversion is simply: 

lT 
ţie =-*1000 

E 
Equation 2 

Thus, students should be able to frrst draw the shear and moment diagrams for the 
real system they see, and then predict the resulting stresses and measurable strains. 
Additionally, it is possible for the students to predict and then measure deflections at 
various points on the beam based on widely-published beam deflection equations. 

Results 
Having the students calculate the expected change in strain after taking a strain 

reading on the frrst beam with the one-pound weight on it, is a very effective way to get 
the students to understand how much and why the material and the geometry of the 
beams in important. When comparing the strain readings made between steel and 
alurninum at 1/8 in. in thickness, we predict the strain in the aluminum will be three times 
higher, and the device demonstrates this, with a reading of approximately 190 !lE for the 
steel, and 600 !lE for the alurninum, see Table 2. Then, the effects of geometry can be 
observed by comparing the 1/8 in. alurninum to the Y. in. thick alurninum beam. We 
predict a reading eight time higher in the Y. inch beam, which the model illustrates with a 
reading of 600 !lE verses 72 !lE. Finally, the fourth beam is tumed on edge so that the 1-
inch height is vertical, and a very dramatic effect on strain is observed. The strain 
reading is one sixteenth ofthat on the flat Y. in. beam (beam 3), and 1/128 ofthe strain 
experienced by the 1/8 in. flat beam (beam 2). 

T bl 2 A a e ~pproxlmate stram v al ues or e ti th CBD 
Beams Strain Values (!lE) 

Steel: 1/8 in. thick 190 
Aluminum: 1/8 in thick 600 
Aluminum: '1. in. thick 72 
Aluminum: 1 in. thick 4 

Discussion 
In discussing the experiment with the students, Equations 1 and 2 can be used, 

and written as follows. 
Mc 

E=-
rE 

Equation 3 

If a comparison is made between steel and alurninum (1/8 in.) then the ratio of 
Equation 3 is about 1/3, which is what Table 2 illustrates. This clearly shows the effect of 
material properties. Similarly, ifthe ratio of steel and aluminum (1/4 in.) is considered 
then the ratio ofthe equations is about 1/8, which Table 1 illustrates. The questions can 
be posed to the students, and then the students may test their responses using the CBD. 
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Altematively, it is possible to measure the deflections and compare them with 
calculated values. or ask where would the loads need to be located for steel and 
aluminum to have the same maximum deflections. A wide variety of questions may be 
posed and the answers tested for. 

Assessment 
In fali 2002, 87 students were asked to assess the inc\ass CBD activity. Table 3 

gives their numerical responses to the question, "Should we keep the activity or send it to 
the scrap heap?" The scale was 1 to 5 with 5 being high and 1 being low. Another 
question asked the students, "Did the classroom demonstration make any difference in 
your understanding ofthe activity (CBD)?" Fifty-one (51) responded yes, twenty-six (26) 
responded no, and eight (8) students responded with somewhat. From this brief analysis, 
79% rated the experiment 32 or higher on the I to 5 scale, while 69% said either yes or 
somewhat to making a difference in their understanding ofthe CBD demonstration. 

Table 3 Student evaluation for CBD activity. 
No. of Students Points 

45 > or=4 
24 3 
18 <or=2 

Conclusions 
A cantilever beam setup has been designed and built that demonstrates the effect 

of material properties and geometry for steel and aluminum beams. The system is simple: 
to use and may be brought to the classroom. The CBD provides students with a visual 
way of observing the effect of the modulus of elasticity and the effect of geometry. 
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W. Richard Chung, Department ofChemical and Materials Engineering, San lose State 
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1000 

Abstract 

To many national park campers and mountain climbers saving their foods in a safe and 
unbreakable storage container without worrying being attacked by a bear is a 
challenging task. In some parks, the park rangers have mandated that park visitors rent 
a bear canister for their food storage. Commercially available bear cani sters are made 
of ABS plastic, weigh 2.8 pounds, and have a 180 cubic inch capacity for food storage. 
A new design with similar capacity was conducted in this study to reduce its weight and 
make it a stiffer and stronger canister. Two prototypes incorporating carbon prepreg 
with and without honeycomb constructions were manufactured using hand lay-up and 
vacuum bag fonning techniques. A 6061-T6-aluminum ring was machined to 
dimensions in order to reinforce the opening area ofthe canister. Physical properties 
(weight and volume) along with mechanical properties (flexural strength and specific 
allowable moment) ofthe newly fabricated cani sters are compared against the 
commercial ones. The composite canister weighs on1y 56% of the ABS one can 
withstand 9 times of the force greater. The advantages and limitations of using 
composite bear cani sters will be discussed in the presentation. 
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ASM International Foundation 

Educational Outreach Program Summary 

MATERIALS CAMP 
• Weeklong residential, hands-on learning. 
• Have a lot of FUN while becoming a "science detective" conducting a failure 

analysis investigation 
• High School students entering Junior or Senior year in the fali 
• Pre-requisites: chemistry, physics, algebra II 
• "Teach the Teacher" program for High School math / science teachers, held at 

University Michigan-Ann Arbor 
• FREE tuition, housing, meals, extra-curricular events 
• Competitive application process 
• Locations in Seattle, Cleveland and Toronto in 2003 
• World c1ass all-volunteer faculty "Materials Mentors 

K-12 TEACHERS 
• "Living in a Material World": $500 grants for use in c1assroom materials projects 
• High School Teachers MATERIALS CAMPs: Learn to use FUN, hands-on 

activities in math & science courses, focusing on materials 
• "Fun in Metals": a lively and entertaining video that introducing materials to the 

young and young at heart 

COLLEGE 
• 40 + Undergraduate scholarships from full tuition to $500 
• "LeaderShape" fuli scholarships: week-Iong leadership training emphasizing 

ethics 
• Metallurgy / Materials Yearbook: list ali colleges/universities that offer 

undergraduate and graduate degree programs in materials, ceramics and polymers. 
Complete "Who's Who .. "faculty directory 

• "QuickNotes": concise study guide on materials engineering 
• ASM Student Chapter grants 

SCIENCE FAIRS 
• 500 awards to "best Materials Project" world-wide distribution 
• Top 3 winners receive major cash grants and are invited to attend a MA TERIALS 

CAMP 

lVIDRE INFORMA nON: 
• Chuck Hayes, Executive Director 
• www.asmintemational.org/foundation 
• Phone: 1-800-336-5152 
• Fax: 440-338-4634 

497 





UNDERSTANDING MOTOR OPERATION 
BY 

BUILDING A SINGLE-POLE PULSE ELECTRIC 
MOTOR 

John A. Marshall 

School of Applied Science 
University of Southem Maine 

Gorham, Maine 04038 

Telephone 207-780-5447 
e-mail jmarshal@usm.maine.edu 

499 





Understanding Motor Operation 

by 

Building an Single-Pole Pulse Electric Motor 

Dr. John Marshall 
University of Southern Maine 

Gorham, ME 04038 

Key Words: Conductors, insulators, enamel, magnetism, electromagnet, motor 
principles. 

Prerequisite Knowledge: Basic knowledge of electricity and magnetism. 

Objective: To understand basic electric motor principles and the materials needed to 
convert electricity and magnetism into motion. 

Equipment: 

One 'D' cell alkaline battery 
One wide rubber band 
Two three inch lengths ofheavy gauge copper wire 
One rectangular ceramic magnet 
Heavy gauge magnet wire 
Fine sandpaper 
Needle-nosed pliers 

Introduction: 

This is a tremendous activity, originally developed by Beakman's World, which I 
have perfected over the past ten years ofteaching motor principles at the 
university level. Standard Radio Shack materials can be used. Heavy gauge 
copper wire is used to fabricate the coil cradle, and the cradle is attached to a 
standard "D" size battery with elastic bands. After winding the motor coil, we 
remove insulation from two locations with sandpaper and assemble the device. 

When the un-insulted parts of the coil make contact with the cradle, current flows 
through the coil, making it into an electromagnet. Since magnets attract, the coil 
attempts to align itselfwith the magnet. However, when the coil tums to face the 
magnet, contact is broken, and the magnetic field collapses. Inertia causes the 
coil to continue around until contact is reestablished and the process repeats itself. 
In other words, the motor revolves continuously. 

501 



Procedure: 

1. Start about 3 inches from the end of the magnet wire and wrap it seven times 
around the battery. Remove the battery and cut the wire, leaving a three-inch 
tail opposite the original starting point. Wrap the two tails around the coil so 
that the coil is held together and the two tails extend perpendicular to the coil. 

2. On one tail, use fine sandpaper to completely remove the insulation from the 
wire. On the other taii, lay the coil down flat and lightly sand off the 
insulation from the top half of the wire only. 

3. Using needle-nosed pliers, bend the two heavy copper wires. Form a cradle 
on one end that will hold the coil, and form a loop on the other end that wiH 
contact the battery. 

4. Use a rubber band to hold the loop ends to the terminals ofthe "O" ceH battery. 

5. Stick the ceramic magnet on the side of the battery between the attached 
copper wires. 

6. Place the coil in the cradle formed by the ends of the paper clips. You may have 
to give it agentle push to get it started, but it should begin to spin rapidly. 

Comments: 

Balance is important, so be sure to center the two tails on either side of the coii. 

If it doesn't spin, check to make sure that aH of the insulation has been removed 
from the wire ends. 

If it spins erraticaHy, make sure that the tails on the coil are centered on the sides 
ofthe coii. 

References: 

Beakman's Electric Motor 
Beakman's W orld Show 
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EXPERIMENTS WITH AN AC-DC DROPPING 
VOLTAGE WELDING POWER SOURCE 

Carlos E. Umana 
Consultant Engineer 
San Jose, Costa Rica 

KEY WORDS: Plasma, arc length, arc blow. 

PREREQUISITE KNOWLEDGE: The students should be familiar with welding 
equipment and instruments for electrical measurements. 

GENERAL OBJECTIVE: To familiarize students of a welding course with the arc 
behavior and the basic parameters of arc welding power sources. 

SPECIFIC OBJECTIVES: 
1. To experimentally obtain the characteristic voltage-current curves of a welding 

power source. 
2. To demonstrate the arc blow effect. 
3. To show the heat distribution between electrodes for AC versus DC mode 

operation. 
4. To establish the heat distribution between e1ectrodes for DC mode operation. 

EQUIPMENT AND SUPPLlES: (See figure 1) 

l. An AC-DC dropping voltage welding power source 
2. Welding helmets, preferable auto darkening helmets 
3. Two carbon electrodes about 1/4 inch diameter 
4. Two stands and clamps to hold the carbon electrodes 
5. Rubber bands to be used as e1ectrode insulators 
6. Two voltmeters 
7. A clamp-on current meter 
8. A plastic ruler 
9. A magnet 

PROCEDURE: (See figure 1) 

PART 1. 

1. Set up the connections as shown in figure 1. 
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2. Make sure the welding power source is off. 
3. Set the welding power source to AC mode. 
4. Alien and hold the electrodes with the clamps on the stands. Use rubber bands to 

isolate the electrodes from the clamps. 
5. At least four students are required to run the experiment. Student 1 will be in 

charge ofturning on and offthe power source and taking the open circuit voltage 
(OCV) readings. Student 2 will take care ofthe clamp-on current readings. Student 
4 will make the arc voltage readings and student 4 will be the leader who gives the 
instructions during the experiments and handle the electrodes to make the short 
circuit and start and end the arc. 

6. Set the nominal current on the power source. It is recomrnended to use the 
following currents: 40, 60, 80 and 100 amperes. 

7. With a plastic ruler set the required arc length by relocating the stands. It is 
recomrnended to use the following arc lengths for each nominal current: 6, 10, 12 
and 15 mrn. 

8. Students who will face the arc should cover their faces with welding helmets 
before tuming on the power source. Student 4 will execute step 10 to step 13 

9. Give order to turn on the power source and ask for an OCV reading. 
10. Tilt one stand until electrodes make contact with each other and ask for a short 

circuit current (Isc) reading. Make sure the stand does not slip. 
Il. While the arc is on, return the stand to its normal position and ask for simultaneous 

current and arc voltage readings. Use a table like the one shown in Table 1 to 
collect the data. 

12. Separate the electrodes and turn offthe power source. 
13. Repeat from step 7 until alI arc lengths have been tested. 
14. Repeat from step 6 until alI nominal currents have been tested. 

PART 2. 

1. On the AC mode set the welding power source to the highest nominal current used 
before. 

2. Set an arc length to about 8 mrn. 
3. Cover faces with welding helmets and give order to turn on the power source. 
4. Tilt one stand untiI electrodes make contact with each other, then return the stand 

to its normal position while the arc is ono 
5. Bring the magnet close to the arc and observe the arc behavior. 
6. Observe and compare the incandescence intensity on both electrodes. 
7. Change to the DC mode and set the welding power source to the highest nominal 

current used in part 1. 
8. Repeat from step 2 to step 6. 
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AC-DC WELDING 
POWER 
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t:} VOl:lMETER 
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k:ARBON 
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Figure 1. Experimental arrangement. 
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TABLE 1 

In [A] L [mm] Va [volts] Ia [A] Ise [A] 

6 

40 10 
12 
15 
6 

60 10 
12 
15 
6 

80 10 
12 
15 
6 

100 10 
12 
15 

RESULTS AND DISCUSSION: 

For every nominal current plot the OCV at zero current and the average short circuit 
current at zero voltage. A1so p10t Va versus la and trace curves as shown schematically in 
figure 2. Each curve simu1ates the actual manual welding operation and describes how the 
machine reacts to a variation of arc lengths. The shorter the arc the higher the current and 
viceversa. Curves are steeper for lower nominal currents. 

Figure 2. Schematic dropping 
voltage-current curves. 

v ,---------------------------, 

ocv 
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The magnet test shows how the DC arc can be affected by a magnetic field. This effect 
makes the welding process difficult and increases the possibility of weld defects. 

For AC current heat distribution is uniform in both electrodes. Both show the same 
incandescence intensity. On the other hand for DC mode the anode or positive electrode 
generates more heat than the cathode (-) as can be deduced from differences in 
incandescence intensity between electrodes. This result only applies to carbon electrode 
arc in air and should not be taken as a rule, the anode is not always the hottest electrode 
due to the fact that heat distribution between anode and cathode depends on the kind of 
electrodes and the type of atmosphere. As can be deduced from these experiment, polarity 
is therefore a very important parameter in DC welding processes. 

INSTRUCTOR NOTES: 

Extreme precautions should be taken in order to avoid accidental eye arc exposure and 
bums caused by touching hot electrodes. 

REFERENCES: 

1. The Procedure Hand book of Arc Welding, The Lincoln Electric Company:, 12th ed., 
1973. 

th 2. Metals Handbook, VoI. 6, ASM, 8 ed.,1971. 
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Abstract for National Educators Workshop 

FACT: Did you know that California students tied for dead last among the 50 states in 
the most recent national assessment of science education? 

Science Buddies is a peer e-mentoring program for Bay Area middle and high school 
students with a fun, hands-on approach to science and access to science-related career 
role models. The goal is for students to complete a science fair project and to enter it in a 
local science fair. 

How Science Buddies is unique: 
l. PEER mentoring: Students help other students. High school "Mentors" are 

trained to take the lead in guiding the less experienced student who does the 
actual project. The team "Advisor" (usually a science professional) serves as 
backup and sometimes takes a more active role when necessary. 

2. CONVENIENT e-mentoring: All team interaction takes place via an online 
message board monitored by Science Buddies staff. Check in anytime, anywhere 
there's Internet access. 

3. FRAMEWORKED: The interactive Web site leads students through a step-by­
step project framework, places how-to information at their fmgertips, and 
provides samples. 

Each Advisor is matched with a student team (a middle schooler and a high school 
Mentor) interested in the Advisor's area. The Advisor helps them refine a topic suitable to 
their skillievei that leverages the Advisor's background. 

What Science Buddies looks for in Advisors: 
• Desire to foster interest in the sciences at a pivotal age. 
• Wish to give back to the community in a way that doesn't take a lot oftime but 

has high value. 
• Has a science or engineering background by education and/or profession. 
• Accesses the Internet and email on a regular basis. 

For more information, visit www.sciencebuddies.org. 

Contact: 

Gina Han, Program Director 
gina@sciencebuddies.org 
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