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Dynamic stress tests were performed on mild steel
samples. The material parameters 'n' and 'G(e,, t,)', defined
as 'stress dislocation velocity exponent' and 'flow function'
respectively, were evaluated using the equation "o N t, K(n)
= G(er’ to)“ as proposed by Kardos (1). The values determined
for 'n' are-in agreement with the results obtained by other

researchers using different techniques.

The equipment for studying the response of materials
to dynamic loading was modified to permit a wider duration

range for the Tloading.

A technique was developed to monitor the pressure of

the 0il in the intensifier throughout the entire loading cycle.
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NOMENCLATURE

Ay Area of test specimen

A2 Area of Toading piston

A3 ’ Area of drive piston

B Bulk modulus of oil

B Proportionality constant

¢ Number of dislocations. which should be released

to produce yield

Cq Constant

C, Proportionality constant

C3 Proportionality constant

A Difference operator

E Young's modulus of elasticity

€p Plastic strain

€p Residual strain

ey Plastic strain at yield point

€ Rate of strain

Fltlty) Time function defined by the equation, o(t) = opf(t/ty)
¢ Time ratio t/t,

g Acceleration due to gravity

G.F. Gage factor for strain gage

G(Srs to) Flow function corrected for strain hardening
H Drop height for the falling table
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Flow function

Form function

Length of bolts of the intensifier

Length of test specimen

Mass of the drop table

A material constant known as Stress Dislocation
Velocity Exponent

Pressure of 0il in the intensifier

Strain hardening coefficient

Resistance of an arm of the wheatstone bridge
Internal radius of cylindrical wall of the intensifier
Maximum stress for elastic test

Maximum stress for the test on soft sample

Yield stress

Constant

Stress-time function

Time

Duration of loading for elastic test

Duration of loading if the bulk modulus of o0il used
in the.intehsifier were infinite

Duration of loading for test sample

Period elapsed before reaching yield point

Pulse duration for an infinite value of the system
elasticity

Volume of 0il in the intensifier
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Excitation voltage for transducer
Spring constant for intensifier

DispTacement of drive piston



CHAPTER 1

INTRODUCTION

It has Tong been known that some engineering materials
exhibit greater strength under dynamic loading. This fact was
first realised by J. Hopkinson (3) in 1872. While studying the
propagation of elastic waves in solids, he observed that rupture
occurred at stresses higher than those predicted by static tests.
Most of the experimental work in this area has been done after
the Second World War, which provided impetus to the study of
the dynamic properties of materials, in particular with respect
to impact and high rate metal forming. A review of the work done

in this field is presented in References 1 and 9.

The present study is related to the response of materi-
als subjected to impulsive loadings. A technique has been deve-
loped to predict the behaviour of materiajs under short time
loadings. The original theoretical and experimental investigati-
ons in this area were carried out by G. Kardos (1). His theoret-
ical investigation was an extension of the work done by Hahn (4).

The design equation derived in Reference 1 is as follows:

to ‘
f ((o(t) - qep)" dt = H(ey) —-(1.1)
0

The equation contains three material constants.

1



q = Strain Hardening Coefficient
n = Stress Dislocation Velocity Exponent
H(e.) = Flow Function

The value of the flow function depends upon the
material and the magnitude of the residual strain. 1In the
eauation,o(t) is the stress function and ep is the instant-

aneous value of the plastic strain.

By limiting the region of application to small plastic
strains, i.e.,in the order of 0.1 percent, the strain hardening

term can be omitted and equation (1.1) simply becomes

to :
J (o(t) )" dt = H(ep) --(1.2)

This simplified design equation only requires the
determination of two dynamic material functions. It is interest-
ing to observe that this equation is mathematically identical
to the yield criterion proposed by Campbell (5) for mild steel.

Campbell's equation is given by

t0
Oj ( o(t)/oo Mdt = C --(1.3)

where oo is a constant and C is the number of



dislocations, which should be released to produce yield.

For higher values of the plastic strain, the strain
hardening term in equation (1.1) cannot be neglected. For

such cases, Kardos (1) proposed the following relation:

tO
Of (o(t) )" dt = Glep, t,) —-(1.4)

where G(er , ty) is the value of the flow function
corrected for strain hardening. The function depends on both

the residual strain and the duration of Tloading.

The application of the above equation can be simplified
by normalizing it in order to separate the variables. The
equation can be expressed in the following form:

n 1 n :
(o) to [ (700 )" as --(1.5)

to
f (o(t) )N dt
0

where o = t/tg
a(t) = op f(t/to)

Peak Stress

1

Om

The integral on the right hand side of the equation



depends upon the form of the stress pulse, and is known as
'"Form Function'. Equation (1.4) can now be presented in the

following form:
(o))" to K(n) = Glep, tg) --(1.6)
where K(n) = Form Function

The values of the flow function and 'n' can be
determined experimentally and the results can be used to
predict the amount of the plastic strain corresponding to any

particular stress function.

Equation (1.2) can be used to obtain a relation
between rate of strain and the yield stress. Assuming the
stress function to be a ramp pulse (Figure 15), yielding will

occur when
ij( o(t) ) dt = --(1.7)

where C1 1is the value of the flow function corres-
ponding to the plastic strain at the yield point, and ty is
the time required to produce yield. Since the value of the

plastic strain corresponding to yield point is very low, the



value of the flow function can be assumed to be a constant,

independent of the duration of loading.

As there is a linear relationship between stress

and time, equation (1.7) reduces to

(oy)" ty / (n+1) = ¢ --(1.8)

Yield Stress

1

where 6y

1]

1/(n+1) = Form Function for a Ramp Pulse

For this stress function, the rate of strain is

constant and is given by

e = (o) / (Ety) --(1.9)

By eliminating 'ty' from equations (1.8) and (1.9),

the following relation may be obtained:

(o))" = ¢y e --(1.10)

where Co C; E (n+1)

Equation (1.10) can be rewritten in the following

form:



oy = Gy (L {1711

where C3 = (Cz)l/(n+1)

Biggs (8) 1in discussing high strain rates and
brittle fracture quotes Hollmans' proposed relationship for

strength at high strain rates.

o = g(&)" «={1.17)

Stress at failure

where o}

Material Constants

B, N

It is interesting to note that equation (1.11) is

mathematically identical to equation (1.12).



CHAPTER 2

TEST PROGRAM

2.1 Brief Description of the Test Apparatus

A general view of the experimental set up is given in
Figure 1. The test equipment mainly consists of a drop table
and a hydraulic intensifier. The equipment can be used to
subject a material specimen to a loading cycle which very nearly
approximates a half sine curve. The peak load and the duration
of the loading pulse can be varied independently by changing
the volume of the oil in the intensifier and the mass of the drop
table. A detailed description of the equipment is given in

References 1 and 2.

The main features of the equipment may be briefly
stated as follows:

(a) The material specimen is subjected to only a
single loading cycle.

(b) The Toadings are measured directly and monitored
throughout the entire loading cycle.

(c) The magnitudes of the load and the pulse duration
are independently variable. ,

(d) The induced stress is a simple direct stress on a

standard test specimen.
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2.2 Test Objective

The main objectives of the present work are outlined

as follows:

(i) To study the response of mild steel samples
to dynamic loading.

(i)  To modify the equipment so as to permit a
wider range of pulse durations.

(iii) To monitor the pressure of the oil in the
intensifier throughout the entire loading

cycle.

For obtaining better results, it is necessary that
the material specimens should be tested under loading cycles
with a wide range of pulse durations. The test apparatus
analysis in Reference 1 shows that the stress pulse obtained

from the equipment can be expressed as:

o(t) = (Ap/Ay)v2BHMg/v sin(A3/B/Mv )t --{2.2,1)

where

]
1]

1 Area of the specimen

pJ
|

0 = Area of the Toading piston

>
1]

3 Area of the drive piston

(=]
n

Acceleration due to gravity



M = Mass of the drop table

H = Drop height for the table
V = Volume of the o0il

B = Bulk modulus of the oil

t = Time

It follows frqm equation (2.2.1) that the magnitude
of the pulse duration can be lowered by reducing the volume
of the 0il in the intensifier. The mass of the drop table should
also be kept at minimum to obtain a Tower value of the pulse
duration. The upper limit of the duration of the loading cycle
is limited by the amount of o0il that can be filled in the
intensifier, and the mass of the drop table wHich can be used

without reducing the drop height to less than 2.5 inches.

For reducing the pulse duratien, a new spacer was
designed to reduce the volume of the o0il in the oil chamber
of the intensifier to approximately 3 cubic inches. A sectional
view of the hydraulic intensifier with the new spacer is
illustrated in Figure 14. The spacer also increases the
elasticity of the system by preventing the cylindrical wall of
the intensifier from being a part of the oil chamber. The
and]ysis given in Appendix I shows that if the expansion of the
cylindrical wall is prevented, the elasticity of the system
resu]fs in a pulse duration of approximately 5 milliseconds.

If the effect of the expansion of the wall is included, the
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value of the pulse duration will be about 8 milliseconds. The
magnitude of the pulse duration could not be increased beyond
90 milliseconds. This value was obtained by using a drop table
weighing 250 Tbs. A larger value for the mass of the drop
table will make it necessary to drop the table from a height of

less than 2.5 inches.

For measuring the pressure of the oil in the intensi-
fier, it was decided to use a pressure transducer. A BLH(Baldwin-
Lima-Hamilton) bonded strain gage pressure transducer was selected
for this purpose. The transducer was connected to the lower
portion of the intensifier as illustrated in Figure 4. Figure
14 of the intensifier shows the space provided for connecting the
pressure transducer. The pressure pulse obtained from the
transducer is shown in Figure 6. The upper trace in the figure,
which was obtained from the load cell, is quite different from
the lower trace obtained from the pressure transducer. Since the
pressure transducer and the load cell monitor the input and
output stress-time functions for the test specimen, it was

expected that the two traces would have similar shapes.

To check the possibility that the odd shape of the
pulse obtained from the pressure transducer might be due to
the geometry of the path which connects the transducer with
the main region of the oil chamber, the pressure transducer
was connected to the upper part of the hydraulic intensifier.

Figure 5 shows the pressure transducer connected to the o0il
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chamber through the air vent. The lower trace in Figure 7
shows the pressure pulse obtained with this configuration.

The two pressure pulses shown in Figures 6 and 7 were obtained
for exactly same values of the test variables ( the mass of

the drop table, the drop height, the volume of the oil in the
intensifier and the bias pressure etc.). The slight difference
in the shapes of the two pulses verifies that the response of
the pressure transducer is also a function of the geometry of

the path which connects the transducer with the oil chamber.

The failure of the pressure transducer to respond
to the pressure variations at the end of the main pulse, further
confirms that the load cell gives a much better response to the
pressure in the oil chamber. These pressure variations are
caused as a result of the collision of circlip ( connected
to the drive piston) with the chamber. Figures 6 and 7
very clearly show that the Tload cell is very senstive to these

pressure variations.

The inability of the pressure transducer to accurately
record the pressure in the hydraulic intensifier, ultimately
led to the pressure pulse being monitored by a strain gage cemented
to the cylindrical wall of the intensifier. Figure 2 111ustrate§
the strain gage bonded to the wall of the oil chamber. An
analysis for the response of the strain gage to the pressure
of the 0il in the chamber 1is given in Appendix I. The shape

- of the pressure pulse obtained from the strain gage compared
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well with the Toad pulse obtained from the load cell. The lower

traces in Figures 8 to 13 have been obtained from the strain

gage.

2.3 Test Procedure

The experiments were performed on mild steel samples.
Two mild steel rods were used for the preparation of the test

samples. The rods were analysed as:
Rod A Carbon 0.39 % Sulphur 0.052 %

Rod B Carbon 0.44 % Sulphur 0.055 %

The test samples were made according to the dimensions
prescribed for the cylindrical medium length ASTM compression

test specimen.

n n

I+
o
o
o1

Length: 1.5

I+
o
O
—

Diameter: 0.5

The test samples of both batches were annealed by
maintaining the temperature at 900°C for one hour, and then

gradually cooled while still in the oven.



Each sample was assigned an identification number.
The first digit represented the batch, the second, the duration
of the loading, and the last, the serial number of the sample
in the tests performed for a particular pulse duration. If
more than nine samples were tested for the same duration of

the loading, the last two digits represented the serial number.

The dimensions of the samples, before and after
loading, were measured with the aid of a Starret Dial Indicator
(No. 656-617) having an accuracy of 0.0001 inch, and a range

of 0.4 inch. The range was increased by using the gage blocks.

A dual beam Tektronix oscilloscope, Type 565, and
two carrier amplifiers, Type 3C66, were used to obtain the load
and the pressure pulses from the load cell and the strain gage,
which were connected to the two carrier amplifiers. As the
carrier amplifier also supplied the excitation voltage for the

transducers, no external voltage source was required. The

13

coordinates of the oscilloscope traces, recorded on Polroid film,

were subsequently measured with the aid of a Wilder Micro
Projector (Figure 3). The oscilloscope traces were photographed

using a, Type C-27, Tektronix camera.

The use of the new spacer prevents the air vent from
removing the air from the oil chamber. To ensure that the

intensifier was free from air, the spacer was filled to

the top with the oil, and then the drive piston inserted. The
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spacer also prevents the use of circlip on the drive piston.
As the O-ring between the spacer and the drive piston can
not withstand a pressure of more than 20 psi, a higher bias
pressure could not be used. The introduction of the spacer
also prevents the strain gage from recording the pressure

pulse.

More details about the test procedure are given in

References 1 and 2.

2.4 Test Results

A few typical oscilloscope traces illustrating
stress-time functions for different values of the plastic
strain are shown in Figures 8 to 13. Each photograph shows
two sets of superimposed stress pulses. The upper set has
been obtained from the load cell and the Tower set corresponds
to the response of the strain gage. The two stress pulses in
each set correspond to the tests on the fully hardened and the
mild steel samples. The difference between the two pulses
increases with increase in the plastic strain in the test
sample. The stress-time function for the fully hardened sample
approximates a half sine curve. For higher values of the
plastic strain, the stress pulse shows a sharp upper yield point.

The stress corresponding to the yield point has been defined as
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yield stress. For the stress pulses,which do not exhibit a
sharp yield point, the yield stress has been represented by
the maximum stress achieved during the loading. For very

large plastic strain, the stress-time function exhibits two
maxima, and in some cases the value of the yield stress is

less than the stress corresponding to the other peak point.
For all such cases, the calculation of the form function has

been done on the basis of the yield stress.

The peak load for the elastic test is plotted against
the drop height as illustrated in Figure 17. The values of the
peak load were obtained from the Toad-time functions fof the
fully hardened sample. As expected the logarithmic plot between
the two variables exhibits a linear relationship. The coefficients
of the straight 1lines for different pulse durations were obtained

by the method of Teast squares.

The values of the yield stress, the nominal peak stress,
and the permanent strain for each test are listed in Tables 5
and 7. The nominal peak stress is the value of the peak stress
which would have been obtained if the test sample had remained
elastic throughout the entire loading cycle. The values of the
nominal peak load were obtained with the aid of Figure 17.
Figure 18 illustrates the plot of the residual strain against
the nominal peak stress for the samples of Bétch A. In the
region for which the value of the residual strain is less than

two percent, the plot exhibits a Tinear relationship between
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the two variables. The coefficients for the straight lines
corresponding to different pulse durations were again obtained |
by the Teast squares method. The value of 'Apparent Dynamic
Yield Stress' corresponding to each pulse duration can be
determined by finding the intercept of the least squares line

with the zero residual strain coordinate.

Table 7 gives the values of the yield stress, the
nominal peak stress,and the permanent strain for the test
samples of batch B. Figure 19 exhibits the plot of the nominal
peak stress versus the residual strain. With the exception
of the 18 milliseconds pulse duration, no proper correlation

could be found between the two variables for any pulse duration.

The value of the flow function for zero plastic strain
can be determined by substituting the value of the pulse duration

and the corresponding value of the apparent dynamic yield stress

in equation (1.6). The value of the material constant 'n' can
then be determined by equating any two values of the flow function.
The values of 'n' determined 1in this manner are Tisted in Table
8. Figure 20 exhibits a log-log plot of the apparent dynamic

yield stress and the pulse duration. The value of 'n' obtained
from the slope of the least squares Tine for this plot is listed
in Table 9. As no proper correlation could be found between

the nominal peak stress and the residual strain for batch B,

the values of the apparent dynamic yield strees could not be

determined.
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Figures 21 and 22 illustrate the values of the peak
stress obtained from the stress pulses for the mi]d steel samples
plotted against the residual strain in the test sample. The
figures indicate that the material of batch A is slightly more

responsive to the dynamic loading.

Tables 10 and 11 give the values of the yield stress
and the time elapsed to reach the yield point. The values are
listed for only those test samples, which exhibited a sharp
upper yield point in the stress-time function. The value of
the material constant 'n' has been determined by equating the
values of the flow function correspondfng to the plastic strain
at the yield point. The samples with approximately equal form

functions have been grouped, and the value of 'n' has been
determined on the basis of the slope obtained for the least

squares line for a log-log plot between the yield stress and

the time required to reach the yield point. " The values of 'n

are also listed in Tables 10 and 11.

For the test samples which exhibited a sharp yield
point, the values of the yield stress have been plotted against
the rate of strain. The value of the strain rate was determined
by assuming that below the yield point, the stress varies linearly
with time. Figures 23 and 24 illustrate the log-log plots between
the two variables. The value of the slope for the least Squares

_ line was used to determine the value of the material constant
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'n'. The data and the values of 'n' are listed in Tables 12

and 13.

Figures 25 and 26 illustrate the plots of the flow
function against the residual strain. The data is Tlisted in
Tables 14 and 15. The figures also show the theoretically derived

curves obtained from refrence 1. The curves which were origina-

11y determined for a value of 23.5 for the material parameter 'n',
have been slightly modified for the values of 'n' obtained for

mild steel.

A plot of the apparent peak Toad against the mass of
the drop table is illustrated in Figure 27. The values of the
apparent peak load correspond to the drop height of 10 inches,
and were obtained with the aid of Figure 17. Figure 28 exhibits
the plot between the mass of the drop table and the corresponding

value of the pulse duration.

Figures 29,30,32 and 33 present plots of the residual
strain against the energy required to produce the plastic
strain. Figures 29 and 30 illustrate the values of energy
evaluated by multiplying the weight of the drop table with the
difference in the heights of the rebound corresponding to the
tesfs on fully hardened and mild steel samples. This method
gives a very rough estimate of the energy dissipated in yielding.

The value of the yield stress determined on the basis of these
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results is found to be about 62 kpsi for both batches. The
stress pulses for the test samples indicate that the average
value for the yield stress should be about 70 kpsi. Figures
32 and 33 show the values of energy determined on the basis
of the nominal peak stress and the mid-point value of the
stress for the test sample. The details of this method are
~given in Appendix III. The value of spring constant used for
this method has been determfned by assuming that the average
value of the yield stress is 70 kpsi. Therefore, this technique
can not give very accurate values for energy, but can predict
the nature of the plots relating the residual strain and the

energy dissipated in yielding.

The details about the techniques used to obtain

the results are described in Appendix II.



CHAPTER 3

DISCUSSION AND CONCLUSIONS

3.1 Dynamic Response of Mild Steel

The test specimens made from two mild steel rods having
different percentage of carbon were tested under dynamic
loading. The steel containing Tess carbon exhibited slightly
greater strain rate response. This is indicated by Figures
21 and 22, which illustrate the plots of the peak stress
against the residual strain for differeﬁt durations of loading.
The figures show that for a particular value of the residual
strain, the variation in the values of the peak stress with
loading duration is slightly more in the case of the test samples
of Batch A. A Tower value of the material parameter 'n' obtained
for the steel having lower percentage of carbon also supports
this view. The limited range of the duration of loading, and
the scatter in the results prevent the plots (Figures 21 and 22)

from exhibiting any significant relationship between the variables.

The comparison of the results with the static tests

shows an increase of about 40 percent in the yield stress of

the material.

20
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3.2 Correlation with Theory

The values of 'Apparent Dynamic Yield Stress' obtained
for batch A show good correlation with design equation (1.5).
The Teast squares lines obtained for the log-log plot between
apparent dynamic yield stress and the duration of loading exhibit
a correlation coefficient of .99, and thus, indicate the validity

of equation (1.6). The values of material constant 'n' obtained
by using equation (1.11) compare well with the results obtained
with the application of equation (1.6). The values of material
parameter 'n' are in agreement with the results obtained by

other researchers. The values of 'n' are listed in Table 1.

The nature of the plots between the flow function
and the residual strain correspond with the theoretical

curves obtained from Reference 1.

3.3 Correlation Between Nominal Peak Stress and Residual Strain

The analysis done for ideally elastic-plastic material in
Appendix III shows that a Tinear relationship can be expected
between the nominal peak stress and the residual strain. This
is indicated by the theoretical curves shown in Figure 31.
For large plastic strain, the effects of strain hardening and
the increase in the diameter of the test sam§1e become significant.
As a result, for higher values of the residual strain, the naturé

of the plots (Figures 19 and 20) based on experimental results
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differs from the théoretica11y derived curves.

The analysis shows that the slope of the plot between
the residual strain and the nominal peak stress is basically a
function of the spring constant for the hydraulic intensifier.
The same conclusion can be drawn on the basis of the experimental
results. The plots for pulse durations of 32, 40, 62 and 90
milliseconds in Figures 19 and 20 do not show any appreciable
difference. The tests for these pulse durations were done with

the same amount of 01l in the intensifier.

The superimposed theoretical curves in Figures 19

and 20 exhibit good correlation with the experimental results.

3.4 Flexibility of the Tester

The use of spacers in the hydraulic intensifier
prevents the pressure from being uniform in the oil chamber.
This is indicated by the load-time traces, which show that
during loading the pressure in the intensifier does not rise
smoothly. The problem can be overcome by using a drive piston
of larger diameter for reducing the pulse duration. The use
of a drive piston of larger diameter will also increase the
elasticity of the system, and thus, will further reduce the
duration of the loading. The upper Timit of the duration of
the Toading can be similarly raised by reducing the diameter

of the drive piston.
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3.5 Monitoring the Pressure Pulse

A strain gage cemented on the wall of the hydraulic
intensifier was used to record the pressure of the oil. The
pressure pulse which exhibits the forcé-time function, input
to the test sample, was observed to be exactly same as the
load pulse obtained from the load cell. Figures 8 to 13 exhibit
the oscilloscope traces obtained from the load cell and the

strain gage.

3.6 Recommendations for Future Work

(i) Additional drive pistons of different diameters

should be used to increase the range of the pulse durations.

(ii)  The method for determining the height of rebound of
the drop table should be modified. This will help in giving
a better estimate of the energy dissipated in the yielding

of the test sample.

(iii) A technique should be developed to record the stroke

of the drive piston.

(iv)  The experiments should be performed to study the
effect of multiple impulses with varying intervals of time

between the loadings.



APPENDIX I

ANALYSIS OF THE SYSTEM

I.1 Elasticity of the System

The effect of the elasticity of the system on the
duration of the loading pulse can be studied by evaluating
the increase in the volume of the oil chamber, when the oil
is subjected to pressure. The main factors which contribute

to the expansion of the oil chamber, are as follows:

(i) Increase in the diameter of the cylindrical wall

of the intensifier

The increase in the internal radius of the wall
evaluated using Lame equations is given by the following

expression:
Ar = 14.5P / E

The increase in the radius effects an increase in

“the volume of the 0il chamber, which can be expressed as:
Av = 1183P / E

The displacement of the drive pistoh caused by the

24
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increase in the volume of the oil chamber is as follows:
x = 1340 P / E

(ii) Increase in the length of the six bolts

The pressure in the intensifier effects an increase

in the tensile stress in the bolts. The increase in the length

of each bolt due te the tension can be expressed as:

AL = 318P /E

The resultant increase in the volume of the 0il chamber

is given by:

av = 725 P / E

This results in a displacement of the drive piston,

which can be expressed as:

X = 82P/E

(iii) Compression of the test sample

The displacement of the drive piston, caused due to
the compression of a standard test sample ( 1.5" long and 0.5"

diameter ) is given by:

x = 600 P /E
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(iv) Compression of the drive piston

The displacement of the drive piston caused by
this factor is the compression of the drive piston itself.

It can be expressed as:

x = 95P/E

The total displacement of the drive piston caused

by these four factors is as follows:

x = 2772 P/ E

- The equivalent spring constant will be:

W = PA3/E
= £ J 3120
where A3 = Area of the drive piston

For a drop table weighing 24 1bs ( minimum weight

for the drop table ) the pulse duration is given by

]

tg =« / WM

8.04 milliseconds

This value of the pulse duration is caused due to

the elasticity of the system, and could be obtained experiment-



ally if the bulk modulus of the oil filled in the intensifier

were infinite.

The use of the new spacer prevents the cylindrical
wall from being a part of the oil chamber, and therefore, the
expansion of the wall does not contribute to the increase in
the volume of the chamber. The area which transfers the
force to the bolts is also reduced. The displacement of the
drive piston due to this factor in the new configuration is

aonroximately given by
x = 550 P /E

This configuration effects an increase in the elast-
icity of the system, and the resultant value of the pulse

duration will be:

te = 5.26 milliseconds

The duration of loading obtained while using this
spacer was 13 milliseconds. For an infinite value of the
elasticity of the system, the following value of the pulse

duration would have been obtained.

fis V2= tg2

1]

v132-(5.26)2

11,9 milliseconds
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I.2 Response of the Strain Gage

In ordinary condition, when the oil in the intensifier
is at normal pressure, the cylindrical wall of the intensifier
is subjected to a compressive force due to the tightening of the
bolts. During the loading, the bolts are subjected to a further
tensi]e'stress, which causes the elongation of the bolts, and
thus, results in the release of the compressive foréé in the
cylindrical wall. The strain gage, therefore, records a lower
value of the strain than what it should do at a particular
pressure. The strain gage is subjected to approximately 20x10"6

strain. The corresponding compressive stress in the wall is

completely released at a pressure of about 1200 psi.

The ratio of the strain exhibited by the load cell to
the strain recorded by the strain gage (after being corrected
for the above error) has been found to be 3.98. This value

agrees with the result determined analytically.



APPENDIX II

EVALUATION OF THE RESULTS

I1.1 Determination of Stress-Time Function

The load-time trace for each sample was produced
on a transparent slide, and the coordinates of the function
were measured with the aid of a Wilder Micro Projector (Figure 3).
For determining the form function by numerical integration, the
base of the function was divided into twenty intervals and the
value of the stress was determined for ninteen points. Though,
for calculating the form function for the whole pulse, it would
have been sufficient to determine only those stresses which were
more than 75 percent of the peak value, the evaluation of the
flow function corresponding to the plastic strain at the yield
point made it necessery to calculate the values of the iower
stresses as well. The value of the peak Toad for the load pulse

for the elastic test was also determined for each test.

The amplifier used in the oscilloscope records the
load in terms of strain. For measuring the signal produced

by the load cell, the following analysis is reauired.

Let the resistance of each of the four arms of the
wheatstone bridge be R, the output is then given by the follow-
ing expression: /

AV/V = AR/4R --(11.1.1)
29



The value of the change in resistance, AR, can be

expressed as:
AR/R = (Gage Factor)x(Strain) --(I1.1.2)

The above two relations can be used to obtain the

following expression:
AV/V = (G.F.xStrain)/4 --(11.1.3)

As the 3C66 amplifier is calibrated for a gage
factor of 2, it follows that the oscilloscope will record
one pstrain for an output of 5x1077 Vo]t/Vo]t. Since the
output of the load cell at full capacity (50,000 1bs) is
2mV/Volt, the oscilloscope will exhibit 4000 ustrain for a
load of 50,000 1bs.

11.2 Determination of 'n

The material parameter 'n' is the most important

factor for predicting the behaviour of the material under any

loading cycle. For small plastic strain, the value of the

flow function depends only on the residual strain. The value

30

of 'n', therefore, can be determined by equating flow functions

for two samples which have been subjected to same plastic strain.

Also, for small value of the residual strain, the form of the

stress pulse is similar to a half sine curve, and therefore,

the values of the form'function for the two stress functions
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may be assumed equal. The example given below illustrates the

use of this method to determine the value of 'n'.

Sample No. Duration of Loading Peak Stress Residual Strain

(ms) (kpsi) (percent)
117 13.01 74 .95 0.06
162 62.43 70.12 0.07

Using equation (1.6) the values of the flow functions

can be expressed as:

(74.95)"x13.01xK(n)

]

H(0.06)

and  (70.12)"x62.43xK(n) = H(0.07)

| Assuming H(0.06) to be approximately equal to H(0.07),
and neglecting any difference in the form functions, the

following relation may be obtained.

(74.95)"x13.01 = (70.12)"x62.43

On simnlification, the above equation yields

n = 23.9

The method discussed above uses the results of only
two test samples, and since there is a large scatter in the
results, the value of 'n' obtained by this method can not be

very reliable.


http:70.12)nx62.43
http:74.95)nx13.0l
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The values of 'n' determined by equating the values

of the flow function)for zero plastic strain are listed in
Table 8. This procedure uses the va]qes of the apparent dynamic
yield stress, which is an extrapolated value of the peak stress
for zero residual strain. Therefore, the value of 'n' obtained

using this method depends on the results of a large number of

test samples.

The value of 'n' Tisted in Table 9 has been determi-
ned by plotting the log of apparent dynamic yield stress against
the Tog of Toading duration. Taking the-log of both sides of

equation (1.6}, the following expression is obtained:
n log(oy) + Tog(ty) + Tog(K(n)) = Tog(H(e)) --(I1.2.1)

For zero plastic strain, the values of log(K(n)) and
log(H(e)) would be indevendent of the value of the loading
duration. Therefore, the 1qg-1og plot between apparent dynamic
yield stress and duration of loading would exhibit a linear
relationship. The slope of the least squares 1line has been

used to evaluate the value of 'n'. Since this method uses the
results of very large number of test samples, the value of

'n' obtained by this technique is expected to be quite accurate.

The value of 'n' can also be determined by equating
the flow functions corresponding to the plastic strain at the

yield point. Taking two test samples, which exhibit a sharp
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yield point, an approximate value of the constant 'n' can be
determined by assuming that the values of the form functions
corresponding to the yield points for the two cases are equal.

This value of 'n' can now be used to evaluate the flow functions
by numerical integration. The values of the flow functions and
'n' can be used to obtain a better value of the parameter 'n'.
This iterative procedure may be used to determine the value of

'n' which would give equal values of the flow function for

the two cases.

Assuming cy(l) and oy(Z) as the values of the yield
stress, and ty(1) and ty(2), the values of time elapsed before
reaching the yield point, an approximate value of 'n' can be

determined by using the following expression:

n = Tog(ty(1)/ty(2))/Tog(oy(2)/ay (1)) --(11.2.2)

If Hl(ey) and Hp(ey) be the values of the flow
function obtained by numerical integration using this approxi-
mate value of 'n', an improved value of 'n' can be obtained

by using the following relation:

n = n + Tog(Hy(ey)/Ha(ey))/Tog(oy(2)/oy(1)) --(11.2.3)
where ey = Plastic strain at the yield point

The example given below illustrates the use of this

method.
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Sample No. Yield Stress Time Elapsed Before Reaching

(kpsi) Yield Point (ms)
118 78.08 5.94
143 74.46 19.65

Substitution of these values in equation (I1.2.2)

yields:

n =.25.13

The following table gives the subsequent values

of 'n' obtained after each iteration.

1 25.13 3.14x1047  2.87x1047
2 23.26  9.27x1043  9.19x1043
3 23.09 4.47x1043  4.46x1043

Hence, n = 23.09

Again, since the value of 'n' obtained by this
method depends only on two individual tests, the reliability

of the result cannot be assessed.

A better value of 'n' can be obtained by selecting

the test samples for which the form functions corresponding
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to the yield point are approximately equal. This can be done

by calculating the ratio of the yield stress to the nominal peak
stress for each test sample which exhibits a sharp yield point,
and then grouping those samples for which this ratio is approxi-
mately same. The value of 'n' can now be oStained with the aid

of a Tog-log plot between yield stress and the time elapsed before
yielding. The values of 'n' determined by using this technique

are listed in Tables 10 and 11.

The value of the material parameter 'n' can also be
evaluated by using a log-log plot of yield stress versus strain
rate. The following expression is obtained by taking the Tlog

of both sides of equation (1.11).

log (oy) = (1/(n+1)) log (&) + log (C3) --(II.2.4)

It follows from the above equation that the slope of
the‘1east squares line for the Tog-log plot would be equal to
1/(n+l). For each test sample, which exhibits a sharp yield
point in the stress time trace, an approximate value of the
strain rate can be determined by assuming that below the yield
point, the stressincreases]inear1y with time. As this method
uses the results of a large number of samples, the value of 'n'
is expected to be quite accurate. The results obtained by this

technique are listed in Tables 12 and 13.
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For determining flow functions, the following values

of 'n' have been used for the two batches.

Batch n
A 23
B 33

11.3 Evaluation of Flow Function

Since the stress-time pulse for the test sample does
not follow any particular function, the value of the flow function
for each test sample was determined by numerical integration.

For each stress-time function, the values of the stresses were
determined at ninteen points. The values of the ordinates for
evaluating the flow function were obtained by raising the values

of the stresses to the power 'n'. The value of the flow function
was then determined using Simpson's rule. A detailed description

of the procedure is given in Reference 2.

I1.4 Estimation of the Energy Dissipated in Yielding

An approximate value of the energy required to produce
plastic strain in the test sample can be determined by calculat-
ing the difference in the heights of rebound for the mild stee1

and fully hardened samples. The product of the weight of the
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drop table and the difference in the heights for the two tests
gives an estimate of the energy dissipated in the yielding of

the test sample.

The value of the energy has also been estimated on
the basis of stress pulses for the two tests. The details of

this technique are described in Appendix III.



APPENDIX III

ANALYSIS FOR DETERMINING RELATION BETWEEN

NOMINAL PEAK STRESS AND RESIDUAL STRAIN

 The difference in the stress-time functions for the
tests on fully hardened and mild steel samples increases with
the increase in the plastic Strain in the test sample. Since
the drop table is allowed to fall from the same height for
the two tests, an equal amount of energy is fed in the system
for both cases. The energy, which can be recovered from the
system depends on the value of the stress at the instant,
when the drive piston starts moving back (assuming that no
plastic strain takes place after that instant). The difference
between the values of recoverable energy for.the two cases should
give an estimate of the amount of energy required to produce

the plastic strain in the test sample.

~ Assuming that tﬁe specimen is made of an ideally
elastic-plastic material, the stress-time pulse will have the
form as illustrated in Figure 16. The difference in the values
of the recoverable energy for the two tests may be expressed
as: |
(W/2) (x3 - x§) --(I11.1)

38
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where W 1is the spring constant for the drive

piston and, x, and x,, the displacements of the drive piston

e y?
required to produce the stresses o and ay respectively. The

displacements of the drive piston may be expressed as:

(oeAp A3 )/ (A W)

x
m
I

(oy AL Ay ) / (ApW) --(II1.2)

Substitution of these values in expression (III.1)

yields:

(A Az /A, )2( 0?2 - °y2 Y/ 2 W --(I11.3)

An expression relating residual strain and the energy
required to produce the residual strain can be obtained on the
basis of an estimated value for the yield stress. The test
results for mild steel show that 70 psi will be a reasonable
value for the yield stress. The energy required to produce

residual strain, e, , may be expressed as:
oy A1 Ly ep --(I11.4)

where L; is the length of the test sample.
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Since the test apparatus does not have any means for
measuring the displacement of the drive piston, it is not
possible to determine the exact value of W, the spring constant
for the drive piston. The system a]so-does not behave exactly
as a lumped mass system, and therefore, it is not possible to
obtain the value of W on the basis of the values of the mass

of the drop table and the pulse duration.

Expression (III.3) can be used to determine the value
of energy required to produce plastic strain in each test
sample. The value of the stress at the instant, when the
drive piston starts moving back, may be substituted for oy.

The value of this stress is approximately given by the mid-point
value of the stress for the stress-time trace obtained for the
test sample. An approximate value of W, the spring constant,
may be obtained by comparing the values of energy determined

using expressions (II11.3) and (III.4).

Using the method discussed above, the following values

of W have been obtained for different durations of loading:

Pulse Durations Spring Constant
(miTliseconds) (1bs/inch)
32, 40, 62 and 90 1000

13 and 17 4000
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These values of the spring constant may now be used
in expression (III.3) to estimate the energy required to
produce plastic strain in each test sample. These values

have been plotted in Figures 32 and 33.

On substituting the numerical values in expressions
(I11.3) and (III.4) and equating them, the following relation

is obtained:
218 ( 0e? - oyz )/ W = .0294 oy ey -(I11.5)

where oe and oy are in kpsi, e, in percent, and

W in 1bs per inch.

The expression (III.5) may be rewritten in the

following form:
_ 1/2
oe /oy = (1+ .0294 ¢r W/218 oy ) -(I11.6)

Substitution of 70 kpsi for oy in the right hand side

of the above expression yie1ds:

oe / oy = V{1 +.000093 Wep)  --(II1.7)

The curves illustrated in Figure 31 have been obtained

with the aid of equation(III.7). The curves for the two values



of the spring constant indicate that for lower values of the
plastic strain ( less than two percent ), nominal peak stress

and residual strain should exhibit a Tinear ke]ationship.

42
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TABLE 1

ROOM TEMPERATURE VALUE OF MATERIAL PARAMETER 'n'

FOR VARIOUS IRON ALLOYS

MATERIAL

Mild Steel

SAE 4340 Rc 30

Fe

Mild Steel

Mild Steel

Mild Steel

Mild Steel

Mild Steel

Fe-3.25% Si Crystals
Mild Steel (0.39% C)
Mild Steel (0.44% C)

SOURCE REFRENCE
Krafft (4)
Kardos (1)
Hull & Noble (6)
Winlock (4)
Fisher & Rogers (4)
Clark & Wood (7)
Winlock (4)
Sylwestrowicz & Hall (4)
Stein & Low (4)

This Thesis
This Thesis

44
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TABLE 2

VARTIATION OF PULSE DURATION WITH TEST APPARATUS PARAMETERS

WEIGHT OF THE VOLUME OF THE OIL IN DURATION OF
DROP TABLE THE INTENSIFIER LOADING
(1bs) 4 (cubic inches) (ms)
24 3 13
36 4 17
86 120 32
59 120 40
138 120 62

250 120 90



SAMPLE NO.

101

102

201

202

203

TABLE 3

STATIC TEST RESULTS

STRESS

(kpsi)

54.

65

75,

50.

51

59.

50.

52.

52.

59,

68.

52

20

.00

90

00

.00

05

00

00

40

05

8

§

PERMANENT STRAIN

(percent)

46
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TABLE &
BATCH A
SAMPLE NOw DROP HEIGHT PEAK LOAD(LRS)
(INCHES) (ORTAINED FROM ELASTIC TEST)

111 9450 10438
112 1250 11364
113 15450 12779
114 18450 14168
115 22450 . 15668
116 24450 16710
117 20450 14889
118 22450 15892
PULSE DURATION = 1340 MS

121 11.00 ' 13991
122 12.75 15345
123 15480 16914
124 20.00 | 19787
125 24,00 21771
PULSE DURATION = 17.0 MS

131 38,70 14367
132 48470 160322
128 36450 15371
134 . 33,50 13509
135 28450 12483
136 43450 15552
137 \ 53450 17678

\

PULSE DURATION = 3240 MS

141 1770 12677
1472 2Ce20 13682
143 55570 14523
144 27470 16375
145 32460 18126
146 37460 19562
147 18456 13153
148 19.C6 13419

PULSF DURATICN = 4040 MS



TABLE &4 (CONTD.) 48

SAMPLE NOe DROP HEIGHT PEAK LOAD(LBS)
( INCHES) (OBTAINED FROM ELASTIC TEST)
151 3610 _ 13431
152 3660 ) ‘ 14263
153 285 13023
154 . 3635 13957
155 4610 15227
156 510 , 17101
157 2637 11973
158 2662 12639
159 6e25 18855
PULSE DURATICN = 90,0 MS
161 6625 12920
162 6e75 13282
162 Te25 13833
164 8e25 14887
165 9625 15632
166 10475 16846
167 1275 18578
164 700 13480
169 Te75 14225
1610 700 13491

PULSFE DURATICN = 620 MS
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TABLE 5
BATCH A
SAMPLE NCa YIELD STRESS NOMINAL PEAK STRESS PERMANENT STRAIN
(KPSIT) (KPST) (PERCENT)

111 50656 5040 «02
1.}.2 58698 5882 «03
113 66019 66630 «03
114 71657 - 73611 «02
1195 T7e41 8180 49
116 81.40 85663 42
117 740{95 77-/1‘9 006
118 78408 8lelil «32
PULSE DURATICN = 1360 MS
121 Tlek2 72636 . «01
122 76630 T78e54 el

. 123 "8l.28 88459 , .71
124 8‘:\'. 8 l’dla?lr 113%
125 86e 54 111.93 1.91
PULSE DURATICN = 17.0 MS
131 73648 T6e37 «59
132 T4e82 . 86601 219
133 73646 TheB7 e56

134 70413 T71e35 «25
135 . 65682 65650 « 02
136 17626 8le53 1866
137 8189 9076 2646
PULSE DURATICN = 32.0 MS
14], 6()092 670?0 -OZ
142 71e61 7229 «10
143 Thelb . Tlelb 0«98
144 7580 86622 2023
145 80e49 94417 2462
1[46 : 80.2? ' 102005 3.00
147 6Ge52 69015 003
148 T70.08 7009 «13

PULSF DURATICON = 40.0 NS
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TABLE 5 (CONTDe)

SAMPLE NO. YIELD STRESS NCMINAL PEAK STRESS PERMANENT STRAIN

(KPSI) (KPST) (PERCENT)
152 7051 71613 «09
152 T687 79.43 le4?2
153 67699 £Be63 o 14
154 7076 T3e64 le15
155 TLe94 81.02 187
156 75660 _ 89.01 236
157 63439 63612 «03
158 6683 66605 03
159 73651 97489 3010
PULSE DURATION = 9Ce0 MS
161 67638 6748 002
162 7012 70625 . «07
163 7202 7282 61
164 75624 7768 l1.31
165 76619 8218 183
166 76615 891 2629
168 69.45 7169 e 70
169 73641 75030 82
1610 T0e 46 7158 «07
PULSE DURATION = 620 M5

McMASTER UNIVERSITY LIBRARY



TABLE 6

BATCH B

SAMPLE NO. DROP HEIGHT
(INCHES)
211 17650
212 19450
213 20650
214 21450
215 23450
PULSE DURATION = 1345
221 15,00
222 13.C0
225 18600
224 22.00
225 25.00
PULSE DURATION = 18.0
231 28650
232 33450
233 38450
234 484650
235 53650
PULSE DURATION = 32.0
241 1760
242 20410
243 22660
244 27460
245 32-60
246 18481

PULSE DURATION = 4C.0 MS

51

PEAK LOAD(LBS)
(OBTAINED FROM ELASTIC TEST)

12795
13835
13853
14227
15246

15275
14419
17893
1934C
20633

12337
13581
14531
16430
17474

12893
13884
14929
16612
17890
13293



TABLE 6 (CONTD.)

SAMPLE NO. DROP HEIGHT
(INCHES)
251 250
252 2075
253 3.00
254 2475
255 ' 325
256 4o 25
257 525
258 625
PULSE DURATICN = 9340 MS
261 6e75
262 6650
2673 TeUO
264 Te25
265 8e25
266 10625
267 13.25

PULSF DURATION = 6240 MS

PEAK LCAD(LRS)
(ORTAINED FROM ELASTIC TEST)

12297
12874
13380
12815
13899
16072
17304
18652

13274
13089
13577
13819
14738
16600
18985

52
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TABLE 7

BATCH B

SAMPLE NO. YIELD STRESS NOMINAL PEAK STRESS PERMARNENT STRAIN

(KPST) (KPS1) (PERCENT)
211 66e46 66465 «03
212 66652 70475 «13
213 68495 72487 07T
214 69¢ 49 74485 s 35
215 75450 78477 46
PULSE DURATION = 1345 MS
221 75431 80466 45
222 72415 74457 W14
229 T4 435 89466 «B 6
224 78,84 100631 1e43
225 81let7 107.72 1677
PULSE DURATICN = 1840 MS
231 65018 65635 o
232 68e41 T1e27 « 40
233 75427 7685 1.02
234 78465 86¢69 220
235 7753 9156 2430
PULSFE DURATION = 3240 MS
241 6737 68438 «01
242 19462 73620 «2%
243 T4 .65 1L T Iel®
244 75409 8650 2.18
245 76403 94 e 65 2662
246 6924 70484 24

PULSE DURATION = 40,0 MS



SAMPLE NO,

251
252
253
254
255
256
257
258

PULSE DURATICN =

261
262
2563
264
265
266
267

TABLE 7 (CONTDs)
YIELD STRESS NOMINAL PEAK STRESS
(KPSI) (KPST)
65.00 65.2/+
66.05 6828
69.69 70692
67,08 68631
7106 73664
7107 83616
7378 9139
75069 99073
900 MS
69e 14 70669
68432 6931
69.91 7196
71692 7329
72602 78623
74485 87655
T7666 69.87
62«0 MS

PULSE DURATION =

54

PERMANEMNT STRAIN
(PERCENT)

«02
43
«33
«03
1.00
213
2645
2494

ol
03
67
45
leti6
2019
292
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TABLE 8
BATCH A
APPARENT DYNAMIC ~ DURATION OF APPARENT DYNAMIC ~ DURATION OF  MATERIAL
YIELD STRESS LOADING YIELD STRESS LOADING ~ PARAMETER

oy(1) (kosi) to(1) (ms) oy(2) (kpsi) to(2) (ms)  'n’
73.77 13.0 67.75 90.0 22.7
73.77 13.0 68.95 62.0 23.1
73.77 13.0 69.81 40.0 20.4
72.72 17.0 | 69.81 40.0 20.9
72.72 17.0 67.75 90.0 23.5
72.72 17.0 68.95 62.0 24.2

68.95 62.0 67.75 90.0 21.2



TABLE 9

BATCH A

APPARENT DYNAMIC YIELD STRESS
(kpsi)

1377

72.72

71.31

69.81

68.95

67.75

56

DURATION OF LOADING

(ms)

13.0

17.0

32.0

40.0

62.0

Value of material parameter 'n'

obtained from the log-log plot = 22.95
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TABLE 10

BATCH A

VALUE OF THE MATERIAL PARAMETER 'n' OBTAINED ON THE BASIS

OF LOG-LOG PLOT BETWEEN YIELD STRESS AND TIME TO YIELD

SAMPLE NO. LOADING TIME FOR PRODUCING YIELD STRESS
YIELD (ms) (kpsi)
124 4.90 80.77
136 1320 17 .25
155 34.54 74.93
165 24.66 76.18
Value of the material parameter 'n' = 26.18
115 5.71 77 .41
116 5.76 | 81.40
118 5.94 _ 78.08
123 : 6.89 81.28
143 19.65 74.46
152 40.43 76.77
154 38.32 : 70.75
164 27.52 75.23
~ Value of the material parameter 'n' = 25.1
132 12.23 74.81
137 11.61 81.88
144 14.55 75,79
145 " 13.32 80.49
156 31.66 75.59
166 ' 20.93 76.13

Value of the material parameter"n' = 21.7




TABLE 11

BATCH B

VALUE OF MATERIAL PARAMETER 'n' OBTAINED ON THE BASIS OF

LOG-LOG PLOT BETWEEN YIELD STRESS AND TIME TO YIELD

SAMPLE NO. TIME TO YIELD YIELD STRESS
(ms) (kpsi)

223 5.88 74.35
224 4.94 78.84
225 4,61 81.87
234 12.83 78.64
266 21.47 74.83
Value of the material parameter 'n' = 35.5
245 12.10 | 76.02
257 ' 27.73 _ 73.77
258 25.85 75.67
267 18.11 77 .65
Value of the material parameter 'n' = 33.0

- 215 5.49 | 75.49
221 7.40 _ 75.30
233 15.45 | 75.26
243 16.77 74.65
255 39.82 71.04

Value of the material parameter 'n' = 35.0




TABLE 12

BATCH A
SAMPLE NOC, STRAIN RATE YIELD 'STRESS

(INCH/ INCH/SEC) (KPST)
115 e 447 TT7eb1
116 466 81+40
118 e 433 78.08
123 ¢« 389 81.28
124 ¢ D44 80677
132 «198 74481
136 «190 77625
137 e229 : 81.88
143 «123 Thelb
144 «169 7579
145 «196 8Ue 49
146 «226 8Ce22
152 « 062 76177
154 s 060 70675
155 «070 T4e93
156 077 75459
159 « 055 73649
164 « 089 7523
165 100 76618
166 «118 76613
167 ¢135 79466

SLOPE OF LOG-LOG CURVE = 25672

VALUE OF THE MATERIAL PARAMETER 'n' = 24.2



TABLE 13

RATCH B

SAMPLE NO STRAIN RATE YIELD STRESS
(INCH/INCH/SECQ) (KPSI)
215 453 75449
221 «335 75430
223 417 74635
224 526 78484
225 583 . 8le47
233 «158 75626
234 199 78664
243 o144 74465
245 0201" . 76002
255 « 058 71404
257 « 0856 7377
258 095 75467
266 113 74683
267 ' «139 ' 77665

SLOPE OF LCG-LOG CURVE = 34.1

VALUE OF THE MATERIAL PARAMETER 'n' = 33,1



SAMPLE MNO.

111
112
113
114
115
116
117
118
121
122
123
124
125
131
132
133
134
135
136
137
141
1472
1472
144
145
146
147
148
151
152
153
154
155
156
157
158
159
161
162
163
164
165
166
167
168
169
1610

TABLE 1

BATCH
PULSE DURATION

1257
12.76
1279
12.9"1»
13.00
1280
13.01
13,03
1584
1667
16675
17622
1770
34, 0%
33.51
32625
32416
3194
3203‘5
32648
41 o[+o
40689
4066%
41655
40620
40662
40612
40632
8914
89e¢75
8973
9C.95
89e49
90«38
90e64
89 L4

CelO
62653
626453
62604
62¢ 7Y
62658
62674
63084
6238
62.1%
62639

4

A

FORM

le66E=01
24 33E01
217E-01
1. RQE“O]
le32E-01
1e29E-01
1¢79E-01
1.40E-01
le82E-01
1¢53£-01
Tets1E-02
Te08E~02
80 03E~-02
1e21E-01
708E-01
290E-01
1e53E-01
le61E-01
9+51E~02
16 04E=01
lets4E~01
le52E£~01
le12E-01
1e14E-01
1¢33E-01
3e42E-01
lof,OE"Ol
le59E-01
1¢53E-01
9 "_‘(WF“O2
l1e52E~-01
1. 09E-01
1e08BE-01
1e61E~01
1058E~-01
8e93E-C1
l1e68E-01
le68E-01
le34E-01
9+93E~-02
Be02E-02

1e04E-01"

1¢79E-01
1e33E-01

" 1e26E-01

le54E-01

FUNCTION

61

FLOW FUNCTICN

le56E+40
le59E+41
2.10E+42
1.08&""43
4o T7B5E+473
lebb6E+44G
3407E+473
6e17E+43
le25E+43
508E+43
1.06E+~/+[+
8e99E+473
5e12E+44
3.73E+473
3.00C+44
Te78E+43
leG1E+43
3eb41E+42
BelHE+43
3o 43E+44
5e¢81E+42
24:875'*'[!3
5e22E+473
8e09E+43
3e63E+44
e THE+LG
1e50E+43
1480E+432
4olilE+4T3
2.03E+44
leG1lE+43
3e14E+43

e 29 H+L G
lebT+b44
L,0BE+42
1.335'{"43
e TTE+LN
1e20E+473
2699C+43
Le3BE+4LT3
8eGT7C+43
9635443
le26E+44
6e13E+44
le88E+43
6e30E+4L3:
3.05E+43



SAMPLE

211
212
213
214
215
221
222
223
224
225
231
2327
233
234
235
241
242
2473
244
245
246
251
D2
253
254
255
256
257
258
261
262
263
264
265
266
267

NOe

TABLE 1

BATCH
PULSE DURATION

13.28
13.81
14,02
13496
13.60
18611
18019
18475
18.18
18.4Q
3242
3263
32466
33.18
33632
3945
39658
39,90
40628
40633
40,04
90.08
90.70
8965
8973
91.04
9144
90644
90.78
62,24
62772
62666
62.75
63,09
63682
63.81

5

B

FORM FUNCTION

1084E—01
1. 70E-01
le 66E-01
1e87E-01
1.05E£~-01
8018E‘02
le26E-01
le14E-01
4e 68E~-02
7.45E—02
le36E-01
le25E--01
8.04E“02
46 69E~02
le32E-01
1e36E-01
1.20E~01
8e38E~02
le61E~-01
20 44E~-01
1.18E~01
1¢39E~-01
le31E-01
le24E-01
1.33E-01
Be94E~-02
le49E-01
1o 68E-01
56 79E-01
9‘84E-02
le32E-01
le16E-01
1. 26E-01
9,C1E-02
1le15E~01
4.19E—01

FLOW

62

3641E+60
3e38E+60
1,0%9E+61
1.59E+61
le34E+62
1.28E+62
4,81lE+61
1e21E+562
3e34E+62
1.59E+63
3+ 23E460
1. 48E+61
2¢23E+62
5.63E+62
1.00E+63
ls17E+61
1.23E+62
2616E+62
510E+62
le16E+63
2.54E+61
8.39E+60
l1e36E+61
Telts5E+61
2.26E+61
1.03E+62
le73E+62
6. 69E+62
535E+63
3615E+61
2.B7E+61
5.40E+61
le49E+62
1s13E+62
5616E+62
6e37E+63

FUNCTION
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}

STRAIN GAGE CEMENTED TO THE WALL
OF THE HYDRAULIC INTENSIFIER

FIGURE 2

MICRO WILDER PROJECTOR

FIGURE 3
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PRESSURE TRANSDUCER CONNECTED TO THE LOWER
PORTION OF THE INTENSIFIER

FIGURE 4

PRESSURE TRANSDUCER CONNECTED TO THE
INTENSIFIER THROUGH THE AIR-VENT

FIGURE 5
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LOAD-TIME TRACE FOR TEST SAMPLE 1610

FIGURE 8

LNAD-TIME TRACE FOR TEST SAMPLE 169

FIGURE 9



LOAD-TIME TRACE FOR TEST SAMPLE 165

FIGURE 10

LOAD-TIME TRACE FNR TEST SAMPLE 166

FIGURE 11
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LOAD-TIME TRACE FOR TEST SAMPLE 258

FIGURE 12

LOAD-TIME TRACE FNR TEST SAMPLE 256
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SECTIOMAL VIEW OF THE HYDRAULIC INTEMSIFIER

( MORE DETAILS ARE PRESENTED IN REFERENCES 1 AND 2 )
FIGURE 14




STRESS PULSE FOR CONSTANT RATE

OF LOADING

FIGURE 15
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PEAK LOAD (LBS)

50000
20000—
10000
— LEAST SOUARES LINES - CHANGE OF PEAK LOAD WITH
s : DROP HEIGHT FOR DIFFERENT
N FOR 13 ms, PEAK LODAD = 2725 (H)0.5661 PULSE DURATIONS. DATA
FROM TABLE 4.
5000~ 17 ms, = 3615 (H)0.5670
| 32 ms, = 2150 (H)0-525% . ‘A 13 ms A 40 ms
49 ms, = 2475 (H)0.5697 o 17 ms © 62 ms
B 62 ms, = 4990 (H)0.517% 8 32ms @ 90 ms
90 ms, = 7910 (H)0.4643
I 3 1 | ! | L1 1 | ! ] | | ! L1
2008 2 5 10 20 50

DROP HEIGHT :(INCHES)

FIGURE 17
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NOMINAL PEAK STRESS (KPSI)

120

60

. =

rd

P
=

(-]
n‘//’ THEORETICAL CURVE
_

CORRELATION BETWEEN NOMINAL PEAK
STRESS AND RESIDUAL STRAIN FOR
MILD STEEL (0.39% C) AT VARIOUS
PULSE DURATIONS. DATA FROM TABLES

A 13ms .0 17 ms o 32 ms

A AO0ms © 62ms B 90 ms
! |

%.0

2.0
RESIDUAL STRAIN (PERCENT)

FIGURE 18
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NOMINAL PEAK STRESS (KPSI)

120

100
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7
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/,/’ A““(<:,~*‘ CORRELATION BETWEEN NOMINAL PEAK STRESS
/./ D/ .
Ad/’ A i ' AND RESIDUAL STRAIN FOR MILD STEEL
3 & © .4.’_//f B
é%a " _prng‘;" © (0.44% C) FOR DIFFERENT PULSE DURATIONS
H—""
A ' o DATA FROM TABLE 7.
i A 13.5ms O 18.0ms O 32.0 ms
A 40.0 ms © 62.0 ms B 90.0 ms
] | | ] | N
1.0 2.0 3.0

RESIDUAL STRAIN (PERCENT)

FIGURE 19
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APPARENT DYNAMIC YIELD STRESS (KPSI)

100

50

+ 30

20

LEAST SOUARES LINE:- o = g2,44 {t,)"(1/22.95)

] ]

APPARENT DYNAMIC YIELD STRESS

VERSUS DURATION OF LOADING FOR
MILD STEEL (0.39% C). DATA

FROM TABLE 9.
] ] ] | |

10

20

30

50 100

DURATION OF LOADING (MILLISECONDS)

FIGURE 20
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PEAK STRESS (KPSI)

90
o
A
" = o 4 .
80 o -
A
o . eu A®Omnm
—A A ja]
oo )
A A @ .
70 %@F‘A a .!
=] //
e _~0
60 /@’/,/
" s PEAK STRESS REOUIRED TO PRODUCE RESIDUAL
. = STRAIN IN MILD STEEL (0.39% C) AT DIFF-
_ g
50— — ERENT PULSE DURATIONS. DATA FROM TABLES
3 AND 5.
i A 13ms o0 17ms O 32ms A 40ms
© 62ms @ 90 ms O Static Test
] ] ] ] | | | ] ] ] } | { |
0.0 1.0 2.0 3.0

RESIDUAL STRAIN (PERCENT)

FIGURE 21
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PEAK STRESS (KPSI)

90
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A
o
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60— —
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— = =
® @ T PEAK STRESS REQUIRED TO PRODUCE RESIDUAL
50H©@ s STRAIN IN MILD STEEL (0.44% C), AT VARIOUS
PULSE DURATIONS. DATA FROM TABLES 3 AND 7.
A 13.5 ms O 18.0 ms o 32.0 ms
40—
A 40,0 ms © 62.0 ms 2 90.0 ms.
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] | ] | | ]
0.0 1.0 2.0 3.0

RESIDUAL STRAIN (PERCENT)
FIGURE 22
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YIELD STRESS (KPSI)

200
. (1725.2)
LEAST SOUARES LINE:- oy = 82.91(¢)
100 —
Lo AQ_AAA NS A A - a Af—i—
50 [
20 CORRELATION BETWEEN STRAIN RATE
AND YIELD STRESS FOR MILD STEEL
_— (0.39% C). DATA FROM TABLE 12.
[ 1 | ¢ § 1 11l | 1 [ R N A
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RATE OF STRAIN (PER SEC.)

FIGURE 23
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YIELD STRESS (KPSI)

200
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(1/34
LEAST SOUARES LINE:- oy, = 79.58 (&) Lo

CORRELATION BETWEEN STRAIN RATE
AND YIELD STRESS FOR MILD STEEL -
(0.44% C). DATA FROM TABLE 13

RATE OF STRAIN (PER SEC.)

FIGURE 24
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5x1045
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81

AR

FLOW FUNCTION VERSUS RESIDUAL STRAIN

FOR MILD STEEL (0.39% C) AT VARIOUS

PULSE DURATIONS. DATA FROM TABLE 14.

A 13 ms A L0 ms
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o 32 ms B 90 ms
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Lo gl 1 )
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FLOW FUNCTION
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82

FLOW FUNCTION VERSUS RESIDUAL STRAIN ' i
" )
- FOR MILD STEEL (0.44% C). AT VARIOUS
e PULSE DURATIONS. DATA FROM TABLE 15.
a A 13.5 ms A 40.0 ms
1 o 18.0 ms © 62.0 ms o
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FIGURE 26



DURATION OF LOADING (MILLISECONDS)

200
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10

CORRELATION BETWEEN MASS OF THE
DROP TABLE AND DURATION OF LOADING
DATA FROM TABLE 2.
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FIGURE 27
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APPARENT PEAK LOAD (LBS)

50000

20000

10000

5000
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L

CORRELATION BETWEEN MASS OF THE
'DROP TABLE AND THE PEAK LOAD
FOR 10 INCH DROP HEIGHT. DATA
OBTAINED FROM FIGURE 17.
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ENERGY (IN-LBS)
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ENERGY (IN-LBS)

600 RESTDUAL STRAIN VERSUS ENERGY DISSIPATED
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FIGURE 30
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THEORETICALLY DERIVED CURVES, ILLUSTRATING
CORRELATION BETWEEN NOMINAL PEAK STRESS

AND RESIDUAL STRAIN, FOR VARIOUS DURATIONS

RATIO OF NOMINAL PEAK STRESS TO DYNAMIC YIELD STRESS
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FIGURE 31




ENERGY (IN-LBS)
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RESIDUAL STRAIN VERSUS ENERGY DISSIPATED
IN YIELDING FOR MILD STEEL(0.39% C), AT
VARIOUS DURATIONS OF LOADING. THE VALUE

OF ENERGY ESTIMATED ON THE BASIS OF STRESS
PULSES FOR ELASTIC AND PLASTIC TESTS.
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