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	RECOGNIZE THAT YOU AND YOUR COLLEAGUES ARE NOT FAMILIAR WITH MOST OF THE EQUIPMENT IN THE MATERIALS LABORATORY (OR ANY OTHER LABORATORY). VERY CONSIDERABLE DAMAGE TO YOU (OR TO THE EQUIPMENT)  MAY  OCCUR IF YOU "PLAY" WITH EQUIPMENT.

SOME PIECES ARE CAPABLE OF STORING VAST AND UNSEEN QUANTITIES OF POTENTIAL AND/OR KINETIC ENERGY IN A VARIETY OF FORMS (MECHANICAL, ELECTRICAL, THERMAL, CHEMICAL). IF IT SHOULD BE UNEXPECTEDLY RELEASED IN YOUR PRESENCE BECAUSE YOU "TWIDDLED" A KNOB, "FLICKED" A SWITCH, OR "FORCED" A LEVER, THEN ....

(Considerable damage has been caused this way to equipment in X1020, and some students have come close to serious injury).

IF YOU ARE CURIOUS (AS YOU SHOULD BE), THEN ASK THE RESIDENT TECHNICIAN BEFORE YOU ACT. A "DUMB" QUESTION MIGHT BE THE SMARTEST ONE THAT YOU WILL EVER ASK.


FORMAT OF THE LABORATORY NOTES
Laboratory notes
Each student is expected to keep a laboratory notebook, as was the case in Engineering 2205  Chemistry and Physics of Engineering Materials I.  You are expected to prepare your notes during the laboratory period.  Your laboratory notes should enable you, and anyone else, to determine what you did during the laboratory session, even after some time has elapsed. You should sketch the equipment, note exactly what you did, and record all measurements, with the appropriate units. In experiments where you will be able to take repeated readings, do so, to enable you to treat the results statistically. All of this should be completed during the laboratory period, with none of it left for a later time.

While your notes should be legible, they need not be super-neat. You will be expected to write in ink, except for drawings and graphs. Items can be crossed out or redrawn, and comments added beside items previously recorded. You will be judged on how readily it can be ascertained from your notes what you did and observed, assuming that the reader had no previous knowledge of that. Under no circumstances is it acceptable to rewrite a laboratory note book.  

If a chart is produced in your experiment, then attach all the charts to the notes made by one member of the group. Xerox copies can be readily made of the most pertinent parts of a chart for the notes of other members of a group. Make sure the relevant calibrations and scales are recorded on each chart. Each member of a group should show all information, i.e. sketches, descriptions of equipment, comments, data, etc. in his or her notes. Any transcription of data from one set of notes to another should be done before leaving the laboratory session. 

You are expected to attend the whole laboratory session and perform whatever analysis of the measurements is needed at that time.
You are required to submit the lab reports within the scheduled time of the lab, before leaving.

Laboratory exercises.
LAB 1. Thermal expansion of steel

LAB 2. Work hardening and annealing of copper

LAB 3. Heat treatment of carbon steel

LAB 4. Mechanical properties of ductile and brittle polymers

Demonstrations
D1. The determination of KIC, plane strain fracture toughness

D2. The Charpy fracture toughness of steel

The demonstrations will take place at times to be announced

GUIDELINES FOR THE EXPERIMENTS
LAB 1. Thermal expansion of steel
The experiment
You will measure the Linear Coefficient of Thermal Expansion of a metal, in this case steel. 

The principle is simple: You heat up a steel tube and measure the change in length. However, since the change in length is quite small, of the order of one-thousandth of one percent per degree, an accurate measurement can be quite tricky. 

An electrically heated cartridge is inserted into the centre of the steel tube. By varying the voltage supplied, you adjust the amount of heat produced. The temperature of the tube will greatest in the middle portion closest to the cartridge and cooler at its ends. Therefore, different parts of the tube will expand differently. You will be able to measure the temperature at five points along the tube using type K (chromel-alumel) thermocouples connected to a calibrated meter and so deduce, by inter- and extrapolation, the temperature at other locations along the tube. The thermocouples are connected via a selector switch to a meter calibrated by the makers for the K-type thermocouples you are using. 

You may find the equipment already assembled from a previous laboratory session. You will then have to remove the steel tube and pour out the insulation into the beaker provided before you can start. The thermocouples are inserted in the holes provided in the steel tube. Note which hole each thermocouple goes into. measure also the locations of the holes. Clamps are provided for holding the thermocouple tips in place. After (re)placing the tube, with thermocouples and heater, in its box, fill up the box with insulation.

As the tube expands it pushes against a pin attached to one end of the long beam, the end closest to the beam pivot. By observing the motion of the other end of the beam with a traveling microscope, you get a measure of the expansion of the tube. The beam pivot is on a copper pillar cooled by cold water from a tap. This ensures that any heat from the steel tube does not affect position of the pivot. TAKE GREAT CARE WITH THE BEAM, which you place on its support. 
Treat the traveling microscope with care.

Measure the position of the  scribed mark on the beam before you apply any heat and then turn up the voltage to the heater to about 50 volts and watch what happens to the beam, following any motion with the microscope, and the temperatures registered by the thermocouples. Record the initial temperatures of the thermocouples and aim at a temperature between 250 and 300oC in the centre of the tube for the second set of readings. If the temperature does not appear to be going to reach the above range in the time available, turn up the voltage a bit. Once the maximum temperature has reached between 200 and 300oC you may have to turn down the power to slow down the temperature change. You cannot read all the thermocouples accurately if the temperature is changing quickly.

Guidelines for notes
Sketch the equipment, showing the important parts, if necessary in cross-section. The sketch does not have to be to scale, but before you finish this session note on it, or beside it, the important dimensions. make sure you have considered carefully which dimensions are important. Note the lever ratio, i.e the ratio of the distances between the two ends of the beam and pivot (actually the pin to the pivot and the other end to the pivot). Take care not to touch the beam once you have measured its initial position and have started to heat the tube. 
Note how you measured the temperature, note the kind of thermocouple used. Make sure you have noted the position of the beam in the microscope, before you turn on the cartridge heater. Record the temperatures and the microscope readings  several times at the higher times to show that the temperatures and length are stable then.

Comments and hints on the use of the data
The coefficient of thermal expansion, α, can be taken to be a constant (i.e. not affected by temperature) over the temperature range you are dealing with. That is, for every portion of the steel tube the change in length of that portion is proportional to the temperature increase of that portion. 

You will have measured the temperature increase at several locations in the steel tube and can extrapolate to obtain an estimate of the temperature at the ends of the tube, and so you can construct a graph showing approximately the temperature along the whole length of the tube at the time you measured the change in length of the whole tube. We can write for any portion, length  l, of the tube, that the change, Δl, in length, for a change, Δθ,   in temperature

of that portion.
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Your task then is to divide the tube into appropriate portions along all its length, estimate the temperature increase for each portion, and thus the relative contribution of the length increase of each portion to the overall length increase. 

This contribution will be proportional to the length of that portion and proportional to the temperature increase of that portion, and therefore to the product of these two terms and the coefficient of thermal expansion: 

portion length x temperature increase x α 

Write down the sum of expressions like this for all the portions you have along the length of the tube and set this sum equal to the length change you measured. From that you can deduce the value of α   since it will appear in every term in the sum.

LAB 2. Work hardening and annealing of copper
The experiment
You will be deforming annealed copper and studying the correlation of hardness and the amount of cold-work.

You are supplied with one strip of copper which has already been annealed. Measure the hardness of the copper in this state. You then pass the piece between two steel rollers set so that the gap between them is somewhat smaller than the thickness of the copper strip. This deforms the copper so that the thickness is close to the gap. You then reset the gap to a smaller value and repeat the deformation, and repeat this until the copper cannot be deformed any further. After each rolling operation you determine the amount of deformation produced by measuring the dimensions of the strip and you determine the hardness of the copper.

There are separate instructions by the rolling mill with details on how to set up and check its setting, with recommendations on the amount of reduction to use each time. 

All groups use the Rockwell hardness tester for the measurement of hardness, so you will also take turns on the hardness tester. This tester has several scale ranges, none of which exceeds 100. Each range is achieved using a particular weight and indenter, as explained in the instructions beside the tester, on the wall chart near it, and listed on the tester (and in your text, p.130). Calibration pieces of metal. i.e. pieces for which the hardness is already known are provided for you, so that you can check your technique.

TAKE THE TIME TO READ THE INSTRUCTIONS PROVIDED FOR THE ROCKWELL HARDNESS TESTER. DO NOT RELY SOLELY ON VERBAL INSTRUCTIONS. ALTHOUGH THIS LOOKS LIKE A RUGGED PIECE OF EQUIPMENT, IT IS A DELICATE INSTRUMENT.
You will probably have to use the F scale initially, and possibly throughout this session. Be sure that the indication on the tester dial has not exceeded the limits of the range you are using. Take several readings at several locations on you strip each time.

When you have reached the maximum amount of deformation possible, the copper strip goes back in a furnace for approximately 20 minutes to re-anneal it. Then measure the hardness again.

Guidelines for notes
Sketch the rolling mill and the copper test pieces.

Note all the original dimensions of the test pieces and the hardness values for them. Do the same after each pass of the copper pieces through the mill, and after the final re-annealing.

Record the type of hardness tester and scale used. Record all the test values, not just the average.

It can be helpful to (plot( the hardness (y-axis) versus a change in one of dimensions  as the test proceeds

Note, however, that the definition of percent cold work in equation 7.6 relates to extension by tension (pulling) as in a tensile test. You cannot use this definition in this experiment. Think about how your specimen changes its shape during rolling in this experiment, and how this relates to cold work in this case, and why it is better to use the change in thickness or change in width, not the change in cross-sectional area,  as an indication of cold work!

LAB 3. Heat treatment of carbon steel
The experiment
Using a Brinell hardness tester, you will study the hardening of medium carbon steel by quenching (cooling rapidly) from the austenitic temperature range, comparing the high hardness produced this way with the low hardness produced by annealing (cooling slowly). 

Two small cylindrical coupons are provided. They have been cut from a round bar of 1045 steel and so have an identical composition. Both coupons are heated to about 850oC long enough to allow all the steel to change into austenite, the stable form of the steel at that temperature. Rapid cooling from that temperature produces a hard material, while slow cooling allows transformation to a soft structure. Since slow cooling takes time you will be given a piece which has already been allowed to cool, while you will do the fast cooling of a piece by taking it from the furnace and plunging it into a bath of oil. You will then measure the hardness of both pieces, after cleaning and grinding the surface, as required.

Go first to the furnace room to observe the placing of some test pieces in the furnace. You will also be given a test piece which has been annealed by cooling in the furnace on a previous occasion. Your next task is to clean the test piece you are given, if it has any scale, and polish one surface in preparation for hardness testing. There is a set of emery papers in water lubricated holders in the lab for this purpose. Your following  task is to measure the hardness using the one annealed test sample you have. 

In the Brinell test the area of an indentation produced at a standard load is measured. The ASTM instructions for this test are provided. You will be using a 10mm diameter ball as the indenter and a load of 1500kg. The diameter of the indentation is measured with a traveling microscope. 

BE CAREFUL NOT TO EXCEED THE LOAD FOR THE BRINELL TEST (1500KGF) AND MAKE SURE THE SCREEN IS CLOSED WHEN THE HYDRAULIC PRESS IS IN USE. A BRITTLE TEST PIECE MAY SHATTER UNEXPECTEDLY!

Once you have completed your tests  on the previously annealed test piece you will supervised in the quenching of a piece taken from the furnace, where it will have been about one hour. You will then clean and polish the quenched test piece and measure its hardness.

Guidelines for notes
Note what you and the technician or instructor do with the test pieces, including surface preparation.

You will record the indentation diameters in the Brinell test, and describe how the test was conducted.

LAB 4. Mechanical properties of ductile and brittle polymers
The experiment
You will measure the elastic modulus, yield or fracture stress, and study stress relaxation in two polymers, one ductile the other brittle.

The Hounsfield tensometer is a standard instrument, but it has been modified to provide an electrical indication of the load, while you control the extension. The electrical load indication is provided by strain gauges affixed to a beam which deflects slightly as a load is applied to it. The bending of the beam causes the strain gauges to stretch or shorten, depending on the side of the beam to which they are attached. This increases or decreases the resistance of the strain gauges, which are connected in a Wheatstone Bridge, producing a change in the voltage between two points in the bridge. The load indication equipment. i.e. the combination of beam, strain gauges, power supply and amplifier has been calibrated by applying a known load. You will have to calibrate the extension, by noting how much movement a turn of each handle produces in the moving grip. To do this accurately you will have to measure the motion produced after many turns. Before starting the tests you must also measure the relevant dimensions of the test pieces, in order to be able to determine stress and engineering strain. Note that only the central portion will extend, so you will have to record how long this portion is (the gauge length), as well as the width and thickness.

With each specimen you should record the load produced as you continuously increase the extension well beyond the yield point, or until fracture occurs. If you find that you have used too large load increments at the beginning of the test to get a reliable measure of Young's modulus you can repeat the test with smaller load increments. You should have no difficulty determining the yield or fracture load in the first test. Having determined the yield or fracture load/extension on the initial test piece, or pieces, use a final specimen for a study of stress relaxation. On this specimen take the load to about one-half  of the yield or fracture load and hold it at constant extension while you record the load, Initially at intervals of one minute, then when the load no longer changes very rapidly at intervals for about 5 minutes, for a total of 20 minutes.

This laboratory exercise can take a long time, so ensure that complete the tests on the first material before two hours have passed.

Guidelines for notes
Although the Hounsfield is a standard piece of equipment, it is not widely known  and so you should make a sketch of it showing clearly its basic principles. You will also have to sketch the test pieces and measure the pertinent dimensions. You will be applying the extension to the test pieces by turning a crank. Note how much movement of the grip each turn of the handle corresponds to. Note the calibration of the load indicator. Note the load produced as you proceed through each turn, or other step, in the extension of the test piece, and during the period of constant extension.

LAB 5. Metallography
The task
In this session you will prepare a specimen of carbon steel for examination under the microscope, which will allow you to determine what heat treatment the steel  has had and, depending on the treatment, you may be able to estimate the amount of carbon in the steel. To do this you will have to be able to recognize the structures which your metallographic examination will show to be present in the steel.

Each group will be given a piece of steel identified by some number or letter combination. Each group will have a piece differing in history and structure from the pieces given to other groups. Note the label on your piece.

The first step is to mount the specimen in plastic to make it easier to hold and produce a flat polished surface on it. Include a label with your group number in or on the plastic.

The next step is to grind away a portion of the specimen, to remove a distorted surface layer where it was cut. You then use a series of emery coated abrasive papers, each with progressively finer grit, in each case to grind away the distorted surface layer left by the previous stage in grinding. As he grit gets finer there is a decrease in the thickness of the distorted layer produced at that stage after removing the distorted layer from the previous stage. In all these stages the grit is lubricated an cooled with running water. The process continues with polishing with at least two stages of fine diamond powder as abrasive on a rotating cloth surface.  Kerosene is the lubricant and coolant for these operations. 

Once the grinding and polishing stages with abrasives are complete,  the distorted surface layer is thin enough to be removed by etching with a mixture of nitric acid and methanol called nital. This leaves a surface showing a cross-section of the grain structure of the metal, where the grain boundaries and other features are revealed by the different rates at which the different structures have been etched.

It takes some skill, practice, and patience, to produce a good polish and etch, and you will get advice and guidance from the instructor and technician before and during your first attempts.

An important precaution is to make sure that the grit used at one stage is washed completely off the specimen  before the next stage. If you don(t, you will fail to produce a scratch free surface and, when you reach the stage of using diamond paste,  you will  probably ruin the polishing pads by contaminating them with grit larger than intended for them.
Water is used for rinsing after grinding with water-lubricated emery paper, and petroleum ether after polishing with kerosene-lubricated  diamond paste. Running water is used briefly to rinse away the nital to stop the etching at the appropriate point, followed immediately by a rinse with methanol to remove the water, and a hot air blast to evaporate the methanol and dry the specimen. Hot air is essential as otherwise the evaporation of methanol can cool the specimen sufficiently for moisture in the air to condense in droplets on the surface which will leave stains due to a little bit of rusting. 

Ref. Section 4.9 (pp 82-83)

DEMONSTRATIONS
D1. The determination of KIC, plane strain fracture toughness
The experiment
The point if this test is to determine the steady stress level at which an existing crack in a structural or machine component will grow rapidly and cause catastrophic failure. In practice such a crack may be a manufacturing fault or develop during service due, for instance, to fatigue or corrosion, or both. 

In the test specimen the crack is produced by fatigue at a machined notch by placing the specimen under a cyclically varying load until a fatigue crack is formed. Once a suitable crack is formed the stress at which it propagates is determined by subjecting the specimen to a steadily increasing tensile force until it fractures. Equation 8.11 is an example of a relationship between critical crack depth, a, and a critical stress, σ, at which to expect a crack to propagate. The test is used to determine at least one combination of crack depth and stress which is critical and hence the value of  KIC, the plane strain fracture toughness, for the material. The same equation can then be used with the same value of KIC, to determine the critical stress at which a crack will propagate rapidly for any particular crack size , or the critical crack size for any stress.

You will see how the fatigue crack is produced and how the cracked specimen is tested to failure in tension, using tension-compression test equipment which is operated under hydraulic power under servo-control, which is  more sophisticated  test equipment than the screw driven test frames, manually or electrically powered, which you have seen in this and the previous course.

Reference: pp189-199

No student report required, but this is potential examination topic.

D2. The Charpy fracture toughness of steel

The experiment
You will observe the Charpy impact test on steel and see the variation of work to fracture with temperature of the material.

In this test the test pieces are bars with a square cross-section, with a notch machined into one side half way along the bar. The bar is placed on a bracket in such a way that it is struck by a heavy weight at the point in line with the notch on the opposite face of the bar, so that any fracture occurring will start at the notch and propagate across the bar from the notch. If the material is very ductile the bar may only bend to the extent that it can pass through the bracket under the force of the impact. If the material is brittle it breaks into two pieces, both of which are usually carried through the bracket by the force of the impact.

The weight which hits the test piece is on a pendulum, which can be released from one of two raised positions to the right as you look at our impact tester. A pointer rides with the pendulum as it swings to the left, but does not follow it back on the subsequent swing to the right. The pointer thus shows the highest point reached by the pendulum in its swing upwards on the left. If no specimen is placed in the way the pendulum swings through the test piece bracket to a position on the left which is at almost the same height as the start position on the right. Any energy lost due to friction in the  pendulum pivot is allowed for in the scale for the upward swing on  the left and the pendulum should reach the zero mark on the relevant left hand scale if it does not encounter a test piece. (This is something to check before a test).

When the pendulum encounters a test piece, the energy lost in bending and breaking the specimen results in a reduced swing upwards on the left. The point reached on the relevant scale on the left indicates the energy lost, i.e. the work done in bending and breaking the test piece. The less work done the more readily a fracture propagates in the material. This depends on the material and the temperature, with the work done in bending and fracture usually decreasing markedly at some transition temperature.

Fracture is produced here at a high rate of deformation, much faster than can normally be achieved in the usual tensile test. This test correlates well with the tendency for fractures to propagate in steel structures, notably ships and pipelines, and is particularly useful for the selection of steel which has to resist fracture propagation at low temperatures, which means that the work to fracture must be sufficiently high, and the transition temperature of the steel below anticipated service temperatures.

Reference: Text, pp. 199-203.

No laboratory notes are required, but this is a potential assignment and examination topic, and you could find it useful to take notes.
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