MSL Lab Experiment # 3a

Stress-Strain Behavior of Polymers

A) Reading Materials & Homework:
· Shigley & Mischke, Mechanical Engineering Design (6th ed.), attached excerpts.
· [bookmark: _GoBack]Homework HW3: A tensile test specimen is made from a polymer sheet with an initial gage length of 50mm and an initial cross-sectional area of 12mm2.  The manufacturer lists the Young’s modulus as E=2.6GPa.  If the specimen is stretched to an engineering strain of 0.025 by a load producing a 15MPa engineering stress, what is the load on the sample and by what amount has its gage length been increased?  What are the true stress and the true strain?  Of the true strain at this value of true stress, what portion of it is elastic and thus recovered upon unloading, and what portion of it is plastic?  Repeat each of the above steps for a state where an engineering strain of 0.25 is accompanied by an engineering stress of 17MPa.

B) Goals of this Experiment:
1. Use ASTM (American Society for Testing and Materials) standard method to measure tensile properties of polymer materials.
2. Learn how to use Instron machine for tension testing, and LabVIEW software for data acquisition, and graphics display
3. Learn about engineering and true stress-strain diagrams.
4. Determine material properties of a polymer from the stress-strain diagram.

C) Lab Experiment: 
The following experiment is designed to conduct the tension testing of polymers and determine yield strength, elongation, ultimate tensile strength, modulus of elasticity, and reduction of area.  A tensile specimen of polycarbonate polymer is mounted on the Instron machine with extensometer for this experiment. Your instructor will provide you specific directions on this verbally in class.

1. Measure the cross-sectional area of test specimen and use layout ink to indicate the initial gage length (use 50-mm along the length) on the specimen.  This mark can be used to determine elongation after the specimen fractures.  Also, gather all the necessary specimen geometry information before mounting specimen in the Instron.

2. Mount specimen in the Instron and attach extensometer along the gage length of specimen.  Set the crosshead speed to a value of 4mm/min, and after hitting the Up Arrow allow crosshead motion to continue until failure.  Record the crosshead displacement, load, and strain from extensometer using the LABView program throughout the test. Note: the maximum strain the extensometer can measure is 50%.  Carefully remove the extensometer from the specimen before the 50% tensile strain limit has been reached, without halting crosshead motion, and continue the experiment without the extensometer until it fractures.

3. Obtain data from LabVIEW and import it into Excel.  Plot the load-displacement curve.  From this, make two plots of the engineering stress-strain curve, one where strain is estimated from the extensometer and another where strain is estimated by the ‘crosshead displacement’ divided by the initial sample gage length. Label axes clearly, including all necessary units.  From each of these engineering stress-strain plots, determine the following material properties of the polymer: modulus of elasticity (Young's Modulus), yield strength, ultimate tensile strength, fracture strength.  Also quantify the ductility of the material (percent reduction of area and percent total elongation at fracture) by measurements taken from the broken sample. 

4. From the properties estimated above, which one has a value which changes the most depending on which engineering stress-strain plot is used?  Which of these engineering stress-strain plots do you feel is actually more correct, and in the case of the less correct plot what are the primary sources of error in the strain measurement? Finally, from the more correct engineering stress-strain plot, generate the corresponding true stress-strain curve. Estimate the true strain in the necked region from the area reduction and compare with the average true strain estimated for the gage region at fracture from your true stress-strain curve.  Comment on the effect of this discrepancy on your true stress-strain curve.

5. Perform a second tensile test on the polymer, using the following modified protocol.  After starting the crosshead motion and sample loading by hitting the Up Arrow console button, halt the test by hitting the Stop button once the extensometer indicates a strain of 2.5%.  Then wait 1 minute (watch the load register to see if the sample relaxes during this wait time).  Then hit the Down Arrow button unloading the sample until the load drops towards zero (do not unload the sample beyond zero as such compression will cause buckling), at which point the Up Arrow button should be hit and the crosshead allowed to move upwards until sample failure.  Generate an engineering stress-engineering strain curve from this data, and from it determine the elastic modulus and yield strength demonstrated upon initial loading.  Do the values support the repeatability of those found during the first test?  Describe the behavior during the wait time.  Does the stress drop or stay the same? Describe the unloading behavior observed in terms of elastic and plastic strain. 

6. How could the strain be more accurately determined after the material begins to neck, and what additional measurements could have been done during these tensile tests to determine it?  

MSL Lab Experiment # 3b

Stress-Strain Behavior of Metals

A) Reading Materials & Homework:
· None beyond that already assigned for Lab 3a.

B) Goals of this Experiment:
1. Use ASTM (American Society for Testing and Materials) standard method to measure tensile properties of metallic materials.
2. Learn how to use Instron machine for tension testing, and LabVIEW software for data acquisition, and graphics display
3. Learn about engineering and true stress-strain diagrams.
4. Determine material properties of an aluminum alloy from the stress-strain diagram.

C) Lab Experiment: 
The following experiment is designed to conduct tension testing of metallic materials (i.e., aluminum) and determine yield strength, elongation, ultimate tensile strength, modulus of elasticity, and reduction of area.  A tensile specimen of aluminum sheet metal is mounted on the Instron machine with extensometer for this experiment.  

7. Before mounting the sample for testing, measure the cross-sectional area of the test specimen and indicate the initial gage length (use 50-mm along the length) on the specimen.  This mark can be used to make an additional determination of elongation after the specimen fractures.  It may be helpful to record these values in an Excel spreadsheet.

8. Mount specimen in the Instron and attach extensometer along the gage length of specimen, carefully following verbal instructions provided in class.  Record the crosshead displacement, load, and strain from extensometer using the LABView program.  The crosshead speed should be set at 1 mm/min.  

9. Obtain data from LabVIEW and import to Excel.  Plot load-displacement, and again plot two engineering stress-engineering strain curves using the extensometer as well as the crosshead displacement to estimate strain.  Do these curves again differ greatly?  In what way?  Label axes correctly.   

10. Use the engineering stress-engineering strain curve to determine the following material properties of aluminum: modulus of elasticity (Young's modulus), yield strength, ultimate tensile strength, fracture strength.  Also quantify the ductility of the material (percent reduction of area and percent total elongation at fracture) by measurements taken from the broken sample.  Are either of these ductility measurements particularly difficult for such an Aluminum sample?  Describe.

11. Based on the more correct engineering stress-engineering strain curve generated from the tension testing, generate the true stress-true strain curve.  For each data point along the true stress-true strain curve, determine the plastic portion tp of the true strain.  Assume that the following relationship is valid for the material in the plastic deformation region: t = o tpm   where  t is the true stress, tp true plastic strain and o and m are material constants (strength coefficient and strain hardening exponent). Determine the material constants o and m from a log-log plot of true stress as a function of true plastic strain.  Note: the first few data points at low values of true plastic strain are especially prone to error depending on how well the load and deflection were zeroed prior to the test, and may need to be neglected in order to obtain linear behavior on the log-log plot.

12. Perform a second tensile test on aluminum, using the following modified protocol.  After starting the crosshead motion and sample loading by hitting the Up Arrow console button, halt the test by hitting the Stop button once the extensometer indicates a strain of 2.5%. Then wait 1 minute (watch the load register to see if the sample relaxes during this wait time).  Then hit the Down Arrow button unloading the sample until the load drops to zero, at which point the Up Arrow button should be hit and the crosshead allowed to move upwards until sample failure.  Generate an engineering stress-engineering strain curve from this data, and from it determine the elastic modulus and yield strength demonstrated upon initial loading.  Do the values support the repeatability of those found during the first test? Describe the behavior during the wait time.  Does the stress drop or stay the same?  How does the behavior compare to the polycarbonate?  Describe the unloading behavior observed in terms of elastic and plastic strain.  Upon reloading, did the previously ‘cold-worked’ material demonstrate a higher or lower yield strength than that observed during its initial loading?

13. Plot the engineering stress-engineering strain curves for polycarbonate (from Lab 3a) and aluminum on the same set of axes to be able to compare their properties.





excerprts from pages 256-263, Shigley & Mischke, Mechanical Engineering Design (6th ed.).
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To express the strain relations for the stress-strain test depicted in Fig. 5-2, let

lp = original gauge length
I; = gauge length corresponding to load F;
Ag = original cross-sectional area

A; = area of smallest cross section under load P;

We can express the engineering (nominal) strain € as

Ii =1y

€= {5-1
lo
and the engineering (nominal) stress as
P
g = —
Ag

As noted in Sec. 1-11, strength, as used in this book, is a built-in property of a
material, or of a mechanical element, because of the selection of a particular material or
process or both. The strength of a connecting rod at the critical location in the geomelry
and condition of use, for example, is the same no matter whether it is already an element
in an operating machine or whether it is lying on a workbench awaiting assembly with
other parts.

On the other hand, stress is something that occurs in a part, usually as a result of
being assembled into a machine and loaded. However, stresses may be built into a part
by the processing or handling. For example, shot peening produces a compressive stress
in the outer surface of a part, and also improves the fatigue strength of the part.
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The ultimate, or tensile, strength S, or S,, corresponds to point U in Fig. 5-2 and
is the maximum stress reached on the stress-strain diagram.” Some materials exhibit a
downward trend after the maximum stress is reached. These fracture at point F on the
diagram in Fig. 5-2. Others, such as some of the cast irons and high-strength steels,
fracture while the stress-strain locus is still rising.

There is some subtlety in ideas here, which should be pondered carefully before
continuing. Figure 5-2 depicts the result of a single tension test (one specimen, now
broken). It is common for engineers to consider these important stress values (at points
P,E,Y,U,and F)as properties and to denote them as strengths with a special notation,
uppercase S, in lieu of lowercase sigma o, with subscripts added: Sp for proportional
limit, S, for offset yield strength, S, for ultimate tensile strength (S, or S, if tensile or
compressive sense is important).

All this is premature, since Fig. 5-2 refers to a single specimen. If there were 10
nominally identical specimens, each would exhibit differens strengths. What one is ob-
serving is a consistent pattern of distribution, and, as observed in Chap. 2, the description
has to be stochastic (statistical). The ideal of strength, and property, is distributional. The
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gure 5-3
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Inthis book we wishto be very careful in distinguishing between strength, designated
by S, and srress, designated by ¢ or t.

In some books, the terms proof stress and yield stress are used. The term proof stress
corresponds to point Y in Fig. 5-2 which, in this book, is called the offset yield strength S,
or, sometimes, simply the yield strength. In most standards the offset is usually specified;
usual values are 0.2, 0.5, and 1.0 percent.

The term yield stress as used in some books is the stress corresponding to the yield
point. Some materials have both an upper and a lower yield point.

The term rrue stress is used to indicate the result obtained when any load used in
the tension test is divided by the true or actual cross-sectional area of the specimen.
This means that the load and the cross-sectional area must be measured simultaneously
during the test. If the specimen has necked, special care must be taken to measure the
area at the smallest part.

In plotting the true stress-strain diagram it is customary to use a term called true strain
or, sometimes, logarithmic strain. True strain is the sum of the incremental elongations
divided by the current length of the filament, or

dl I;
& :/ =1In — (5-2)
Iy 0l ly

where [ is the original gauge length and /; is the gauge length corresponding to load P;.

The most important characteristic of a true stress-strain diagram (Fig. 5-3) is that
the true stress increases all the way to fracture. Thus, as shown in Fig. 5-3, the true
fracture stress o is greater than the true ultimate stress o,. Contrast this with Fig.
5-2, where the engineering fracture strength Sr is less than the engineering ultimate
strength §,.

Bridgman has pointed out that the true stress-strain diagram of Fig. 5-3 should be
corrected because of the triaxial stress state that exists in the neck of the specimen.? He
observes that the tension is greatest on the axis and smallest on the periphery and that
the stress state consists of an axial tension uniform all the way across the neck, plus a
hydrostatic tension, which is zero on the periphery and increases to a maximum value
on the axis.

Bridgman'’s correction for the true stress during necking is particularly significant.
Designating oc as the computed true stress, oact as the corrected or actual stress, R as
the radius of the neck (Fig. 5-4), and D as the smallest neck diameter, the equation is

R

True stress

u F

True strain

3. P. W. Bridgman, “The Stress Distribution at the Neck of a Tension Specimen,” AS#, vol. 32, 1944, p. 553.
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All of the stresses and strengths defined by the stress-strain diagram of Fig. 5-2 and
similar diagrams are specifically known as engineering stresses and strengths or nonind
stresses and strengths. These are the values normally used in all engineering design. The
adjectives engineering and nominal are used here to emphasize that the stresses ar
computed using the original or unstressed cross-sectional area of the specimen. In this
book we shall use these modifiers only when we specifically wish to call attention to thi

distinction.
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When necking occurs, the engineering strain given by Eq. (5-1) will not be the same
at all points within the gauge length. A more satisfactory relation can be obtained by ‘*
using areas. Since the volume of material remains the same during the test, Aglp = A;l;.
Consequently, /; = Ig(Ay/A;). Substituting this value of /; in Eq. (5-1) and cancelingf
terms gives ‘

Ao — Ay

o (5-4)

But see also Eq. (5-8).
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Plastic Deformation

The best current explanation of the relationships between stress and strain is by Datsko.*
He describes the plastic region of the true stress—true strain diagram by the equation

(5-5)

o = O’()Em

where o = true stress
ap = a strength coefficient, or strain-strengthening coefficient
€ = true plastic strain

m = strain-strengthening exponent

A graph of this equation is a straight line when plotted on log-log paper, as shown in
Fig. 5-5. The graph contains three zones of interest: the elastic zone, on line A B, called
type I behavior; the plastic zone on line Y2 C, defining type II behavior; and the interme-
diate zone.

According to Hooke’s law, the equation of the elastic portion is
o =FEe (5-6)

where E is the modulus of elasticity. Taking the logarithm of both sides of Eq. (5-6) and
recognizing the equation of a straight line, we get

log o =log E+1 log &
and from Eq. (5-5) we obtain
log o =log oy +m log ¢

From this we conclude that the elastic portion of the line is the same for all materials,
having a slope of unity and passing through the point (¢ = E, ¢ = 1). We also see that
the elastic portion has an exponent /n = 1 and an intercept oy = E relative to the true
stress-strain equation [Eq. (5-5)].

e 8 Asymptote AB has slope of
F e Young's Modulus E. D

4. Joseph Datsko, “Solid Materials,” Chap. 7 in Joseph E. Shigley and Charles R. Mischke (eds.), Standard

Handbook of Machine Design, McGraw-Hill, New York, 1986. See also Joseph Datsko, “New Look at Material
Strength,” Machine Design, vol. 58, no. 3, Feb. 6, 1986, pp. 81-85.
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The constant oy in Eq. (5-5) is the true stress corresponding to a true strain of umty
This constant can be obtained by extending the plastic stress-strain line until it intersects
an ordinate through ¢ = 1 (log ¢ = 0). The height of this ordinate is log o0y, as measured
parallel to the log o axis of Fig. 5-5.

The shape of the elastic-plastic zone between the two straight lines varies from one ;
material to another. The three possible yield points Y), Y2, and Y3 describe the various
possibilities that might be observed. An extension of the plastic line would intersect the 1'
elastic line at Y, and describe an ideal material. Most engineering materials are said
to overyield to Y, because they have a yield strength greater than the ideal value. The
alloys of the steels, coppers, brasses, and nickels all have this characteristic. The point
Y, describes what might be called underyielding. Only a few engineering materials have
this characteristic, a fully annealed aluminum alloy being one of them. '

The relationship between logarithmic strain and engineering strain can be obtained
by rearranging Eq. (5-1) to read c’

L—l

=4 57
[0 lO ( ) -

€ =

Then we see that

k +1
— == €
ly

and so, from Eq. (5-2), we get

A similar relationship can be derived between the true stress and the engineering
stress. For convenience in this derivation, let o = true stress and s = engineering stress.
Then for the purpose of relating o, s, € and & we write :

F; F;
o =— and § = —
AI AO
Now, since
l
A; = Ag—
l;
then
F; I;
o= =s5— =s(e+ 1)

Ao/ 1)) Iy
But € + 1 = In"' & = exp(e). Therefore

Thus the engineering stress is related to the true stress through

(5-10]

or, with Eq. (5-5),

s = oge”™ exp(—¢) (5-1 1)

Equations (5-7) and (5-8) are used to plot the elastic portion of the diagram. Thus,
for this portion of the experiment, the data are acquired in the conventional manner,
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using an extensometer to obtain the elongation. The extensometer is not used for the
plastic portion of the true stress-strain diagram, because the average strain is no longer
useful. Its use would also expose an expensive precision instrument to damage when the
specimen fractures.

The approach for the plastic region consists in measuring the area of the specimen,
being particularly careful to obtain this value at the smallest cross section between the
gauge points. Sometimes it is necessary to measure “diameters” of the specimen in two

directions, perpendicular to each other, in case the cross section becomes oval-shaped.
From Eq. (54), we have

Ag
20 1
y €+

Thus, from Eq. (5-8), we find the logarithmic strain in terms of areas to be

A
g=1In =2 (5-12)

1

If data are to be corrected in the necking region, then the necking radius R should
also be measured and the stress corrected using the Bridgman equation [Eq. (5-3)].

The exponent m represents the slope of the plastic line, as we have seen. This slope
is easily obtained after the plastic line has been drawn through the points in the plastic
region of the diagram. Another, and easier, method of obtaining the exponenvt is possible
for materials having an ultimate strength greater than the nominal stress at fracture. For
these materials the exponent is the same as the logarithmic strain corresponding to the
ultimate strength. The proof is as follows:

P =0A; =00Ai(e)" (a)
where we have used Eq. (5-5). Now, from Eq. (5-12), we have

A; = Agexp(~e) (b)
and so Eq. (a) becomes

PiogApe™ exp(—e) (c)

The maximum ordinate on the load-deformation diagram, or nominal stress-strain dia-
gram, for some materials is a stationary point (exhibiting zero slope). For such materials,
the derivative of the load P; with respect to the logarithmic strain can be made to vanish:

dPp; d

- = UOAOEE [” exp(—¢)] = o9Ag [me” " exp(—e) — &” exp(—¢e)] =0 (d)
Solving Eq. (d) gives & = m. This corresponds to ultimate load, so

m=g, (5-1 3)

Note again that this relation is valid only if the load-deformation exhibits a stationary
point (a place of zero slope).
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Figure 5-1

A typical tension-test specimen.
Some of the standard

dimensions used for dg are 2.5,
6.25, and 12.5 mm and 0.5 in,
but other sections and sizes are

in use. Common gauge lengths
g used are 10, 25, and 50 mm
and 1 and 2 in.

Static Strength

The standard tensile test is used to obtain a variety of characteristics and strengths tha
are used in design. Figure 5-1 illustrates a typical tension-test specimen and some of the
dimensions that are often employed.! The original diameter dy and length of the gauge
Iy, used to measure the strains, are recorded before the test is begun. The specimen is then
mounted in the test machine and slowly loaded in tension while the load and strain are
observed. At the conclusion of, or during, the test the results are plotted as a stress-strain
diagram (Fig. 5-2).

Point P in Fig. 5-2 is called the proportional limit. This is the point at which the
curve first begins to deviate from a straight line. No permanent set will be observable
in the specimen if the load is removed at this point. Point E is called the elastic lim,i't.,
Between P and E the diagram is not a perfectly straight line, even though the specimenis
elastic. Thus Hooke’s equation, which states that stress is proportional to strain, applies
only up to the proportional limit.

During the tension test, many materials reach a point at which the strain begins to
increase very rapidly without a corresponding increase in stress. This point is called the
yield point. Not all materials have an obvious yield point. For this reason, yield strength
S, is often defined by an offser method as shown in Fig. 5-2. Such a yield strength
corresponds to a definite or stated amount of permanent set, usually 0.2 or 0.5 percent
of the original gauge length, although 0.01, 0.1, and 0.5 percent are sometimes used.

i dy

L
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Siress-strain diagram obtained
from the standard tensile test of
a ductile material. P marks the
roportional limit; E, the elastic
imit:. Y, the offset-yield strength
as defined by offset strain OA;
U, the maximum or ultimate

wrength; and F, the fracture

trength.

Stress o = P/A,

Strain €
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1. See ASTM standards ES and E-8 m for standard dimensions.




