Cold Working -- Work Hardening

Laboratory Experiment #2

MET231 Laboratory

Using the FINN Rolling Mill

Before coming to class go to http://www.hpcnet.org/virtual-lab, read all the material and view all the movies.  Then take the lab quiz, which is located on the WebCT class homepage.  If you wish to run the FINN rolling mill during the lab period you must have a passing grade on this quiz.

Report Requirement.

Individual industrial style report is due after the completion of the Cold Rolling and Hardness measurements (experiments #2 & #3). All reports are due on the day of the next scheduled laboratory period, following the completion of data collection (several labs require two weeks to collect and process data).

Objectives of Experiment #2 and #3

· Develop a global understanding of how FCC metals are sold based on hardness.

· Know the ASTM standards that apply to Rockwell hardness testing.

· Know how to use the Rockwell hardness tester.  

· Know which Rockwell hardness scale to use. 

· Know how to convert hardness scales from one scale to another.

· Know how to do regression analysis of data using Excel.  Compute relationship between Vickers hardness and the Rockwell B and F scales using data in ASTM E140 for copper alloys (this is a quadratic equation). Fit the log(HV) data as a function log(RA) using Excel (linear equation).

· Know how to compute and then report the value of the strain-hardening coefficient for C11000 copper.

Introduction
In this experiment the objective is to study the process of cold working metals.  The following hardness measurement laboratory will concentrate on measuring the mechanical properties of the material processed in this laboratory exercise.  The materials selected for this laboratory is annealed C11000
 copper.  There are several methods employed by engineers to cold work metals. 

Industrial cold working of metal products often produces final shapes of adequate strength.  Examples are: rolled construction shapes such as I-beams, forged gear blanks, drawn wire for wire ropes, extrusion of decorative trim, deep drawn beverage cans, stretch formed nose section of an aircraft and bending of sheet metal for vent ducts. 

The method of cold working metal used in this laboratory study is rolling.  The equipment being used is a two-high FINN rolling mill located in room MI 125.
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Figure 1.  After Askeland, The Science and Engineering of Materials, Third Edition, PWS Publishing Co., 1994, p. 180.
Background Information

There are several reasons why metals are rolled:

· To put the material into a starting shape to manufacture a specific product such as pipes, reinforcing bar, angle iron, railroad rail … 

· To cold work the metal as a first step in refining the grain size, and therefore produce a stronger and very tough product, and

· To roll the metal to take advantage of the fact that the hardness and tensile strength increase as a consequence of cold working the metal.

Let’s consider rolling as a method to increase hardness and tensile strength.  Copper and copper alloys are listed in catalogs as being sold in various conditions of cold work.  Examples are as:

Hot Rolled,

Eighth Hard,

Quarter Hard,

Half Hard,

Hard,

Spring and sometimes,

Extra Spring.

The mechanical properties for common high purity, high electrical conductivity copper alloys are supplied in Table I.  Figure 2 is graphical data for brass (70%Cu-30%Zn) and copper (alloy unknown) showing the relationship between percent cold work and several mechanical properties.

Table I.
The listing of 0.5% extension yield strength (YS), tensile strength (TS) and Rockwell hardness using the HRF and HR 30T scale are presented for high purity copper alloys.  These data were copied from published data.

Condition \ Product
Alloys C10100, C10700, C10800 and C11000



TS, ksi
YS, ksi
HRF
HR 30-T


Hot Rolled
32.0
10.0
40
-

Eighth Hard
36.0
28.0
60
25

Quarter Hard
38.0
30.0
70
36

Half Hard
42.0
36.0
84
50

Hard
50.0
45.0
90
57

Spring
55.0
50.0
94
63

Extra Spring
57.0
53.0
95
64
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Figure 2.
The changes in hardness and ductility produced by cold-working copper and cartridge brass (70%Cu, 30%Zn).  After Guy and Hren
.
Basic Theory

The class will observe that as the copper plates are rolled very little widening of the material will occur.  The reason is that rolling produces essentially a plain-strain state of strain in the material.  This means that y ~ 0 and z ~ -x.  The drawing in Figure 3 illustrates the geometry of the rolling process.
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Figure 3.
Schematic of the deformation zone while rolling sheet product.  After Hosford and Caddell
.

The Laboratory Experiment

The task today is to roll copper to four or five reductions in area -- as time allows.  After each pass a small sample of copper will be cut from the rolled strip to be used in the Rockwell hardness measurement laboratory.  A single copper plate that initially measures 0.25 inches by 1.50 inches in cross-section will be used.  The alloy according the metals supplier is alloy C11000.  The as-received material has been annealed at 500°C for two hours.  This annealing operation should produce an initial hardness near that of the hot rolled data in Table I.

The process of rolling involves reducing the metal in steps of percent reduction in area.  The size of the step depends on the horsepower available in the mill and the state of the metal being rolled (current hardness of the alloy is an example).  An example of the process is pictured in Figure 4.  The calculation of the percent cold work (% CW) is accomplished using the equation:




where Ao and Af are the initial and final cross-sectional areas respectively.  Because plane strain conditions are approximated in the rolling process (that is the width of the rolled product is not changing) then only the initial and final thickness (to and tf) need be measured.
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Figure 4.
Schematic of a two stand rolling system with each roll reducing the materials by a know amount.

Laboratory Report Requirements

The report is based on data collected from all laboratory sections.  Tables and figures can be presented in the body of the memorandum or at the end.  If presented in the body of the memorandum, they should be presented as soon as possible after the first reference in the text to the table or figure.  Citation of references shall be presented on a reference page to be placed after the conclusion section of the report.  Use a numbered superscript in the text to identify where you use references in the report.  A footnote style is also accepted.  If this is used a Bibliography must be placed after the conclusion section of the report.  The Bibliography presents the cited references in alphabetical order of the author’s names. 

· The Individual industrial style report is due after the completion of the Cold Rolling and Hardness measurements (experiments #2 & #3).

· The report combines the data collected in the two experimental studies.

· In the introduction section of the report discuss the following.

· What is the stress state in a material subjected to rolling?  

· Why are metals are rolled?

· Why are metals annealed periodically during rolling?  

· Why are metals hot rolled?

· Why are metals cold rolled?

· Cite literature other than this laboratory handout for all of the above questions.

· Also in the introduction section discuss different methods of hardness testing with emphasis on the method used in this laboratory.

· Present any literature generated by researchers that was discovered that specifically present the hardness as a function of percent reduction in area during rolling (%RA) for a similar copper alloy(s).

· In the experimental procedure and results section discuss the following.

· Present information about the instruments used.

· Prepare a graph that shows the class experimental data, hardness (HV) as a function of %RA.  Plot onto the same graph data found in the literature using the HV hardness scale.  The report must provide the equations generated for hardness conversion of HRF and HRB scale data to HV data for copper alloys.  The needed data is located in ASTM E 140 [HV=f (HRF) and HV=f (HRB)].  

· Show the graph of log (HV)=f {log (RA)} and provide the equation and goodness of fit for your data.  Use regression analysis (Trendline) in Excel to generate these equations. 

· Identify the stain-hardening coefficient.

· Be careful to cite all published information used in this report.

· In the discussion section discuss the following.

· Can you use any statistical methods to represent the data and if so do so?

· Discuss a comparison of the class data for C11000 copper and any data found in the literature.  Are there any of the class results that agree or do not agree with information found in published literature?

· Include in the report a discussion as to how these data would be used in engineering design.

· Discuss issues you confronted while attempting to understand the data.

· What conclusion can you state (both good or bad) in regards to the quality of data collected during this experiment.  

· Example of what not to conclude:  I think this was a great lab exercise.  

· Example of what to conclude:  The class data when compared to the work of Author of a Published Resultreference was different by some%.

� Copper Development Association, Inc., 405 Lexington Avenue, New York 10017.  Check out the copper page on the web.  http://www.copper.org/


� Copper Development Association, Inc., 405 Lexington Avenue, New York 10017. 


� Albert G. Guy and John J. Hren: Elements of Physical Metallurgy, Third Edition, Addison-Wesley, Reading Massachusetts, 1974, p. 459.


� William F. Hosford and Robert M. Caddell: Metal Forming -- Mechanics and Metallurgy, Prentice - Hall, NJ, 1983, p.129.


� Donald R. Askeland: The Science and Engineering of Materials, Third Edition, PWS Publishing Co., 1994, p. 181.
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