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Prerequisite Knowledge: basic understanding of equilibrium phase diagrams, eutectic reactions,
and temperature measurement using thermocouples.

Objective: In this experiment the cooling curve method is employed to determine the transformation
temperatures for a series of Bi/Sn samples. These results are then used to construct an equilibrium
phase diagram and this phase diagram is then used to determine the composition of a sample whose
composition is unknown. This experiment also provides an introduction to digital data acquisition,
temperature measurement using thermocouples, and the use of spreadsheets in analyzing
experimental data.

Equipment and Materials: The following is a list of the types equipment that may be used in this
experiment. Please make sure you have everything you need before starting the experiment and note
exactly what type of equipment you will be using.

A heater capable of heating the test tubes to 400°C

Test tubes to hold the samples

Tongs for handling the hot test tubes

Electronic balance with 0.01 gram sensitivity

Weigh boats and two spoons

Insulated beakers (600 ml beakers filled with glass or ceramic wool)

Thermocouples with extension wires and reference junctions

DMM/scanner connected to a computer or another type of data acquisition system capable of
measuring temperature using thermocouples

Containers for disposing of the samples and the test tubes

10. Pure metals which are in either a granular or shot form. Note the type of metals used, their
manufacturers, purities, form and part numbers
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Introduction: Equilibrium phase diagrams are one of the single most useful tools of a materials
scientist and engineer. As maps of the temperature ranges and solubility limits of each known phase
in the alloy system, including compounds, they are obviously useful to metal casters, heat treaters
and ceramicists and are an invaluable tool in alloy design, in the development of high-temperature
superconductors and in investigations of practically any temperature-dependent property. To one
who is familiar with how these diagrams are generated and especially to those who calculate phase
diagrams they are also representations of a number basic thermodynamic properties and in
themselves contribute to a better understanding of engineering materials.



There are a number of methods available for establishing a phase diagram. One, high-temperature
x-ray diffraction, allows one to make direct measurements of the changes in structure at temperature,
allowing one to study the details of the crystallographic aspects of phase transformations. Electron
diffraction, done using a transmission electron microscope, can be used to obtain similar results but
at very high magnifications, allowing one to locate and identify very small precipitates of the new
phase. But the most commonly used methods are based on thermal analysis. These include
differential scanning calorimetry (DSC) which measures the heat energy expelled or adsorbed by
the sample as it undergoes phase transformations and differential thermal analysis (DTA) which
carefully measures changes in heating or cooling behavior as compared to a reference material.
Both of these can also be used to measure fundamental thermodynamic quantities such as heat
capacity, enthalpy and entropy. Dilatometry is another thermal analysis technique which is widely
used to measure the coefficient of thermal expansion but can also determine a transformation
temperature by detecting the sudden change in volume due to the density change associated with a
phase transformation. In general, one can devise any number of bulk and microanalysis-based
methods for establishing a phase diagram by measuring any change in the sample which
accompanies a phase transformation. In practice, the results of a number of techniques published by
many authors are collected and carefully evaluated by the scientific community before they are made
available for more general use and even then you may find differences in phase diagrams for the
same system (compare the phase diagrams in references 1 and 2).

The Bi-Sn system is a classic binary eutectic system and is a good example of a system which
exhibits limited solid solubility and no intermediate compounds. Its phase diagram is very similar
to that of the well known Pb-Sn system which provides us with a number of solders, including the
40-60 solder which is widely used in electrical applications. The simplicity of this type of system
combined with the lower melting temperatures and lower toxicity of the Bi-Sn system makes it an
ideal candidate for classroom experiments. As a low melting alloy Bi-Sn alloys are used in
temperature overload devices and as solders in cases where the Pb-Sn solders are not suitable. For
example, they may be used in wave soldering operations where surface mount components make
direct contact with the molten metal, when the heat treatment of the metals being joined can be
altered, when soldering other low melting point alloys such as pewter and when nearby solder joints
might be compromised [3].

Procedure:

Preparation: Before actually starting the experiment stop to consider the suitability and performance
of the instrumentation, certain aspects of the experimental procedure and to try to anticipate the
experimental results. This will help ensure that the experiment goes well the first time. The
following questions should get you started.

1. Sketch the equilibrium phase diagram for the Bi-Sn system. Label all phase fields and
distinctive features.

2. What are the highest and lowest transformation temperatures you expect to measure when
working with the 0, 10, 30, 50 and 100 weight percent Sn samples?

3. Estimate the value of Seebeck’s coefficient for the type of thermocouple you will be using and
for temperatures between room temperature and 300°C?
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Combining questions 2 and 3, what are the lowest and highest voltages you will be measuring?
What voltage resolution will you need to be able to resolve 1°C? What is the voltage resolution
of your system?

When you put the thermocouple into the molten Bi/Sn mixture the thermocouple will cause the
liquid to cool, possibly solidifying some of it before you can start measuring its cooling
behavior. How do you plan to deal with this?

If your thermocouple reference junction is not turned on or if the battery is dead, how much error
would you expect to see in your temperature measurements?

Assuming you have done everything perfectly and the thermocouple is your only source of error,
how large might this temperature error be?

If you don’t weigh out your Bi and Sn perfectly you can expect the transformation temperatures
you measure to differ from those in the established phase diagrams. How much error in
weighing do you expect to see and how do you plan to deal with this error?

Indicate on your sketch (question 1) the sample compositions and transformation temperatures
which will not be effected by errors in weighing out the Bi and Sn for your samples?

Assume your “unknown’ sample has transformation temperatures of 139 and 195°C. Referring
to your equilibrium phase diagram you can see that this fits two compositions. How would you
figure out which composition it is?

Safety This experiment presents minor hazards for all students in the laboratory. Test tubes
occasionally break so safety glasses should be worn from the moment the first specimen is heated
until the last one is cool. The specimen materials themselves pose minor hazards due to their
toxicity. These should be handled carefully and disposed of properly. (MSDS’s for each chemical
are available in the laboratory.) The most serious hazard is the possibility of being burned by the
heater and the hot test tubes. The ceramic tubes that hold the test tubes are heated to nearly 400°C
and the test tubes are often heated to above 300°C.

Chemical Hazards There are hazards associated with the minor toxicity of Sn and Bi.

These materials should not be ingested and proper disposal methods
should be used. Refer to the MSDS for each material.

Physical Hazards Serious burns are possible. The ceramic heater tubes and the

specimens in the test tubes are heated close to 400°C. The hot parts
of the heater are labeled accordingly. Test tube clamps should be
used when handling the hot specimens.

The glass test tubes often break and spill the molten metal, especially
when being reheated to remove the thermocouple. Safety glasses and
closed toe shoes must be worn at all times.



Biohazards None.
Radiation Hazards None.

Protective Equipment Recommended: laboratory aprons and long pants.
Required: safety glasses or goggles. Normal eye-glasses are not
acceptable. Open toed shoes will not be allowed.

Procedure Examine the setup of the experimental equipment. Find out what each part does and how
each part works. Make sure everything is working properly and if possible try a couple of dry runs
of the experiment.

Weigh and mix the pure components to make samples of the specified compositions and the
specified total weight. Transfer the pure components to a test tube and then cover and shake the test
tube to thoroughly mix them. Finally, label each sample immediately to avoid mixing them up.
Note that it might not be possible to weigh out these granular materials as precisely as you’d like
so make sure you record the actual composition of each sample.

Prepare the data acquisition system in advance. It should be ready to start collecting data as soon
as the samples are transferred to the beakers and the thermocouples are plugged in. If you have time
you can run it in demo-mode to learn more about what the program can do while you colleagues are
preparing the samples.

Carefully and gently melt each sample. Be careful to not overheat them or to heat them for too long
as you might oxidize the sample or damage the test tube. On the other hand, make sure the sample
has completely melted before removing it from the heater and while you don’t want to overheat the
sample you should heat it high enough above its liquidus that is doesn’t start to solidify before you
can start recording the cooling behavior.

Transfer the test tubes containing the melted samples to the insulated beakers and start recording the
cooling behavior as soon as possible. Continue recording until you are sure that no additional phase
transformations are expected. (Consult an established Bi/Sn phase diagram.) When done remelt the
sample so that you can remove the thermocouple. Clean the thermocouple and dispose of the sample

properly.

Start the spreadsheet program and load the spreadsheet that has been prepared for this experiment.
This spreadsheet will help you quickly construct, display and print cooling curves, cooling rate
curves, and to determine the temperature at the start of the phase transformations. Use the “Import”
macro (alt-I, or the “Import” Button) to import the data, the “View” macro (alt-V) to view the
cooling curve and the “Print” macro (alt-P) to print the cooling curve. Change the scaling of the
graph as needed, and view the data on the other pages of the spreadsheet to review the temperature
and cooling rate data and to determine the temperature at various points along the cooling curves.

Results A good way to start your analysis of the results is to make a brief qualitative review of the
cooling curves. Which features do they all have in common, which ones are unique and what is the
significance of each of these features? Are there different “types” of cooling curves and if so what



type is the cooling curve for the “unknown” sample?

Moving on to the quantitative part of this section of the report, you will have to devise the best
method for reliably and consistently determining the transformation temperatures. Perform this
analysis, organize these results in a table and then plot these data points on an existing phase
diagram. Note the similarities and differences and note the character and the magnitude of the
experimental errors.

Once your own phase diagram is complete you should be able to determine the composition of the
“unknown” composition which was provided by your instructor. In your report you will have to
explain exactly how you did this and how much error you think there might be in your result.

Record any other interesting observations you may have made. These notes can be very helpful
when writing your report.

Discussion This experiment is straightforward and is essentially a duplication of the work of others.
Y our discussion will probably start out comparing your phase diagram to established phase diagrams
(see figures 2 and 3) and you may even be able to say which phase diagram you’d put more stock
in. Next, you may revisit the issue of experimental error before finally reviewing how the
composition of the “unknown” was determined and telling the reader how confident he/she can be
that your determination is correct. In general, you will have to convince the reader that you have
done a good set of experiments, constructed a good equilibrium phase diagram and have
demonstrated its usefulness by determining the composition of the “unknown’ sample.

Conclusion Formulate your own conclusions regarding the quality and utility of the phase diagram
you have constructed. You may have also made other observations which merit a final comment.
This is a good opportunity to make these comments.
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Worksheet for the Binary Phase Diagram Experiment

Section

Lab Partners

Date

Serial Number

Serial Number

Equipment

Balance Model
Voltmeter Model
Computer Model

Data Acquisition Software

Serial Number

Name

Characteristics of thermocouples used

Version

Thermocouple Temperature Typical Temperature Reference Junction
Type Range, °C Error, °C Type/Model
Raw Materials
Purity Melting Point
Element % °C Manufacturer Product Number




Prepared specimens

Nominal
Composition

Element:
Weight, g

Element:
Weight, g

Total Weight, g

Actual
Composition

0/100

10/90

20/80

30/70

40/60

50/50

60/40

70/30

80/20

90/10

100/0

Compositions are given in weight percent.

Data acquisition and storage

Compositions
in the File

Sampling
Rate, Hz

Maximum
Temperature, °C

Minimum
Temperature, °C

File name
(*.prn)

Compositions are given in weight percent.




Analysis of the Cooling Curves

Nominal
Composition

Transition
Temperature 1
°C

Transition
Temperature 2
°C

Transition
Temperature 3
°C

Typical
Temperature
Error, °C

0/100

10/90

20/80

30/70

40/60

50/50

60/40

70/30

80/20

90/10

100/0

Compositions are given in weight percent.




Phase diagram:
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Thermocouples

Characteristics of Thermocouples

Type + Leg - Leg Range, °C Limits of Environment Comments
Error
E Chromel Constantan -200 - 900 Above 0°C: Oxidizing or Highest EMF
(Ni-10Cr) +0.5% or inert, limited change per
+1.7°C use in vacuum degree.
Below 0°C: or reducing
+1.0% or
+1.7°C
J Iron Constantan 0-750 +0.75% or Reducing, Not
+2.2°C vacuum, or recommended
inert, limited for low
use in oxidizing | temperatures.
K Chromel Alumel -200 - 1250 Above 0°C: Clean oxidizing Wide
(Ni-10Cr) Ni-5(Al, Si) +0.75% or or inert, limited temperature
+2.2 °C use in vacuum range, most
Below 0°C: or reducing popular
+2.0% or calibration
+2.2°C
R Platinum- Platinum 0-1450 +0.25% or Inert or Low EMF
13% Rhodium +1.5°C oxidizing. Do change, high
not use metal temperature
protection
tubes. Avoid
contamination.
S Platinum- Platinum 0-1450 +0.25% or Inert or Low EMF
10% Rhodium +1.5°C oxidizing. Do change, high
not use metal temperature
protection
tubes. Avoid
contamination.
T Copper Constantan -200 - 350 Above 0°C: Mild oxidizing, Low
+0.75% or reducing temperature
+1.0°C vacuumor inert. | and cryogenic
Good where applications
Below 0°C: moisture is
+1.5% or present.
+1.0°C

Reference: Omega Engineering’s Temperature Handbook.




NIST Polynomial Coefficients

Type E J K R S T
Range -100°C - 0°C - 760°C 0°C - 1370°C | 0°C-1000°C [ 0°C-1750°C -160°C -
1000°C 400°C
Error +0.5°C +0.7°C +0.7°C +0.5°C +1.0°C +0.5°C
a, 0.104967248 | -0.048868252 | 0.226584602 0.263632917 0.927763167 0.100860910
a, 17189.45282 19873.14503 24152.10900 179075.491 169526.5150 25727.94369
a, -282639.0850 | -218614.5353 67233.4248 -48840341.37 | -31568363.94 | -767345.8295
a, 12695339.5 11569199.78 2210340.682 1.90002x10" 8990730663 78025595.81
a, -448703048.6 | -264917531.4 | -860963914.9 | -4.82704x10" | -1.63565x10" | -9247486589
as 1.10822x10" 2018441314 4.83506x10' | 7.62091x10" 1.88027x10" 6.97688x10"
ag -1.76807x10" -1.18452x10" | -7.20026x10' | -1.37241x10'" | -2.66192x10"
a, 1.7842x10" 1.38690x10" | 3.71496x10"® | 6.17501x10" 3.94078x10"
ag -9.12978x10" -6.33708x10" | -8.03104x10" | -1.56105x10"
a, 2.06132x10" 1.69535x10%

Reference: Hewlett-Packard’s application note 290, Practical Temperature Measurements, page 8.

Standard Polynomial Form

Nested Polynomial Form

Temperature, C

_ 2
T = Qp+tax+ax”+ax

3 n

. ax

T = ay+x(a, +x(a, + x(a; + x(a, + xa,)))) (5" order)
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Instructor’s Appendix

Comments: We have used this experiment, in its current form, in our sophomore level introductory
materials science course for about 6 years. Judging from the quality of the results, the reports, and
the fact that everyone finishes in time, the experiment is almost always successful. It is also our
first group experiment of the quarter, one which requires that the students share their results, critique
each other’s results and help each other perform the experiment and generate the graphs. At the end
of the class we gather around the white board, were the students have entered their data in a large
table, to review the results, make necessary corrections, etc.

This is our one experiment which requires that the students have a good idea of what the results will
be like before they start collecting data. They must study a phase diagram to find out what the
minimum temperature of the molten metal must be before removing it from the heater, and they must
decide at what temperature they can stop taking data. Having done this they monitor the cooling
curves closely looking for signs of the expected phase transformations.

We use an older computer for the data acquisition and for constructing the cooling curves. The data
acquisition program was written in QuickBASIC program and runs under DOS. It presents the
students with a series of screens where the students can view and change data acquisition
parameters. [t was designed to not only collect the data but also to introduce them to the major issues
in digital data acquisition. It includes a demo-mode to allow the students and the instructor try out
the program without actually having to collect data. This feature is particularly useful when the
instructor is showing the students how to use the program.

The cooling curves are produced by a spreadsheet program (Quattro Pro 5) which has predefined
macros that help the students import, display and print the data. They can even look at the data to
determine the temperature and cooling rate at a particular time, for instance. This is the third time
they have used spreadsheets in this course and by now that have a pretty good idea of how to use
one. In this case we wanted to make the spreadsheet both useful and show them how one can use
macros to perform complicated procedures.
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Test Tube Heater

Description

A suitable heater could not be purchased so [ made my own. The heating elements are simply four
ceramic tubes wound with 18 gage nichrome wire and separated by ceramic fish spines to prevent
short circuits. These are put in an insulated box which is put into another box. There is a gap
between these boxes and a gap at the top to allow air to flow between them, keeping the outer box
cool. Everything is wired together and a switch and fuse holder are mounted in the outer box. To
operate it one plugs it into a variac which is set to about 30 volts. This is sufficient power to obtain
temperatures close to 400°C, hot enough to melt the sample in 5-10 minutes. A separate
thermocouple and meter are used to monitor the temperature.

Construction of the Heater

1.

Make four heating elements using a procedure similar to the one below.

a. Chuck up a 0.75 inch rod in a lathe. Turn the rod at a low speed, 5 to 15 rpm.

b. Wrap about 25 feet of the nichrome wire around the rod. Keep enough tension on the wire
while winding it so that it does not uncoil when you are finished.

Remove the rod from the wire and slip the wire off the rod. It should remain coiled.
Straighten about 10 inches of the nichrome wire. Double it back and twist it.

Slip the wire over the thermocouple protection tube.

Slip the fish spines over the wire so that the 25 revolutions of the wire are covered.

g. Straighten the about 10 inches of wire and cut the wire. Double it back and twist it.

Find a suitable metal enclosure. I used and older instrument cabinet/project box turned it up on
its back so that the open front panel becomes the top.

Make a steel liner. It should fit within the outer box with about an inch of clearance and should
have a stainless steel top that has four holes where the ceramic tube will come through.
Install the heating elements in the inner box, connecting them in series, and end wires coming
out of the liner. Fill the liner with ceramic wool or another suitable insulating material.
Install the liner in the main enclosure in such a way that minimal contact with the main enclosure
is made. Mine was mounted using four screws and four half-inch standoffs.

Finish the wiring, install the power switch and fuse holder. Use copper wire to connect the
heating elements to the switch and fuse holder.

Use a perforated metal sheet to close the bottom so that no one can be shocked yet air can flow
through.

Place a bit of soft insulating material in the bottoms of the ceramic tubes. This will help prevent
breakage of the test tubes.
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Sample Results
The following figures show a sampling of results, warts and all, generated by the students.

Bismuth-Tin System, 0/100 Bi/Sn
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Bismuth-Tin System, 60/40 Bi/Sn
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Experimental Apparatus
The figures below show several scenes from the laboratory.

Heating element. Four were used in our heater.  Heating station: showing the heater, variac,
temperature readout, samples and test tube
clamps.

Weighing station: showing the electronic  Cooling Station: showing the computer, the
balance, weigh boats, bismuth and tin, and test ~ multimeter, and three samples cooling in their
tubes. insulated beakers.



