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SCOPE AND CONTENTS: 

Dynamic stress tests were performed on mild steel 

samples. The material parameters 'n' and 'G( Er, t 0 )', defined 

as 'stress dislocation velocity exponent' and 'flow function' 

respectively, were evaluated using the equation "crmn t 0 K(n) 

= G( Er, t 0 )" 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 loading. 

A technique was developed to monitor the pressure of 

the oil in the intensifier throughout the entire loading cycle. 
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CHAPTER 1 


INTRODUCTION 

It has long 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 ~~orld 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 materials 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: 

ft 0 

( o(t) 
0 

- qcp)n dt = --(1.1) 

The equation contains three material constants. 

1 
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q = Strain Hardening Coefficient 

n = Stress Dislocation Velocity Exponent 

H(Er) = Flow Function 

The value of the flow function depends upon the 

material and the magnitude of the residual strain. In the 

equation,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) simDl.Y becomes 

rtooJ ( a (t) ) n dt = --(1.2) 

This simplified design equation only requires the 

determination of tv.10 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 

--(1.3) 

where o0 is a constant and C is the numb er of 
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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: 

--(1.4) 

where G(Er , t 0 ) is the value of the flow function 

corrected for strain hardening. The function depends on both 

the residual strain and the duration of loading. 

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: 

where ~ = t/t0 

crm = Peak Stress 

The integral on the right hand side of the equation 
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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: 

--(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 correspondi ng to any 

particular stress function. 

Equation (1.2) can be used to obtain a rel ation 

between rate of strain and the yield stress. Assuming the 

stress function to be a ramp pulse (Figure 15), yielding will 

occur when 

fty n 

O ( a (t) ) dt = Cl --(1.7) 


where C1 is 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 
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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 

--(1.8) 

where ay = Yield Stress 

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

For this stress function, the rate of strain is 

constant and is given by 

E = (ay) I ( E ty ) --(1.9) 

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

the following relation may be obtained: 

--(1.10) 

where C2 = c1 E (n+l) 

Equation (1.10) can be rewritten in the following 

form: 
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_ C (')1/(n+l)oy - 3 e: --(1.11) 

where 

Biggs (8) in discussing high strain rates and 

brittle fracture quotes Hollmans' proposed relationship for 

strength at high strain rates. 

--(1.12) 

where o ~ Stress at failure 

$, n = Material Constants 

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 loadings 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. 

7 
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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. 

(ii) 	 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: 

--(2.2.1) 

where 

= Area of the specimenAl 

= Area of the loading piston A2 

= Area of the drive piston A3 

g = Acceleration due to gravity 
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M= Mass of the drop table 

H = Drop height for the table 

v = Volume of the oil 

B = Bulk modulus of the oil 

t = Time 

It follows from equation (2.2.1) that the magnitude 

of the pulse duration can be lowered by reducing the volume 

of the oil in the intensifier. The mass of the drop table shoul d 

also be kept at minimum to obtain a lower value of the pulse 

duration. The upper limit of the duration of the loading cycle 

is limited by the amount of oil 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 duration, a new spacer was 

designed to reduce the volume of the oil 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 

analysis given in Appendix I shows that if the expans ion of the 

cylindrical wall is prevented, the elasticity of the system 

results 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 lbs. 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 trRnsducer. A BLH(Balrlwin­

L ima-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 oil 
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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 load 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 illustrates 

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 oil in the chamber is given in Appendix I. The shape 

of the pressure pulse obtained from the strain gage compared 
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well with the load 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. 

II II

Length: 1.5 ± 0.05 

II II 

Diameter: 0.5 ± 0.01 

The test samples of both batches were annealed by 

maintaining the temperature at 90o0c for one .hour, and then 

gradually cooled while still in the oven. 
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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 

coordinates of the oscilloscope traces, recorded on Polroid fil m, 

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 soacer 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 0-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 procedur~ 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 lower 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 load-time functions for the 

fully hardened sample. As expected the logarithmic plot between 

the two variables exhibits a linear relationship. The coefficients 

of the straight lines for different pulse durations were obtained 

by the method of least 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 Batch A. In the 

region for which the value of the residual strain is less than 

two percent, the plot exhibits a linear 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 least 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 1 n1 can 

then be determined by equating any two values of the flow function. 

The values of 1 n1 determined in this manner are listed in Table 

8. Figure 20 exhibits a log-log plot of the apparent dynamic 

yield stress and the pulse duration. The value of 1 n 1 obtained 

from the slope of the least squares line 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 mild 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 corresponding 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 1 n1 

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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1 n11 n1 • The data and the values of 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 listed in 

Tables 14 and 15. The figures also show the theoretically derived 

curves obtained from refrence 1. The curves which were origina­

lly determined for a value of 23.5 for the material parameter 1 n1 , 

have been slightly modified for the values of 1 n 1 obtained for 

mild steel. 

A plot of the apparent peak load 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 

tests 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 determined 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 less 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 different 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 lower 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 least 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 linear 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 sample become significant . 

As a result, for higher values of the residual stra in, the nature 

of the plots (Figures 19 and 20) based on experimen tal results 



22 

differs from the theoretically 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 oil 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 limit of the duration of 

the loading 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 force-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 o_f 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: , .) 

6r = 14.5P I E 

The increase in the radius effects an increase in 

the 	volume of the oil chamber, which can be expressed as: 

6V 	 = 1183P I E 

The 	 displacement of the drive piston caused by the 

24 
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increase in the 	volume of the oil chamber is as follows: 

x = 1340 P I 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 to the tension can be expressed as: 

t:, L = 318 P I 	E 

The resultant increase in the volume of the oil chamber 

is given by: 

t:, v = 725 P I 	E 

This results in a displacement of the drive piston, 

which can be expressed as: 

x = 822 P I E 

(iii) Compression of the test sample 

The displacement of the drive piston, caused due to 

the compression of a standard test sample ( 1.511 long and 0.5 11 

diameter ) is given by: 

x = 600 P I 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 = 9.5 P I E 

The total displacement of the drive piston caused 

by these four factors is as follows: 

x = 2772 P I E 

The equivalent spring constant will be: 

W = P A3 I E 

= E I 3120 

where A3 = Area of the drive piston 

For a drop table weighing 24 lbs ( minimum weight 

for the drop table the pulse duration is given by 

= 8.04 milliseconds 

This value of the pulse duration is caused due to 

the elasticity of the system, and could be obtained experiment­
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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 Jo this factor in the new configuration is 

apnroximately qiven by 

x = 550 P I 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. 

= 11.9 milliseconds 
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I.2 Response of the Strain Gaqe 

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 

tensile stress, which causes the elongation of the bolts, and 
' 

thus, results in the release of the compressive force in the 

cylindrical wall. The strain gage, therefore, records a lower 

value of the strain than what it should do at a particular 
-6pressure. The strain gage is subjected to approximately 20x10 

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 

II.l 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 Proj~ctor (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 lower 

stresses as well. The value of the peak load 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 required. 

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: 

t:,V/V = t:,R/4R --{II.1.1) 

29 
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The val~e of the change in resistance, ~R, can be 

expressed as: 

~R/R = (Gage Factor)x(Strain) --{II.1.2) 

The above two relations can be used to obtain the 

following expression: 

~V/V = (G.F.xStrain)/4 --(II.1.3) 

As the 3C66 amplifier is calibrated for a gage 

factor of 2, it follows that the oscilloscope will record 

one µstrain for an output of 5x10- 7 Volt/Volt. Since the 

output of the load cell at full capacity (50,000 lbs) is 

2mV/Volt, the oscilloscope will exhibit 4000 µstrain for a 

load of 50,000 lbs. 

1 n1II.2 Determination of 

The material parameter 1 n1 is the most i mportant 

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 

of 1 n1 , 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)nx13.0lxK(n) = H(O.Oe) 

and (70.12)nx62.43xK(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)nx13.0l = (70.12)nx62.43 

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. !his procedure uses the values 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' listed in Table 9 has been determi­

ned by plotting the log of apparent dynamic yield stress against 

the log of loading duration. Taking the- log of both sides of 

equation (1.6), the following expression is obtained: 

n log(om) + log(t0 ) + log(K(n)) = log(H(E:)) --(II.2.1) 

For zero plastic strain, the values of log(K(n)) and 

log(H(E)) would be indeoendent of the value of the loadinq 

duration. Therefore, the log-log plot between apparent dynamic 

yield stress and duration of loading would exhibit a linear 

relationship. The slope of the least squares line 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 1 n1 can be 

determined by assuming that the values of the form functions 

corresponding to the yield points for the two cases are equal. 

1 n1This value of can now be used to evaluate the flow functions 

by numerical integration. The values of the flow functions and 

1 n1 can be used to obtain a better value of the parameter 1 n1 • 

This iterative procedure may be used to determine the value of 

1 n1 which would give equal values of the flow function for 

the two cases. 

Assuming oy(l) and oy(2) as the valu~s of the yield 

stress, and ty(l) and ty(2), the values of time elapsed before 

reaching the yield point, an approximate value of 1 n 1 can be 

determined by using the following expression: 

n = log(ty(l)/ty(2))/log(oy(2)/oy(l)) --(II.2.2) 

If Hl( Ey) and H2( Ey) be the values of the flow 

function obtained by numerical integration using this approxi­

mate value of 1 n1 , an improved value of 1 n1 can be obtained 

by using the following relation: 

--(II.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 (II.2.2) 

yields: 

n = 25 .13 

The following table gives the subsequent values 

of In I obtained after each iteration. 

S.No. n Hi (sy) H2 (Sy) 

1 	 25.13 3 .14x104 7 2.87x1047 

2 	 23.26 9.27x1043 9.19x10 43 

3 	 23.09 4.47x10 43 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 obtained with the aid 

of a log-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 log 

of both sides of equation (1.11). 

= (l/(n+l)) log (s) + log (C3) --(II.2.4) 

It follows from the above equation that the slope of 

the least squares line for the log-log plot would be equal to 

l/(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 stress increases linearly with time. As this method 

uses the results of a large number of samples, the value of 1 n 1 

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 

II.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 funttion, 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. 

II.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 steel 

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 bETERMINING 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 the 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) (x~ - x§) --(III.1) 
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where W is the spring constant for the drive 

piston and, Xe and xy, the displacements of the drive piston 

required to produce the stresses oe and oy respectively. The 

displacements of the drive piston may be expressed as: 

Substitution of these values in expression (III.1) 

yields: 

--{III.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, Er , may be expressed as: 

--(III.4) 

where L1 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 also 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 cry. 

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 (III.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 

(milliseconds) (lbs/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 

(III.3) and (III.4) and equating them, the following relation 

is obtained: 

218 ( ae 2 - ay2 ) I W = .0294 cry E:r -(III.5) 

where cre and cry are in kpsi, E:r in percent, and 

W in lbs per inch. 

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

following form: 

1/2
ae I ay = 1 + .0294 E:r W/218 cry ) -(III.6) 

Substitution of 70 kpsi for cry in the right hand side 

of the above expression yields: 

ae I ay = /( 1 + .000193 W E: r --{III.7) 

The curves illustrated in Figure 31 have been obtained 

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



APPENDIX IV 

TABLES 
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TABLE 1 

1 n1ROOM TEMPERATURE VALUE OF MATERIAL PARAMETER 

FOR VARIOUS IRON ALLOYS 

In IMATERIAL SOURCE REFRENCE 

Mild Stee1 14 Krafft (4) 

SAE 4340 Re 30 20 Kardos (1) 

Fe 21 Hull &Nob 1e (6) 

Mild Steel 22 Winlock (4) 

Mild Steel 23 Fisher &Rogers (4) 

Mild Steel 25 Clark &Wood (7) 

Mild Stee1 33 Winlock (4) 

Mild Stee1 34 Syl westrowicz &Hall (4) 

Fe-3.25% Si Crystals 35 Stein &Low (4) 

Mild Steel (0.39% C) 23 This Thesis 

Mild Steel (0.44% C) 33 This Thesis 



VARIATION OF 

WEIGHT OF THE 

DROP TABLE 

( 1 bs) 

24 


36 


86 


59 


138 


250 


TABLE 2 


PULSE DURATION WITH TEST APPARATUS 

VOLUME OF THE OIL IN 

THE INTENSIFIER 

(cubic inches) 

3 


4 


120 


120 


120 


120 
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PARAMETERS 

DURATION OF 

LOADING 

(ms) 

13 


17 


32 


40 


62 


90 
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SAMPLE NO. 

101 

102 

201 

202 

TABLE 3 

STATIC TEST RESULTS 

STRESS 

(kps i) 

54.20 

65.00 

75.90 

50.00 

51.00 

59.05 

50.00 

52.00 

52.40 

59.05 

68.8 

PERMANENT STRAIN 

(percent) 

1.40 

2.69 

3.95 

0.13 

0.46 

1.82 

0.05 

0.87 

1.35 

1.89 

2.78 

203 52.5 0.01 
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TABLE 4 

BATCH A 

SM'iPLE ~-JO• Di~OP HC:IGHT PE/\K LOAD(LGSl 
(INCHES! (O RTA I NED FROM ELASTIC TESll 

111 9.50 10Li38 

112 12.5 0 11364 

113 15.50 12779 

114 18.50 141()8 


115 22.50 15666 

116 21+. 5 0 16710 

117 20.50 14889 


118 22.5 0 15892 


PULSE DUR!\ TI ON = 13.0 MS 

121 11. 00 13991 

122 12.75 15345 

123 15.80 16914 


20.00 197 8 7 12 '+ 
125 24.0 0 21771 

PULSE DURATION = 17.0 1'15 

131 38.7 0 14367 

132 48.7 0 16 032 

133 36.50 l l+ 311 

1 Vt 33.50 13509 

135 28.5 0 124 83 

136 43.50 1·5 5 5 2 

137 53.50 17678 


) 
PUL SE DURATION = 32.0 r<S 

141 17.70 12677 
142 ? 0 .? :J 13682 

22.10 1Lt523143 

16375
1'+4 27.7 0 


145 32.6U 18126 

146 37.60 19562 

l Lt 7 18.56 13153 

148 19. 06 13!+ l 9 


PUL.SF DlJf~A.TION = 40.C MS 
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PEAK L OAD (L bS )Sr\:'-1P LE NO. DFWP HEIGHT 
(I NCH ES ) !OBTAI NED F l~OM ELASTIC TEST) 

151 3.1 0 13431 

152 3.60 1L1263 

153 2.85 13 023 

154 3. 35 13957 

155 L1 • 1J 15227 

156 s.1 0 1710 1 

157 2.37 1 1973 

158 2.62 12639 

159 6.25 18855 


PULSE DURA.TI ON = 90 . 0 MS 

161 6.25 12 920 

162 6.75 13282 

16 3 7.25 13833 

164 8. 25 14887 

165 9.25 1 5632 

166 10 .75 16846 

167 12.75 18578 

l 6~l 7.0 0 
 13!+80 

169 7.75 14 225 


161 0 1. 00 
 13491 

PULSF DU R/l.T I CN = 62 . 0 MS 
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TABLE 5 

81\ T CH A 

SAi;;PLE NO. YIELD ST::<FSS 
( KPS I l 

NOfv'1 I NAL PEp,:< 
( KPS I l 

S F~ESS PE R:..1Af\ Ei'H SHUdN 
( PErKUH l 

11] 
112 
113 
114 
115 
116 
117 
118 

50.56 
58.98 
66.1 9 
71.57 
77.41 
8l.t1G 
74.9 5 
78. 03 

50.40 
58.82 
66.30 
73.11 
81.80 
85.63 
77.1+9 
81·'+1 

.02 

.03 
• 0 3 
.02 
.49 
•Li- 2 
.06 
.32 

PULSE DUR/>. TI ON = 13.0 •1,s 

121 
122 
123 
12 Li­

125 

71.'+2 
76. 30 
81.28. 
80.73 
8 6. 5 !; 

72.36 
78.54 
88.59 

1Cl.3L1 
111.93 

.01 
• 1 1 
.71 

1. 38 
1. 9 1 

PULSE DUR/-1, TI O~i = 17. 0 MS 

131 
132 
133 
131+ 
1 3 '.; . 
136 
137 

73.4 8 
74.8 2 
7 3 • L16 
7 0 .1 3 
65.82 
77.2 6 
81.89 

76. 3 7 
86.01 
74.57 
71- 35 
6~J.50 

81.53 
90.76 

.59 
2 el 9 

.56 
~25 
. 02 

1.86 
2.46 

PULSE DUfV\ TIO~~ = 32.u ~·:iS 

} /fl 
142 
143 
l lf L1. 

1Lf5 
1'+6 
1 Lf 7 
14 8 

66.92 
71.61 
74eLf6 
75.8 0 
80.49 
80.2? 
69.52 
7 0 . 08 

67.20 
72.2 9 
77.15 
86.22 
9'+. 1 7 

1 02 .05 
69.15 
70.09 

. 02 

.10 

.98 
2.23 
2.62 
3.00 

.03 

.13 

PULSE DU !~ .l\ TI Of\! = Li- 0 • 0 ~"S 
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T/\BLE 5 (C ON TD.) 

SfAHPLE NO. YIELD sL:u=::ss 
( KPS I J 

NO;'•i I N/\ L P E/\t~ 
( KPS I) 

STRESS P Ef~ MANE NT SH~A IN 
(PE RCENT ) 

151 
152 
153 
154 
15 5 
156 
157 
158 
1 59 

70.51 
7 6 087 
67.99 
70.7 6 
74.94 
75. 60 
63.39 
66.83 
73.51 

71.13 
79 •I+ 3 
68 . 63 
7 3 • 6Lf 
81.02 
89 .01 
63.12 
66.05 
97.89 

.09 
1• Lf2 

.14 
1.15 
1. 8 7 
2.36 

. 03 

.03 
3.10 

PULSE DU Rt, TI ON = 90.0 MS 

161 
. 16? 

163 
164 
165 
166 
167 
168 
169 

1610 

67.38 
7 0 .1 2 
12. 02 
75.2L1 
76.1 9 
76ol5 
79.67 
69.Lf5 
73 .Lf] 

7 0 .4 6 

67.48 
7 0 . 2 5 . 
12.s2 
77. 68 
82 el 8 
88~91 

96.80 
71.69 
7 5.30 
71.58 

.02 

.01 

.61 
1 .31 
1. 83 
2~29 

2 .7 6 
.10 
. 82 
.01 

PULSE DURAT I ON = 62 . U iv'S 

McMASTER UNIVERSITY LIBRARY: 
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T /l.BLE 6 

R/\TCH B 

S/\ i',1P L E NO. Df~OP HE IGH T PE/\K L O/,D ( U3S l 

(INCH ES ) (O RT/d NED FROM EL.ll.STIC TES Tl 

211 17.5 0 12795 

212 19.5 0 13835 

21 3 20.50 1385 3 

214 21.5 0 14227 

215 23.50 1524 6 


PULS E DUR/\ TI ON = 13.5 MS 

221 15. 00 1527 5 

222 1 3 . 00 1441 9 

223 18. 00 178 93 

224 22.00 1934C 

225 25.00 20633 


PULSE DURA TI Of·J = 18. 0 MS 

231 28.50 12337 

232 33.5 0 1358 1 

233 38.5() 145 31 

2 34 48.50 16430 

235 53 .5 0 1747 4 


PULSE DURATIGN = 32.0 MS 

2lf l 17. 60 12 893 

2L12 20.1 0 1 388L;. 

2L13 22.60 14929 

244 27. 60 1661 2 

245 32.60 17890 

246 18. 8 1 13293 


PUL SE DURA TI ON = !+ c . 0 MS 
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T1\ BLE 6 (CONTD. l 

SN·'.P LE NO . Dl<OP HEI GH T PEAK LOAD !L BS J 
( I ~KHESl (OGTAIMED FR OM EL/i.S TIC TES Tl 

251 2.5 0 12297 

252 2.75 12871.+ 

253 3.0 0 133 80 

254 2.75 1281 5 

255 3.25 13 899 

256 L1•25 16072 

257 5.25 17304 

258 6.25 18652 


PULSE DURATI ON = 9 J • () MS 

261 6.75 13 2 7 1+ 

262 6.50 13089 

263 7. 00 13577 

264 7.25 13 819 

265 8.25 147 38 

266 1 0 .25 166 00 

267 1 3 . 25 1898:) 


PULSF: DlJ R A T I 0 1'~ = 62.0 ~/ s 
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T /\B LE 7 

BATCH B 

SA MP LE NO . YI EL D ST RESS NOMINAL PEAK STR ESS PERMANE NT ST RAI N 
(KPSil (KPSIJ (PERCE NT> 

211 66.4 6 66.65 .0 3 

212 66.52 70.75 .13 

213 6 8 .9 5 72.87 .07 

214 69.4 9 7Lh 85 .39 

215 75.50 78.77 .46 


PULSF DURATI ON = 13.5 rv, s 

221 75. 3 1 80.66 . 45 

222 72.1 5 74.57 .14 

22 3 74.3 5 89.66 . 86 

2 2 L+ 7 8 0 8l1 1 oo . 31 1 "!+3 

225 8 l. 4 7 1 0 7.72 1.77 


PULSE DURAT I ON = 1 8 . 0 MS 

231 65.1 8 65. 3 5 .01 

232 68.Ltl 71.27 • 1+0 

233 75. 27 76 . 85 1. 02 

2 3 t+ 7 8 . 65 86 . 69 2. 20 

235 77. S3 9l o56 2 . 30 


PULSE r; Uq A T I 0 f'J - 32.0 MS 

2 t+ 1 67. 37 6 8 . 38 .01 
242 7 2.62 7 3 . 30 . 23 

2L13 7lf. 6 5 77.71 lel 9 

21+4 75. 09 86 05 0 2 .J 8 

245 76. 03 94.65 2.6 2 

246 6 9 .2 4 70. 84 .3 4 


PULSE DUR.A T I cm = 40.0 rv s 
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Tf,BLE 7 (C ONTD . l 

S.L\ 1'1P LE NO. YIELD S H <E SS 
(KPSil 

1\JQ;vi I i\IA L PEAK 
( KPS I l 

STl-~ESS PE i~iv'.,'\NUH STF~Aii\! 

(P trKENTl 

251 
252 
253 
254 
255 
256 
257 
258 

65.00 
66.0 5 
69.69 
67.0 8 
71.06 
71.07 
73.7 8 
750 69 

6 5. 2'+ 
68.28 
70.92 
68.31 
73.64 
83.16 
91.39 
99.03 

. 02 

.43 

.33 

.03 
l. oo 
2.13 
2.45 
2 • 9 L+ 

PULSE DlJ~ATI o~,1 = 90.0 r1i s 

261 
262 
263 
26£1 
265 
266 
267 

69.lL+ 
68.32 
69.91 
7] . 9? 
1 2 .02 
71+.85 
77.6 6 

7 0 . 69 
69.31 
71. 96 
7 3 . 29 
7 8 . 23 
87.55 
99.87 

• 41 
. 03 
. 67 
e lf 5 

le46 
2ol9 
2.92 

PULSE DURA TI Of\J - 62.0 ~-~ s 
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TABLE 8 

BATCH A 

APPARENT DYNAMIC DURATION OF APPARENT DYNAMIC DURATION OF MATE RIAL 

YIELD STRESS LOADING YIELD STRESS LOADING PARAM ETER 

oy(l) (kpsi) t 0 ('l) (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 
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TABLE 9 


BATCH A 


APPARENT DYNAMIC YIELD STRESS DURATION OF LOADING 

(kpsi) (ms) 

73. 77 13.0 

72. 72 17.0 

71.31 32.0 

69.81 40.0 

68.95 62.0 

67.75 90.0 

Value of material parameter 1 n1 

obtained from the log-log plot= 22.95 



57 
TABLE 10 


BATCH A 


1 n 1VALUE OF THE MATERIAL PARAMETER 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) (kps i) 

124 4.9 0 80.77 

136 13.20 77 .25 

155 34.54 74.93 

165 24.66 76 .18 

Value of the material parameter 1 n 1 . = 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 1 n1 = 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 1 n1 = 21.7 
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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) (kps i) 


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 I = 35.5 


245 12.10 76.02 


257 27.73 73. 77 


258 25.85 75.67 


267 18.11 77 .65 


In IValue of the material parameter = 33.0 

75.49 


221 7.40 


215 5.49 

75.30 


233 15.45 
 75.26 


243 16. 77 
 74.65 


255 39.82 
 71.04 


Value of the material parameter In I = 35.0 
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T1\BLE 12 


BATCH A 


SAfv:PLE NO. STRAIN RATE YIELD ST RE SS 
CINCH/I NCH/SEC) ( KPS I l 

115 .447 77.41 
116 .466 81.40 
118 • l13 3 78.0 8 
123 .38 9 81. 28 
1 2 L1 • 5l14 80.77 
132 .1 9 8 74.81 
136 .1 9 0 77.2 5 
137 .229 81. 88 
143 .123 74.L16 
l 4Lf .1 6 9 7 5 .79 
145 .196 8 0 .L19 
1L16 .226 8 0 .2 2 
152 .06 2 76.77 
154 . 060 7 0 .75 
155 .07 0 71+. 93 
156 .077 7 5 .59 
15 9 .09 5 7 3 . 49 
16'+ . 089 7 5 . 23 
165 .1 00 76.1 8 
166 .1 18 76.1 3 
167 .1 3 5 7 9 . 66 

SLOPE OF LOG- LOG CURVE = 25 . 2 

V/\LUE OF TH E M,'\ TEl<I .f\L P 1\l~Af'.'E T ER 1 n 1 = 24.2 
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TA BL E 13 

BA TCH B 

SA:'<PL E NO. SHU\I N R1\TE YIEL D STl\ESS 
(I NCH/I NCH/S EC) (.KP S I ) 

/'15 .45 3 7 5 . 1+9 
221 .3 35 7 5 .3 0 
223 .td 7 74. 35 
224 .5 26 7 8 . 84 
225 .583 81.47 

·2 33 .15 8 75. 26 
234 .1 99 7 8 • 6L+ 
243 .144 74. 65 
21+ 5 • 201} 7 6 . 02 
255 . 058 71. 04 
257 .086 7 3 .77 
258 . 095 75.67 
266 .1 13 7 I f c 8 3 
267 .13 9 77. 65 

SLOP E OF LOG - LOG CURVE = 34 .1 

v,C\. L u E o F T HE ~·A TEl~ r r, L P1\ r~ M~ F. T E R 1 n 1 = 3 3 • 1 
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BATCH A 

SAJl,PLE NO. PULSE DURATION FOl~ M FUN CT I Of'~ 

111 12.57 l.66E-Ol 
112 12.76 2.33[-01 
113 12.79 2ol7E-01 
11 Lf 1 2. 9'+ l.84E-Ol 
115 13.00 le32E-Ol 
116 12.80 le29E-Ol 
117 13.01 le79E-Ol 
118 13.03 l.t+OE-01 
121 15.84 l.82E-01 
122 16.67 le53f~-01 

123 16.75 7 .• t+ lE-02 
1 24 17.22 7.08E-02 
125 17.70 8o03E-02 
1 31 3 Lf • 0 5 J.?-lE-01 
132 33.51 7.0 SE -01 
133 32.25 2.90[-01 
134 32.16 l.53E-Ol 
135 31.94 l.61E-Ol 
136 32.36 9.51E-02 
137 32.48 l.04E-Ol 
141 41 • '+ 0 le4L+E- 01 
l '+ 2 40. 80 l.sz E..· Ol 
143 l+0.6 9 le13E-Ol 
1Lf1-t 41.55 l.1L+t: -01 
145 40.20 l.33 E-O l 
146 40.62 3e42E-Ol 
l 1+ 7 40.12 l.60 E-01 
] 4 8 l+ 0. 3 2 l.59 E-01 
151 89.14 1·'::·3 E-01 
152 89.76 9.S6E-02 
1 53 89.73 l.52E-Ol 
154 90.95 9.85E-02 
155 8 9 • Li-9 1.09[-01 
1 5 6 90.38 l.O BE-01 
157 90.64 l.61E-Ol 
158 89.41-t l.5 8E - 0 1 
159 90.10 8.93E-Ol 
161 6?.53 le68E- 0 1 
162 62.43 lo6E3 E-01 
163 62.01+ loV+E-01 
164 62o7J 9.93E-02 
165 6 ?. • 5 8 s.02r::-02 
166 6 3. 7 t+ le04 E-01 
167 6 3 e 81+ l.79E-Ol 
168 62.3 8 le33 E-O l 
169 6 2. l lf le?6E-Ol 

161 0 62.39 le54 E-Ol 

FLOVJ FUfJCT JO,'~ 

l.56E+40 
l.59E+41 
2.lOE+t+z 
l.08 E+L+3 
4 • 7 5E +L; 3 
l.46 f:+L. 4 
3.07E·t-L+3 
6.17E+43 
l.25 E+43 
5.08[+1-t3 
1.06[+41+ 
8.99E+43 
5.12E+44 
3. 7 3E +113 
3.00C:+44 
7.78E+Li3 
l.4lt:+43 
3.41E+42 
8.15t::+43 
3 • 4 3[ +L+ l+ 

5.81E+42 
2c87~·t-L1? 

5.23E+Lf3 
8. 09E+Lf3 
3. 6 3 E +4Lf 
8. 74E. ·tlf 4 
l.50 E+43 
l.80E+43 
4. t;.l[-Hf3 

2.03E+l+L1 
l.9 1E+43 
3.l4E+43 
l.29 E+L,Lf 
l.57 E+44 
4.0BE+<;.2 
le33 E+Li3 
6. 7 7E +!;If 

l.20E+ti3 
2.99E+4.3 
4. 38E+Lf3 
8.97E+43 
9.63~+43 

1. 2 6E + !+ 1+ 
6.13[+!+4 
l.88E+43 
6. 3 9E + ti 3 
3 • 0 5 t=: +Li 3 
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TA BLE 15 


BATCH B 

SA N1P LE NO . PULSE DUl~A TI ON FORM FUN CTI ON FLOW FUNCTIOi\ 

211 13.2 8 le 84E- Ol 3.41E+60 
212 13.81 le7 0E -Ol 3.38E+6 0 
213 14.0 2 l. 66E- Ol l.09E +61 
214 13.96 l . 8 7E-Ol 1. 59E+61 
215 13.60 l. 05E-Ol l. 34E+62 
2 21 18. 11 8.18E-02 l.2 8E+62 
222 1 8 .1 9 l. 26E - Ol 4. 81E+61 
223 18.7 5 lel 4E -Ol l. 2 1E +62 
2 24 18.1 8 I+• 68E-02 3. 34E+62 
225 18.44 7eLf5E -02 l. 59E+63 
231 3 2 •I+ 2 le 36E - 0 1 3.23E+6 0 
232 32.63 le25E-01 l.48E+61 
2 33 32. 66 8.04E-02 2.23 E+62 
234 33.18 L1e 69E -0 2 5. 63E+62 
235 33.6 3 l. 32E-01 l. OOE+63 
241 39.45 le 36E - Ol l.17 E+6 1 
242 3 9 . 58 l.2 0E-·Ol 1~ 23E+62 

243 39.90 8 . 38E-02 2.1 6E+62 
2 4 t+ t+ 0 . 2 8 l.61E-Ol 5.l OE+62 
245 4 0 . 33 2 e 44E-O l l.1 6E+63 
246 40. 04 l.1 8E-Ol 2.54E+6l 
2 51 90.0 8 lo39E-Ol 8 . 39E+60 
252 90.7 0 1· 3 1E- 0 1 l. 36E+61 
253 89.6 5 lo 24E - Ol 7. 45E+61 
254 89.73 l. 33E-Ol 2.26 E+61 
255 91.04 8 . 94E-02 l. 03E+62 
2 56 91 • 4L+ le49 E-Ol l.73E+ 62 
2 57 90.44 l. 68E-Ol 6.69E+62 
258 90.78 5.7 9E-01 5. 35E+63 
26 1 62 ft 24 9 . e4E -02 3.15E+61 
262 62.7 2 l.32E-Ol 2.87E+61 
263 6 2 . 66 lol 6E -Ol 5.40E+61 
264 62.7 5 l. 26E-Ol l. 49E+62 
265 63. 09 9 . 0lE -0 2 ] .1 3t:+62 
266 63. 82 l.J5E-Ol 5.l6E+6 2 
267 63.81 I+. 19 E-O1 6.37E+63 



APPENDIX V 

FIGURES 

63 




64 

GENERAL VIEW OF THE EXPERIMENTAL SET UP 


FIGURE 1 
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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 

Fir,lJRE 8 

LnAn-TIME TRACE FOR TEST SAMPLE 169 


FIGURE 9 
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LOAD-TIME TRACE FOR TEST SAMPLE 165 


FIGURE 10 


LOAD-TIME TR~CE FOR TEST SA~PLE 166 

FIGURE 11 
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- LOAD-TIYE TRACE FOR TE ST SA~ P LE 253 


FIGURE 12 


Ffr;\IPF 11 
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1. ORI VE PISTON 

2. SPACER 

3. CYLINDRICAL WALL 

4. FITTING FOR PRESSURE TRANSDUC E~ 

5. LOADING .PISTON 

6. TOP ANVIL.. 

SECTIONAL VIEW OF THE HYDRAULIC INT ENSIFIER 

( MORE DETAILS ARE PR ESE NTED IN REFERENCES 1 AND 2 

. FIGURE 14 
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oy 

I 
STRESS 	 PULSE FOR CONSTANT RATE 

OF LOADING 

FIGU RE 	 15 


STRESS PULSE FOR AN ID EA LLY ELASTIC-PLASTIC MATERIAL 


FIGU RE 	 16 
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