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I n t r o d u c t i o n
e purpose of this experiment is to determine the increase in hardness of an annealed (heat treated) copper sheet 
aer it is passed through a rolling mill. e rolling mill reduces the thickness of the copper sheet by exerting 
compressive stress. is is an example of cold working, as the deformation of the copper sheet is performed at a 
temperature below that at which recrystallization occurs. 

e density of dislocations in a metal such as copper increases as a result of cold work due to the multiplication of 
dislocations or the formation of new dislocations. As dislocation density increases, dislocation motion becomes 
increasingly difficult [1].  erefore, the copper sheet becomes harder as cold work is performed upon it. e 
percentage of cold work performed on the metal sheet is calculated as a function of the change of thickness in the 
sheet as a result of the rolling process. e corresponding change in hardness values for the sheet are then used to 
show the proportional relationship between cold work and an increase in hardness. 

Hardness can be measured in many different scales.  For this experiment we will be using the Rockwell Hardness 
B scale.  is system measures the depth of penetration of an indenter resulting from the application of two 
different loads, minor and major.  e difference in depth between these two indentations is used to calculate the 
hardness [1].  e Rockwell process can be used with a variety of indenters and loads in order to accurately test a 
broad range of materials.

P r o c e d u r e
e objective of this lab was to obtain experimental data from the Rockwell Hardness Tester in order to 
determine the hardness of the material at varying levels of cold work. e copper sample was fed through a rolling 
mill in order to make the sample thinner. Each time the copper sample is made thinner the thickness was 
measured and then the hardness is measured using the Rockwell Hardness Tester.

S e t t i n g  u p  t h e  e x p e r i m e n t :

is lab requires the use of the Rockwell Hardness Tester, a rolling mill, an annealed copper sheet and calipers 
(for measuring the thickness of the copper).

M e a s u r i n g  t h e  H a r d n e s s  u s i n g  t h e  R o c k w e l l  H a r d n e s s  T e s t e r :

1. e annealed copper sheet is placed in the Rockwell Hardness Tester where the hardness was measured in 
three different spots.

R e d u c i n g  t h e  t h i c k n e s s  o f  t h e  a n n e a l e d  c o p p e r  s h e e t :

1. Aer the hardness was measured, the annealed copper sheet was placed into the rolling mill where the 
thickness was reduced to 95% of the initial thickness.

2. e thickness was measured with calipers in three different spots
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S u b s e q u e n t  S t e p s :

1. e hardness was measured in three different spots for 95% thickness.

2. ese steps were repeated for 80%, 65% and 50% thickness.

D e t e r m i n i n g  t h e  a m o u n t  o f  C o l d  W o r k :

1. e cold work was determined based on how much the thickness changed.

d0 − d1
d0

×100% = % Cold Work ( 1 )

G r a p h i n g  t h e  r e s u l t s :

1. e hardness values obtained from the Rockwell Hardness Tester are plotted against the percent cold work 
calculated.

2. e data points were then fit to a polynomial.
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R e s u l t s

Tab l e  1  -  D ata

icknessickness Hardness
Trial 1 Trial 2 Trial 3 Average % Cold Work Trial 1 Trial 2 Trial 3 Average

d0

.95d0

.8d0

.65d0

.5d0

0.056 0.056 0.056 0.056 0.00 73.000 74.500 72.500 73.333

0.053 0.053 0.053 0.053 5.36 69.500 73.000 71.000 71.167

0.045 0.046 0.045 0.045 19.05 71.500 70.500 73.500 71.833

0.036 0.036 0.036 0.036 35.71 67.000 67.000 67.500 67.167

0.029 0.028 0.028 0.028 49.40 75.000 72.500 70.000 72.500

Our raw data includes hardness measurements for each thickness. Two of the five (d0 & .8d0) measurements did 
not match the theoretical trend of cold work versus hardness and were labeled as outliers. ese measurements do 
not influence the trend line in figure 1.

Fig ure  1  -  Ha rdnes s  v s .  %  Col d  Work
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D i s c u s s i o n
Our experiment did not conform well to the expected theoretical values.  By allowing two measurements to be 
considered outliers we were able to find a trend-line that resembles the theoretical shape of a cold work vs. 
hardness trend.  Still, the results only show a 2% increase in hardness with a 50% increase in cold work. is is 
inconsistent with the hypothesized results and other experimental determinations which would suggest the 
hardness should increase dramatically more than this.  In a similar test performed by Dr. Dana Medlin, the 
increase in hardness for 50% cold work was 35% [2].  ere are several factors that could have lead to the 
deviation in our results:

1. Inaccurate cold work calculations.  Our calculations for cold work (equation 1) assume that the rolling press 
only elongates the sample without widening it at all.  e more general formula for cold work is:

d0w0 − d1w1
d0w0

×100% = % Cold Work ( 2 )

So, if the width was increased when rolling, it would have decreased the total cold work.  We did not make 
any width measurements, but we feel that any change in width would have been small since it was not visually 
noticed.  is could have contributed slightly to the lack of hardening, but not accounted for the entire 
effect.

2. Aer each flattening there was a significant bend in the sample. is may have yielded false calibration when 
the minor load was applied, but we could not determine what effect this would have.  Since this bend was 
always present to some degree the results may be affected in an absolute way, but should still have good 
relative precision.  We do not believe that this could totally explain the measurements.

3. e most probable source of error comes from the Rockwell Hardness tester itself.  Many of the 
measurements had to be repeated multiple times due to erratic readings.  Furthermore, the tester was sent in 
for repairs before the experiment was performed and may still have some unresolved issues.
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C o n c l u s i o n
From our data we conclude that copper hardens with cold work at a rate of approximately:

70.2 × (%CW )0.0083 ( 3 )

Fig ure  1  (re p r i nt)  -  Ha rdnes s  v s .  %  Col d  Work
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A p p e n d i x

S a m p l e  C a l c u l a t i o n s :

1. Average ickness:

0.053+ 0.053+ 0.053
3

= 0.053

2. Average Hardness:

69.5 + 73.0 + 71.0
3

= 71.2

3. Calculate % Cold Work:

%CW =
d0 − d1
d0

=
0.056 − 0.053

0.056
×100 = 5.36%
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