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ABSTRACT

Over the last few years there was a rapid increase in the use of

powder metallurgy products. Many of these products are subjected to
further cold or hot fdrmiﬁg operations. A study was, therefore, carried
out to obtain information on the plastic behavior of type M.P, 32 sin-
tered iron. This iron is manufactured by Domtar and is one of the major

products amo}lg the exported sintered metals.

Stress relaxation tests were carried out at room temperature
to obtain information on the stress dependence of the plastic strain rate
and on the mechanisms which control the dislocation movement in sin-
tered iron. The experimental results were analyzed with a two term
rate theory equation which takes into consideration both the forward
and the backward movement of the dislocations. The analysis showed
that in the early stage, when the strain rate is high, the behavior can
be explained by considering only one mechanism. However, in the low
strain rate range a second mechanism had a significant effect on the

plastic deformation of sintered iron.

The internal stress was also determined in sintered iron. The
measurements were carried out by a combination of stress and strain
relaxation tests. The internal stress was found to be ~ 87% + 6% of the
applied stress. Tensile test results obtained over a strain rate range
of 0. 001/min to 1. 0/min, indicated that there was no consistent depen-
dence of the stress-strain characteristics on the strain rate at the in-
vestigated experimental conditions. This behavior is in full agreement

with the conclusions drawn from the internal stress measurements.



iii

TABLE OF CONTENTS

PAGE
ACKNOWLEDGEMENT....... .. i
ABSTRACT.......... .... ii
TABLE OF CONTENTS. sttt etcerannnens ceeeesseseosssans iii
LIST OF TABLES. v ce0vese B v
LIST OF FIGURES. ¢ et tottesttestsoseencensonsenssssoncenens vi
NOMENCLATURE. st voaceeoroosncoacens cresessresssscsanas ix
CHAPTER 1. - INTRODUCTION. ...vevueress . 1
1.1 PLASTIC DEFORMATION IN CRYSTALLINE
MATERIALS. ¢ et vvevenecsocasas teteecienas

1. 2 DERIVATION OF THE RATE EQUATION.....
1.3 VARIOUS METHODS OF DETERMINING THE
STRESS DEPENDENCE OF DISLOCA TION
MOBILITY...cuv.... Ceeerenerenen 14
1.4 STRESS RELAXATION TEST. et eeeueeenonnas 16
1.5 REVIEW ON STRESS RELAXATION

TESTS..... cevens Cettteeteaceann ] |

1.6 EFFECTIVE STRESS. . . vvirennnnneenns ceees 24
CHAPTER 2. - EXPERIMENTAL PROCEDURE AND

RESULTS. cvvvevenennn. ettt ereeieene .. 29

2.1 SPECIMEN PREPARATION. v+ vt vvrvnennnn.. 29

2.2 TESTING PROCEDURE......... et eieaneeas 30

CHAPTER 3. - DISCUSSION.:eeiveeenneenns et eiteeeeiae, . 39

3.1 STRESS RELAXATION TESTS. v vvvereuernn. 39

3.2 THE RATE THEORY ANALYSIS OF THE
STRESS RELAXATION OF SINTERED
15:10) AN ettt i, . 44
3.3 THE DETERMINATION OF THE STRESS
EXPONENT M ettt rerneneeeennnarsnnns 55




iv

PAGE
3.4  INTERNAL STRESS. . evteueerrenneennennnnnns 56
3.5  TENSILE TESTS.e.veu...... e 59
3.6 THE SERRATED YIELD EFFECT...... i 61
3.7 COMPARISON WITH THE RESULTS OF
OTHER INVESTIGATORS. ¢+ v trennnn.. e 66
CHAPTER 4. - CONCLUSIONS........ e e, . 68

REFERENCES.c.l.oonlolao’.nano)onoo ooooo n.-tooooo'- ------- . 69




TABLE
2.1 STRESS RELAXATION TEST CONDITIONS. ........ ceee
2.2 INTERNAL STRESS DETERMINATION. st vvereneennnns
2.3 TENSILE TEST RESULTS.......... Ceeeieenens Ceeeees
3.1 THE GROUPING OF THE STRESS RELAXATION
3.2 THE ACTIVATION PARAMETERS IN SINTERED
IRON......... Ceeeeen Ceeetierecanenn
3.3 THE VALIDITY LIMIT OF THE TWO TERM RATE
EQUATION. cteveeenrnennasss
3.4 THE STRESS EXPONENT m IN SINTERED IRON......
3.5 THE INTERNAL STRESS IN SINTERED IRON....cv....
3.6 TENSILE TEST RESULTS IN SINTERED IRON.........
3.7 LOWER TEMPERATURE LIMIT FOR SERRATED

3.8

LIST OF TABLES

YIELDINGINIRON.-.O-oolo..nucoo.-.oooc-.o-c.a.o.

COMPARISON OF THE RESULTS......... Cevreeeanann

PAGE

35

37

38

39

52

53
56
59
60 -

64

66




vi

LIST OF FIGURES

FIGURE PAGE

1.1 Generation and motion of a dislocation (1) across

a lattice under the effect of a shear stress T ........ 3
1.2 The energy field encountered by the dislocation....... 5
1.3 The energy barrier encountered by the dislocation.... 12
1.4 The variables associated with the strain rate 15

change experiment. e ... ovevrieenenrenensonnnennnnns

1.5,1.6,1.7 The variables associated with the discrete

stress change experiment. . vceeeeeeneenneecnnnnsnees 17
1.8 The stress relaxation t€st.cveeeeeeesraeeeosecennnees 19
1.9 The ideal and experimental stress relaxation 20

pl‘OcesseS.--...a---.....-..-..-.......-.-o......ooo

1. 10 The determination of effective stress using the stress 26

relaxationmet‘ilod."...'.l.'.........O..'......l...
1. 11 The strain relaxation ProCesSs. ... eeeeeeeeeeeenenenss 26

1. 12 The determination of effective stress using the strain

relaxation method. s o vt eitiiiieeneneeeoenenceneennees 27

1. 13 The determination of effective stress by the combina-

tion of stress and strain relaxation methods........... 27

2.1 The specimenusedinthe study.....cveeeenennnneenns 31

2.2 The experimental set up of the Hounsfield Tensometer

and the Instron Machine. c voe et eeseeesoeoescocnnesss 32




vii

FIGURE PAGE

2.3 The grips used to hold the specimen in the stress

relaxationtests...'..l.l‘.'.l.......'......I...l..l... 33
3.1 The relation between (-Ag) and log (- AG) measured

inthegroup1testsl.....C........l..l.'............ 40
3.2 The relation between (- Ag) and log (- Ag) measured

inthe group 2 testS.cv.virenoereccneoecenconnonnanns 41
3.3 The relation between (- Ag) and log (- AJ) measured

inthe group 3 testSeeeeeereisotereceenncenaccorennne 42
3.4 The relation between (- Ag) and log (- A5) measured

inthe group 4 testS..veesreesecersoreeorececesaconons 43
3.5 (-Aoc) in function of log t for group 3 testS........... 45
3.6 (-Ag)in function of log t for group4tests...iieeenen.. 46
3.7 The effect of a second mechanism on the stress rela-

xa.tionprocess....................‘.................. 49
3.8 The determination of the validity limit for the two term

rateequationl.............C.....................I.. 50
3.9 The iron atoms and the interstitial atoms in b. c. c.

ironl.....'...ll.l'l"..'lll....I.I..I-.C...."...l 54
3. 10 The anelastic strain produced by the diffusion of the

interstitial atoms iniron...ee.eeevieeenennn.. 54
3.11a The dependence of log (- Ag) on log o, for the group

3and group 4 testS.ceeeeriitectacsticcnnrennneonsans 57
3.11 b The determination of the stress exponent m in

' 58

sintered iron for the group 3 and group 4 tests.........




viii

FIGURE PAGE
3.12 Load-elongation curve for the sintered iron at a strain

rateofo.Ol/min..'.'........O.........‘I........... .62
3.13 Part of the load-elongation curve measured at a strain
rate of 0. 1/min. to illustrate the yield effect observed

63

inSinterediron.---..c-...-......o...-..o......--..-




AE

AE

Str

NOMENCLATURE

Pre-exponential factor in the rate equation

Burgers vector

Distance covered by the dislocations to overcome the energy

barrier

. Elastic modulus

Combined elastic modulus

Apparent activation energy
Activation energy
Boltzmann constant

Slope of the log o, Vs log (- AE;) relation

Total number of particles in a system
Number of particles at the energy level A Ei

V/2 kT

Burgers vector times the length of the dislocation between

two barriers
Structure

Absolute temperature

Time

Activation volume




v = Average dislocation velocity

\'4 = Constant in the equation V = Vo(fra/ T )n_'1
o

Greek letters

a = Geometrical factor in Orowan's equation

A€; = Energy level of the particles

E = Average energy of the particles )

€ = Tensile strain

€ a4 = Strain of the specimen due to the deformation of the test

jig and load cell

€ e - Elastic strain
€ = Plastic strain
P
Et = Total strain of the specimen during stress relaxation
Y = Shear strain
' = Distance covered by the dislocation after each jump over the

energy barrier.

v = Vibrational frequency of the dislocation line
P = Mobile dislocation density
c = Tensile stress
o, = Applied tensile stress
= Effective tensile stress
eff
c = Internal tensile stress

Shear stress

2
n
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T, = Applied shear stress
Toff = Effective shear stress
T. = Internal shear stress
1 m
To = Constant in the equation V=V (¢ /1 )
(o] a (e}
Subscripts
b = Denotes the backward movement of the dislocations

f = Denotes the forward movement of the dislocations




1. INTRODUCTION

In moderﬁ industry powder metallurgy (P/M) occupies a place
of increasing importance (1,2). It is a manufacturing process for the
production of machine parts from fine powders of metals and metallic
compounds. Using this method, alloys can be manufactured with compo-
sitions which cannot be produced by solidification. High melting point
metals and alloys can be shaped, without melting, by sintering below
their mielting point. Special properties, such as the porous structure
of self-lubricating bearings, can be obtained by powder metallﬁr gy.
Precision machine components can be fabricated by P/M more econo-
mically than by any other method if large quantities of high strength
iron, steel or nickel component is needed (3). Although the importance
of sintered metals is understated if only the quantity in use is conside-
red, it is of interest to note that while 10 years ago the American auto-
mobiles contained ~ 4 lbs of P/M components, they have today ~ 8-9 1bs

of sintered components.

Not infrequently, P/M products are subjected to further fabri-
cation either. by cold (4) or hot formirig. The plastic_: behaviour during
these forming processes is of great interest in the analysis of the manu-
facturing forces and production rates. Because P/M is a relatively new

method, very little relevant information is available.

Iron powder, for sintering, is a multimillion dollar export pro-
duct of the Canadian industry. The Domtar M. P-32 type powder metal-
lurgy iron has a major share of this. In the present study some of the
plastic properties of the sintered M. P. 32 type iron, supplied by

Domtar, were investigated.
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PLASTIC DEFORMATION IN CRYSTALLINE MATERIALS

Plastic deformation is controlled by four major variables, the
shear stress T, the shear strain rate y » the temperature T and the

structure. The deformation process is fully known if their interrelation
f(t, ¥, T, Str)=0 (1. 1)

is known over the range of interest. The establishment of this relation
is essentially the ultimate purpose of any structural study of plasticity.
In principle, relation {1. i) provides the information necessary for the

analysis of the stress and strain field.

‘ To determine Eqn. (l.1), it is necessary to take into considera-
tion that plastic deformation occurs by one atomic plane gliding over
another in a definite crystallographic direction. This slip does not
occur as a rigid body translation but by the discrete movement of rows
of atoms moving by one lattice distance in succession. This process

‘requires several orders less energy than the rigid body glide. This

. stepwise glide process occurs by the movement of line imperfections -

dislocations.

_ In an ideal crystal, the atoms are arranged in a perfect geome-
trical order. - In a real crystal, however, some of the atoms are always
out of register. The imperfection in which a line, or row, of atoms is
out of register is of particular interest in the study of plastic deforma-
tion of crystals. A line imperfection - dislocation- is shown in Fig. 1.1,
Although physically incorrect, it is instructive to consider that a dis-
location can be considered to be produced by a stress applied to a perfect
crystal as shown in Fig. 1. 1. After a dislocation has been created, it
moves under the effect of the shear stress. As the figure shows, bonds

are broken among rows of atoms as the dislocation moves across the
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crystal and new bonds are established resulting in a permanent shape

change. This is the physical process of plastic deformation.

The breaking and reestablishing of bonds associated with the mo-

vement of dislocations is necessarily a discontinuous process.

Under the effect of the shear stress, the dislocation moves at
a high velocity until it encounters an obstacle with a high enough energy
to stép it. An obstacle is essentially an atomic configuration where
the rearrangement of bonds, due to the movement of the dislocation, is
associated with an energy greater than the work that can be performed

by the stress acting on the dislocation.

Fig. 1.2 shows the eﬁergy field encountered by the dislocation
(1l ) as it moves across the crystal. The energy level AEW corres-
ponding to the work performed by the stress is high enough to carry the
dislocation over the periodic potential energy field of the crystal. The
dislocation is stopped, however, at the barrier where the energy level
is higher than A EW.

The rearrangement of the atoms, which corresponds to the dis-
location overcoming the energy barrier, 'can occur only when the atoms
acquire enough energy corresponding to the activated state # . When the
energy level of the atoms is AE#, the dislocation can move over the
barrier and is free to move again at a high velocity until it encounters
another barrier. The energy difference AEé - AEW necessary for this
process is supplied by the thermal energy of the crystal. The movement
of the dislocation is, therefore, a thermally activated process. Because
the waiting time in front of the barrier is large, compared tg the time
needed to move between the barriers, the average dislocation velocity

is determined by the waiting time which in turn depends on the rate of




"UOFIBIOTSTP Y3 4q pazajunodud pragy £3isud ayy durmoys weaderq z°1 ‘914

UOTIBI0TSIP 3yl £q paacu IdUBIST(

av

av

qv




the fluctuation of the thermal energy. In consequence the dislocation
mobility is controlled by the thermally activated process of overcoming

the energy barrier.

Because the dislocation velocity is controlled by thermal activa-

tion and is affected by the stress
v = v(r, T, Str})

The relation between the strain rate y and the stress, tempera-

ture and structure is expres sed by Orowan's ( 5 ) equation.

Yy =ab P, vir T, Str) (1. 2)

In this expression, a is a geometrical factor, b is the Burger's

vector and p is the mobile dislocation density.
m : .

Eqn. (1. 2) fully describes the plastic deformation of crystalline
materials. It is the final aim of the structural study of plasticity to

determine Eqn. (l.2). This is then'to a major extent a study of the dis-

location velocity..

Johnston and Gilman ( 6 ) studied the effect of stress on dislo-
cation velocity in LiF by etch-pit technique. To describe the experimen-

tal results, they used the purely empirical engineering relation
m
LV Ev ( 'ra/'ro) where

T is the applied shear stress and Voo and m are constants for a parti-
a

cular condition of testing. Becker ( 7 ) first suggested that in plastic
deformation, the thermal fluctuations assisted the applied stress in

overcoming the energy barriers. He described plastic deformation by
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the semi-empirical Arrhenius equation

= - AE
v vl exp [- A (Teff) / kT]
where v = the frequency term
1 = distance covered by the dislocation after each activation
Toff — the effective shear stress acting on the dislocation. It
is the resultant of the applied shear stress T and the
internal stress L
Tett = Ta T Ty
AE = the apparent activation energy which decreases with
increasing effective shear stress Teff "
T =  the absolute temperature
k = the Boltzmann constant.

The equation suggested by Becker is semi-empirical, however, and

-for a better understanding of the plastic deformation process, the dis- -

" location velocity should be described by an equation derived from basic
‘principles. Because the movement of dislocations is always associated
with the breaking and reestablishing of bonds between the atoms, the
thermally activated plastic deformation process is identical with the
chemical reactions. Consequently, the study of plastic flow is part of
chemical kinetics and the process is described by the rate theory. The

derivation of an equation for the dislocation velocity is therefore based

essentially on the rate theory.

DERIVATION OF THE RATE EQUATION (8, 9)

Consider a system of N particles with a total energy AE having

) -
N. particles at the energy level Aei where N, = N and
i . . _

1 o




ntMs

N; A€; = AE. In this system, the energy difference between
i=o .

succéssive energy levels is considered equal. There are many ways of

distributing the particles at the different energy levels with constant N

and AE. The most probable distribution corresponds to the equilibrium
state of the system. ' In other words, the equilibrium distribution is

that which can be formed in a maximum number of ways without changing

the number of particles at each energy level.

To determine the equilibrium distribution, first consider the
energy levels to be empty. Fill the energy levels with the particles, one
by one, beginning from A€,. There are N ways of selecting the first
particle and (N-1) for the second particle. The number of ways in which"

N l;-l) because the order of

selection is immaterial. Similarly proceeding, the number of ways of

the first two particles can be selected is

selecting N, particles to fill the energy level A€, is N ! /((N-No) !No 1)

"Of the remaining (N-N,) particles, the energy level A€ ; can be filled
~in (N -No) '/((N- No- Nl) !N1 !)  number of ways. Continuing this way;
the tofal number of ways of selecting N particles to fill in all the

energy levels is W = N ! /(N !N, IN,!.), W should be maximum for the

equilibrium distribution. Thus small changes in N; should have mini-
mum effect on W for the equilibrium distribution. To bring about a

small change in Nj , two particles are removed from the energy level

Aer and one is inserted into A€r+l and the qther into Aer-l' This

will cause a change 6W in the number of possible ways of distributing
the particles. Thus,

= ' ' '.... ‘! .!. !...l
5W = (NI/(N_IN IN,L...N_ [ININ ))

- (N!/(No !N1 N .o (Nr-1+1),! (Nr-Z)!(Nr+1+1)!. ceo))

!I.
2




where D€, - D€ = BE - AC_ (1. 3)
Hence N _ININ_!= (Nr_"l+1)!(Nr:2)! (N_, 1)1

Nr(Nr-l) = (N__ 1) (N__ +])
and when Nr-l’ Nr' and Nr+1 are lérge numbers;

er ~ Nr-l Nr+1

2 log Nr =~ log Nr_1 + log Nr_*_1

 log Nr_“-log Nr = log Nr - log Nr_1 (1. 4)

Eqns(1. 3)and(1. 4)will be simultaneously satisfied if the logarithm
of the number of particles is proportional to the corresponding energy

- level. The relation between them can be represented by an equation of

the form,
N; = B exp (WA€;)

where B is the proportionality constant.

To determine p , consider two independent systems in thermal

contact. The systems aré denoted by superscripts p and q. In

thermal equilibrium, the product wP w? is a maximum. Move a par-
~ P

ticle in the first system from A€, ‘o A€ bp and one in the second

q
system from AGx to Aéyq where,

P P q q
AE_ - A€, = A€ - A€
a b y x

thus conserving the total energy and the number of particles. Equating
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P q P gq
W W  Dbefore and after the change, it can be shown that y =p .

Hence p must be the same for all systems in thermal equilibrium.

It is thus sufficient to determine p for one simple system.
Consider an ideal gas at temperature T. The average energy of the

particles is

3 Total energy of the system
Total number of particles

-]
N; 863/ T N,
1= 0

(o}

]
pde
nhnMg

A€, B exp (pA€;)

B exp (p A€

[
"M g8lum™Ma8g
o

o
o

A€

i exp (pA€;)

@
z
1= 0
()
z

exp (WAE;)
i=o
For the one dimensional case, writing A€; = mv; /2 where m is

the mass and v, the velocity of the particles and replacing the summa-

tion, by integration, one gets

2 2
mv exp (umv /2)dv

>
m
n

8|8 — g
N =

J' exp (~p,mv2/2). dv

-0

-1
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From the kinetic theory of gases, the average'enefgy of the particles for

each degree of freedom is given by

— 1
A€ = Z kT where

k is the Boltzmann constant.

Comparing the above two expressions, we find that

= . L
W kT
The equation for the energy distribution of a system in equilibrium
becomes,
Nj exp(-AGj[kT)
N =
T exp (- A§/kT)
i=o

#

The ratio of the number of dislocations at the activated state N

to the total number of dislocations N at or above the initial state is

v, .Z exp [- (A€#+A€i)/kT]
NT _ izo
N

exp (-AEi/ kT)
o

n M8

i

exp (- Aei/kT)

Now consider the energy map for the dislocation motion given
by Fig. 1.3. The dislocations can move in either direction. Let P
and Q denc';te the initial positions in front of an obstacle for the dislo-
cations moving in the forward and ffverse dirfctions respectively. The
rand A}; rfor the forward and

f b
reverse movement of the dislocations respectively.

height of the energy barrier is AE

If a shear stress Toff is applied, the energy barrier would change
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as shown by the dotted curve in Fig. 1.3. The height of the energy
barrier will be reduced by the work done by the shear stress. Because
the stress is acting in the forward direction, the height of the barrier
will be reduced by (sfdf Teff) in the forward directionl and increased by
(deb T ofs) in the reverse direction, where S is the Burgers vector times
the length of the dislocation between two barriers, df and db are the
distance covered by the dislocations to overcome the energy barrier in
the forward and reverse direction respectively. Thus the height of the

? - Sf df Teff) in the forward direction and

energy barrier will be (AEf
(AEb# +sb db Teff) in the reverse direction. Sd 1is the activation

volume V.

The velocity v of the dislocations will be given by the probability

#

of finding the dislocations at or above the energy level AE’ multiplied
by the vibrational frequency of the dislocation line v » times the distance
{4 covered after each jump over the energy barrier. Considering the
forward and reverse movement of the dislocations, the net velocity in
the forward direction under the effect of the effective stress T off is

- = £ .
voEv.o-v T va exp(-(AEf Vf'reff)/kT)

- vt exp ( -(AES + V T )/KT)

b b b

where subscripts f and b denote the forward and reverse movement
of the dislocations respectively. Investigations showed that the equation
is a good representation of the dislocation velocity for a wide range of

metallic and non-metallic crystals (10 )
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VARIOUS METHODS OF DETERMINING THE STRESS DEPENDENCE
OF DISLOCATION VELOCITY.

The most reliable method of meaéuring the stress dependence of
the dislocation velocity is by direct observation using the etch-pit tech-
nique. However, this method cannot be applied to many metals ‘and

indirect means of measuring the dislocation velocity were developed.

Many attempts have been made to develop indirect methods.

These methods utilize Orowan's equation

Yy = abp.mv

Because only the product P,V can be determined by these testing me-
thods, the stress dependence of the dislocation velocity can only be mea-
sured if the mobile dislocation density P remains constant. The three

most common test types are: (11)

1. The strain rate change experiments,
2. The discrete stress change experiments,

and 3. The stress relaxation tests.

Strain rate change experiments

In these experiments, the specimen is deformed at constant
strain rate ¥y 1 and at some stage, the strain rate is changed instantane-
ously to -YZ' The corresponding stress change AT is measured as

. shown in Fig. 1.4. The relation between AT and Y is given by (11)

- .__.kT A n..— E—I ln.,Y-z.
pT= T blny = =2 "

from which the activation volume V is determined. This is in agreement

with the rate theory when the effect of the backward movement of dis-

locations is negligible.
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Fig. 1.4 The figure illustrates the variables associated with the

strain rate change experiment.
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Discrete stress change experiments

These exi)eriménts are essentially constant stress creep tests

(Fig. 1.5) in which at time 't' the stress is instantaneously increased
and maintained constant and the specimen allowed to creep further.
Wyé.tt(lz) found that the creep curve B obtained after the stress incre-
ment could be matched to the creep curQe A obtained before the incre-
ment by making a suitable time shift At . Wyatt.also found a linear
relationship between the stress change (A 1) and the logarithm of the
time shift (A logt) (Figs 1.6, 1.7). Cottrell (13 ) showed that the acti-

vation volume V can be measured from the above experiment by using

. the relation

dl'nt - . \'4
~dr kT

in agreement with the rate theory when the effect of the backward move-

ment of the dislocations is negligible.

‘Stress relaxation test

This method of testing is used in the present. investigation and

is explained in detail in the next section.

STRESS RELAXATION TEST

It was one of the purposes of the present investigation to obtain

some information on the stress dependence of dislocation velocity in sin-
tered iron. To achieve this, the temperature and structure of the speci-
men should be constant during the test. Hence stress relaxation tests

were carried out at. constant temperature..

 Ideally, the experimental method consists of loading the speci-

men to the desired stress level and then keef:ing its length constant,
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B
B' =
Y A
..
t time
Fig. 1.5
Y B! B T ir
dlog t 4____A1og t —
log t . log t
Fig. 1.6 Fig. 1.7

Figs. 1.5 to 1.7 The figures illustrate the variables associated with the

discrete stress change experiment.
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so that during stress relaxation, the total strain Gt of the specimens
is zero. Under the effect of the stress, the specimen deforms plasti-
cally. However, because the specimen is restrained from elongation,
an elastic strain € o equal in magnitude but opposite _in sign to the

plastic strain Gp is produced and the stress relaxes (Fig. 1.8). Thus,

Therefore, the decrease in stress is equal to E Ge where E is the

elastic modulus of the specimen (Fig. 1.9 a).

The ideal condition cannot be achieved because the test jig and
load cell deform while the load decreases. Therefore during the expe-
riment, a continuous change in the length of the specimen does occur.
This change is equal to the total deformation of the test jig and the load

cell when the load decreases (Fig. 1.9b). Hence,

!
and the decrease in stress is equal to E (Ea - Ge) where Ga is the
strain of the specimen due to the deformation of the load cell and test

!
jig and E is the combined elastic modulus of the test jig, load cell

and the specimen ( 14).
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REVIEW ON STRESS RELAXATION TESTS

The earliest stress relaxation tests were carried out by Trouton
and Rankine (15 ) on Pb in 1904. They approximated the ideal stress
relaxation by maintaining the length of the specimen within two limits."
This was accomplished by removing part of the weight hanging on the
specimen when the elongation limit was reached to bring the length of
the specimen back to the lower limit. Boyd (16 ) improved on this me-
thod in his stress relaxation tests by having a relay controlled system
which automatically maintained the length of the specimen to within

+ 1/75,000 of an inch over a gage length of 20 in.

-The complexity of maintaining the length of the specimen within
close limits by the above methods led to another method in which a small
continuous change in the length of the specimen is allowed during stress
relaxation. The change in the length of the specimen depends on the
rigidity of the testing system and consequently very rigid machines

are preferred in this method.

Feltham(17, 18)carried out stress relaxation tests on a-Brass
and Mg on a Hounsfield Tensometer. Most of the investigations were

carried out on the Instron type machines. Using these machines stress
relaxation was studied by Sargent (19) in Nb, Sargent and Shaw (20) in
Mo, Wray and Horne (21), Li (22) and Ohr (23) in Fe, Rohde and Pitt

(24) and Feltham and co-workers (25) in Ni and Krausz (26) in ice.

The rate theory of stress relaxation (10)

In the rate theory, the stress dependence of the dislocation velo-

city has been shown to be
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exp ( - (AEf#- v

v('reﬁ) = vl £ 'reff)/k.T)

f

: #
= Vi, exp (.(AEb + Vb 'reff)/kT)

[

The shear strain rate y along the slip plane can be described by subs-

tituting the above expression in Orowan's equation
Y = ebp VT

The tensile strain € along the axis of loadingis € = C y for a poly-

' crystalline metal where C. is a proportionality constant (27). Thus,
" b £ -V, 1 J/KT)
€p= Ce "["mf*‘f exp (- (8E; - Vi Tope

-p_ 1. exp (-(AE

#
my ©b t Vp Tegg) kT ]

b b
The plastic strain Ep during stress relaxation is directly propor-
tional to the observed stress change. Thus €p= -bo/ E. The plastic

strain rate is € is therefore
: P

= . /ot '
Gp (b€.p/6 )T, Str

1 .
S - El (BAo/at)T’ Str

, : ',
Thus the stress rate is (3A0/3t) = - E ep

' #
=-CEab v[pmef exp (-(AE, - V, Tog)/ X T) |

-p._ 1, exp (-(AEb#+.V

my b ) /ET)]

b Te
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The effective stress 7 off in the above expression is the resul-
tant of the applied shear stress Ta and the internal stress f1; . During
stress relaxation, Ti is assumed to be constant because the structure

of the material does not change during the process. Therefore,

Tett = Ta ™ Ti +» It was shown that (27)
et = % Tett
b4 = = 3 2
Hence, T_. (o, 01)/

(o +4a0 - 0.)/2
o i’

where ¢ is the initial applied tensile stress. The equation for the
o

stress relaxation process can now be written as,

Vv
340 ' Vg .
— - - o - +
5 CEabyv [pmef exp (-(AE. - < (0 -0, 40))/ KT)
Vb
- (- —_— - k
P L exp ( (AEb + > (co o, + A0))/ kT)]
= -Af exp anc + Ab eXp(-nbAo) . | (1. 5)
where, ' 4 V
A . =CE abp vi_, exp(-(AE -—(c -c))/kT)
f me f £
| . £V
Ab=CE abp vi, exp (- (AE +—(o-c))/kT)
m, b
- = kT.
nf VfIZkT, nb Vb/ 2k T
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EFFECTIVE STRESS

Plastic deformation is controlled by the effective shear stress
T off acting on the dislocations. The effective stress is the resultant of

the applied shear stress T, and the internal stress T, brought about
. 1

by the crystal imperfections,

= 7 - ‘ | 1.6
Thus Tett = Ta™ Ty (1.6)
The determination of the effective stress is therefore of great impor-
tance and is one of the central problems in the study of plastic deforma-
tion. Over the last two decades considerable effort was made to develop
methods for the determination of the effective stress. Some of these

proposed methods were extremely complex and were generally unsatis-

factory.

In the last few years experimental methods were developed (28)

based on the simple concept (Eqn. 1. 6) that if -

no dislocation movement takes place. In experiments using this concept,
the internal stress and thus the effective stress can then be measured
directly. The analysis of these tests inevitably leads to a rate equation

w.ith, at least two terms. Thus

V. r -V, 7T

. ' f eff ' b eff
: - —' e —— 1‘
Y=-A, exp (25 )+ AL exp( —) 7
where, p
, :
= - AE_ /KT)
Af ab pmfv.{,f exp (- A £
S | #
and A, = abyp v exp(-A‘Eb /kT)

b m, b.
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Krausz (29 ) has pointed out that it follows from Eqn. (1. 7)that
the dislocation stops at a finite terminal effective stress T;ff rather

than at zero effective stress. When the plastic deformation rate is zero

Eqgn. (1. 7) becomes,
v, 1t LoV 4t
_ ! f eff ' ' b ' eff
0=-A, eXP(——k'T )+ A exp ( T )
and hence, . -
v Tt -V Tt
. A' ex f  eff - A' exp b’ eff )
£ P kT p ZPU T
therefore, ' A'
L= XKL, B (1. 8)
T V.4 '
eff £ Vb Af .

It follows from Eqn. (l. 8) that the proposed method cannot mea-

f

] ]
A P < A b these methods underestimate Toff * When Eqn. (1. 7)can be
integrated in closed form, then the effective stress can be calculated from

| ] !
. sure the effective stress when A b # A _ . Because usually

the measured terminal applied stress. Krausz (29 ) has suggested that

using this theory, the effective stress can be determined experimentally.

MacEwen and Ramaswami (28 ) proposed that by a combination of
stress relaxation and strain relaxation, the value of the effective stress
can be bracketed. Their method consists of first decreasing the applied
stress by finite amounts until no further stress relaxation is observed
- (Fig. 1.10). In the second stage of the measurements, the applied stress is
instantaneously decreased below the internal stress level. The disloca-

tions now experience an effective stress in the reverse direction

T =q -q. with 7, >¢ . If the specimen was loaded in tension, the
eff a i i a
large instantaneous stress- decrease causes contraction. After this

contraction and with a stationary cross head, strain relaxation occurs

by the same process as
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~—Loading v First load drop
First stress relaxation
>
. Second load drop
Second stress relaxation
—

% Third load drop

Time

Fig. 1.10 The diagram shows the determination of effective stress

using the stress relaxation method.

t-—~Loading

L+ Instantaneous load drop

Strain relaxation

Time

Fig. 1.11 The diagram illustrates the strain relaxation process.
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!

Second load increment

. Second strain relaxation

T First load increment

4 | ¥
)

First strain relaxation

Time

Fig. 1.12 The diagram indicates the determination of the effective

stress using the strain relaxation method.

The value of ti is

Stress relaxation in this range.

Strain relaxation

Time

Fig. 1.13 The figure illustrates the determination of effective stress

by the combination of stress and strain relaxation methods,
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in stress relaxation but in the reverse direction. In consequence, the
load increases in function of time as shown in Fig. (1.11). Again, as
in stress relaxation, if the load is increased by discrete amounts, strain

relaxation can be stopped (Fig. 1.12).

The combination of the above two tests brackets the value of the
internal stress (Fig. 1. 13). The experiments carried out by MacEwen
and Ramaswami substantiated the theoretical atgument of Krausz that
the value of T cannot be measured but only a range can be established
for PR This type of experiment is nevertheless valuable because

it indicates the approximate value of Teff for which almost no dependable

information is available as yet.
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2.‘ EXPERIMENTAL PROCEDURE AND RESULTS

SPECIMEN PREPARATION

P

Specification and manufacture of the sintered iron powder compact

SuBBIier: Domtar Chemicals Ltd., Montreal.
Type : M. P. 32 Iron Powder.

Chemical Analysis:

ELEMENT CONTENT %

C 0.02
S 0.02
P 0.02
Mn 0.15
Si 0.13

Acid Insolubles 0. 23
Fe Balance

Physical Properties:

Apparent Density = 2.45 g/cm3.

Sieve Analysis:

- 80 + 100 = 1%

- 100 + 150 = 15%
- 150 + 200 = 27%
- 200 + 325 = 31%
- 325 = 26%

Preparation of the compacts:

The iron powder was blended with 1% Zinc Stearate - a compac-
ting lubricant - for 30 minutes. Bars were pressed in a double acting

die set at a compacting pressure of 5,000 Kg/cmZ to a green density of

6.8 g/cm3.
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Sintering:

. o
The green bars were presintered for six minutes at 650 C in
Endogas to drive off the lubricant. They were cooled to room tempera-
ture and then sintered for 30 minutes at 1120C inEndogas. (Endogas

is a mixture of 40% H_, 40% N2 and 20% CO).

2

-

Typical properties of the above sintered compact:

‘Ultimate Tensile Strength 2100 Kg/cm2
Impact (Unnotched Charpy) Strength 123 Kg cm.

Tensile Elongation (cm/cm) 5 - 10%

Machining
The specimens were machined from the above sintered compacts.
The diameter of the machined specimen was 5. 08 mm + .025 mm and

the effective length between the grips was 50. 8 mm + .13 mm (Fig. 2. 1)

TESTING PROCEDURE

Stress Relaxation Tests

The preliminary tests were carried out on a Hounsfield Tenso-
meter. The experimental arrangement of the Hounsfield Tensometer
is shown in Fig. 2.2a. The tensometer was modified to increase the
accuracy of the load read out. The core of a Linear Voltage Differential
Transformer was mounted on the spring beam to measure the deflection
" of the beam. The voltage output of the transformer was recorded in
function of time. To maintain the temperature of the system at

30. 5 + 0. 75°C, an environmental chamber was built. The 0. 75°C fluc-

. 2 .
tuation caused a change in the stress of about 0.45 kg/cm”~ during stress
relaxation.

- The final tests were carried out on an Instron machine. A




*Apnis ay3 uy pasn uawpodads ay3 smoys weaderp a3yl 1°z *Srd

uawrdads pauryoey (q)
3doedwod paaralax sy (¥)
‘Ul UF 33 SUOTSUIWIP TIV

3Teds 11ng

(a)
: aTedS
T oL -
) e—  €£1° T 80°S —
VA \_ = :
_ ®IQ SZ0° ¥ 80°S ||\ . :
o pey 8°0
]
(®)

9L

L

S0°* ¥ ST°0T ,\* _- : _
N,
€0° ¥ ST°0T




- 32 -

‘auryoew uoajsul ayy (q pue

1933wosuay, pragjysunoy ay3 (e 3o dn 3as TeIucWiiadx’d 2y3 Moys saindt3 ayy z°z °*S1g

Sursnoy 13wW1030IOTH
I9WI0JOIITN

210)

9102 3y3 Zuruoylysod 103 sany
T129 peoq
weaq Suradg
usuwydadg
sdyap

pedy ssox)

3
‘Y
3
‘3
*
'p
°d
"q
‘e

(9) (®)
A
A—1 q—n
[V J\
\w
——
3—
and3yno "
¢ ——| /

‘_ Indug
_ *2'a’A 9



sixed jo syye3sg (q MITA patquassy (e

‘S3593 uoyIeXe[a1 §S913S 9YI UF udwrdads ayg PTOY 03 pasn sdyag uzu.wkozm wea8eyp ayy ¢°z 814

‘W UT 9IB SUOTSUdWYp IV

CY
a1eds [Ing : I[edS . ,L.ml

| S NNHIN A

- N W/x///////// NN | N In”n .
TIa ®1q 9°8z
e . et _ i T - Q.Nm
Iﬁl .
era mn.u,\ﬁ H@ - I_n x_.
aPle . , _ NN
. 6E°9- Py 9°1 . : .
._ (®)

aToY BYQ C6°/ ,u\



- 34 -

straingage type load cell of 1000 1b capacity was used to measure the
load. A set of grips were designed to hold the specimen and to a.liign
the load with the specimen axis. Fig. 2.3 shows the grips. The expe-
rimental set up on the Instron is shown in Fig. 2.2b. The specimen
was held in the grips and after the temperature of the system stabilized,
it was loaded at a uniform rate of 0.5 cm/min. After a predetermined
stress level was reached, the cross head was stopped and was k'ept.
stationary. The decrease in load was recorded as a function of time. -
The tests were carried out for a period of time over which the tempera-
ture of the system remained within +0.5° C. Several tests were
carried out on tile same specimen at different stress levels till fracture

occured. Table 2.1 gives the test conditions.

Internal Stress Measurements

Experiments were carried out to obtain information on the effec-
tive stress in sintered iron. The method utilized the theory of stress
and strain relaxation (28 ), and was described in the introduction. 4 spe-

cimens were tested at various stress levels. The results are shown

in Table 2. 2.

Tensile Tests

Tensile tests were carried out on the sintered iron powder com-
pacts at various strain rates to determine the effect of stré.in rate on
the stress-strain characteristics. The applied load on the specimen
was measured by the load cell. The elongation of the specimen was
measured with a Linear Voltage Differential Transformer mounted on
the grips. The outputs from the L. V. D.T. and the load cell were
connected to an x-y recorder and the load-elongation relationship

was plotted. Table 2.3 gives the test results.
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TABLE 2.1

STRESS RELAXATION TEST CONDITIONS

SPECIMEN TEST STRESS MACHINE USED
NUMBER NUMBER- LEVEL. :
(kg/cmz)
3 3.2 1530 Hounsfield
‘ 3.3 1700 " .
3.4 1870 "
4 4.2 1530 "
4.3 1700 : "
5 5.1 1530 "
5.2 1700 "
5.3 1870 "
6 6.1 1530 "
6.2 1700 "
6.3 1870 "
7 7.1 - 1530 "
8 8.1 1593 Instron
8.2 1700 "
8.3 1890 "
9 9.1 1745 "
9.2 1885 - "
10 10.2 1885 ] "
11 i1.1 1600 "
11.2 1730 "
12 12.3 1705 "
12.4 1890 "
13 13.1 ] 1600 "
14 14.2 1703 . "
14.3 1890 _ "

15 i15.1 1660 "
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(Table 2. 1 continued)

SPECIMEN TEST STRESS MACHINE TUSED
NUMBER NUMBER LEVEL
(kg/cm 2)
16 16.1 1615 Instron -
16.2 1710 "
16.3 1895 "
17 17.1 1625 "
17.2 1675 "
17.3 18560 "
18 18.1 1633 "
18.2 1690 "
18.3 1910 "
19 19.1 1635 ' n
: 19.2 1700 "

19.3 1920 "
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TABLE 2.2

INTERNAL STRESS DETERMINATION

INTERNAL STRESS

(kg/ cm? )
TEST STRESS _
NUMBER LEVEL Lower limit Upper limit
(kg/cm2)

16,2 1710 1440 1485
16.3 1895 1650 1780
17.3 1860 1610 1720
18.1 . 1633 1270 1450
18.2 1690 1310 1500
18.3 1910 1740 1790
19.1 ° 1635 1405 1500
19.2 1700 1460 1520
19.3 | 1920 1675 1790
19.5 2000 1740 1850
20. 1 1770 1560 1655
20.2 1815 1595 1690
20.3 1920 1720 1810
20.4 1975 1755 1870

20.5 2080 1860 1935
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TABLE 2.3

TENSILE TEST RESULTS

TEST CROSSHEAD YIELD ULTIMATE PERCENT
NO. SPEED STRENGTH STRENGTH ELONGATION
(cm /min) (kg/cm?2) (kg/cm?2) IN 5 cm
‘ LENGTH
1 5.0 1350 2200 3.0
2 0.5 1700 2200 3.4
3 0.5 1500 2175 2.4
4 0.5 1750 2300 4,0
5 0.2 1650 2075 2.4
6 0.05 1500 2125 3.1
7 0.05 1650 2250 4,0

8 0.005 1250 2050 1.7
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3. DISCUSSION

STRESS RELAXATION TESTS

The results of the stress relaxation tests are shown in Figs.3.1to 3.6
and 3.11. To facilitate the analysis, the tests are divided into 4 groups
according to the initial stress level at which the stress relaxation was

carried out. The groups are shown in Table 3. 1.

TABLE 3. 1

THE GROUPING OF THE STRESS RELAXATION TESTS

GROUP STRESS 5 ‘TEST NUMBER
NUMBER LEVEL kg/cm
1 1615 + 20 8.1, 11.1, 13.1, 16.1, 17.1, 18.1,
19.1
2 1700 + 45 8.2, 9.1, 11.2, 12.3, 14.2, 15.1,
16.2, 17.2, 18.2, 19.2
3 1700 + 30 11.2, 14.2, 17.2, 18.2, 19.2
4 1890 + 30 8.3, 9.2, 10.2, 12.4, 14.3, 16.3,

17.3, 18.3, 19.3

From among the group 2 tests, 5 of the tests showed similar behaviour

and they were grouped together to form group 3.

Figs.3. 1 to 3.4 show the logarithm of stress rate as a function
of stress change. While the measured values are considerably scattered
at the low stress levels, conspicuously less scatter was observed at the

highest stress level. The probable reason for this behaviour is the following.

The structure, and therefore the plastic properties of the crystal-
line materials, is affected by the production method, heat treatment

and the previous deformation history (30). At the low stress levels,
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where the deformation is small, the effect of the production history is
pronounced. Consequently, the difference in the structure of the mate-
rial from one specimen to the other has a significant effect causing

the observed scatter at the low stress levels. When, however, the

stress level is high the deformation of the specimen is large and a new
structure is developed which masks the pre-testing history. Therefore,
the structure of the specimens are similar at the high stress level and

the stress relaxation tests at this level give less scatter as illustrated

in Fig. 3.4. The selection of group 3 specimens from group 2 indicates the

transition zone from the scattered structure to uniform structure.

The stress change as a function of the logarithm of time is represented
in Figs. 3.5 and 3.6 for the group 3 and group 4 tests respectively. The

figures illustrate that the process slows down considerably after about

100 minutes.

The results of the group 3 and 4 tests were analyzed from Figs.

3.3 and 3.4 to determine the various parameters in the rate equation.

THE RATE THEORY ANALYSIS OF THE STRESS RELAXATION OF
SINTERED IRON.

In the past almost all of the stress relaxation experiments have
been carried out in the range where the log ( - Ag)vs ( - Ao) relation is

linear. Thus the analysis could be carried out with a one term expression

Ag = - Af exp (nf Ag)
neglecting the weaker, backward, activation process. In a few studies
(VZZ, 29, 31) tests were carried out over a long period of time and it

was found that the relation log (- Ag) vs ( - Ag) deviates from linearity
at the higher values of | Ac|. This was explained by taking into consi-
deration the effect of tile backward movement of the dislocations. This

effect is weak in the early, high stress, region and cannot be detected
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within the sensitivity of the usual experimental systems. As the effec-
tive stress T,¢c -decreases with increasing |A¢g |, the effect of the
backward movement of the dislocations becomes noticeable and the rate

equation is represented by two terms.

Ag = - Af exp (ano) +Ab exp (-nbAc;)

Very few stress relaxation experiments were carried out over
a period long enough to decrease the effective stress until (- Ac )~ O.
In the present investigation, effort was made to continue the stress re-
laxation tests until (- AG) was nearly zero. A few tests were carried out
on the Hounsfield tensometer for a period of 3 days. The measured
stress rate range covered as much as five orders of magnitude, the
practically feasible full range of measurements. Any further signifi-

cant extension is a highly complex experimental problem requiring ex-

e ey ey g e

" tremely sensitive recording instruments and a very stable, temperature
controlled environment. Furthermore, even if the sophisticated instru-
mentation is available, the duration of thg test,to cover only one more
order of magnitude,would be prohibitively long—about 30 to 40 days.
Because the stress change over this additional decade is already very
small, the information obtained could not add significantly to the data
available from the present experiments. A meaningful extension would
require several more orders of magnitude in the 'AG values to be mea-

sured, a series of tests each running over years.

The analysis of the results obtained over the full practically
feasible, five orders of magnitude, range indicé.tes that the two term
rate equation is not sufficient any longer when |Ag | is very small. In
this range it is expected that a second rate controlling mechanism may
become noticeable. Retaining the conditions which lead to the two term

rate equation, the stress change in this region can be described by the
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following expression (Fig. 3.7)

05 =[- A exp (n80) + A exp (-n, Ao)];

+ [- Af exp (anO') +Ab eéxp (-nbAG)]II

where the subscripts I and II indicate that the parameters A and n
are associated with the first and second mechanisms respectively and

may have different values.

The analysis is complex and tedious when more than one me-
chanism controls the deformation. When there are m independent
(parallel) processes associated with the plastic deformation, the rate
equation may be represented by

m

bog= I

z [- A, exp (ano) + A, exp (-n Ao)] i

When i = 1, the validity limit for the rate equation can be deter-

mined as follows.
Over the range where the first process is predominant,

AG =-A exp(n.b0) +A

bexp(-nbAO') (3. 1)

However, when |Ao | is small, the relation reduces to

Ao = - Af exp (ano)

Hence 1l n (-Ag) = lnAf+anc

Thus the 1 n (-Ag) vs (- o) relation is represented by a straight line

with a slope of - n, and an intercept of 1 n A_ at Ac= o. When

f f
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The sum of the first and

second mechanisms
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"Fig. 3.7 The diagram illustrates the effect of a second mechanism on the
stress relaxation process.
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Dopm e d

ra

log A

2t =A6 = A exp(nféo)

f
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log(-4d)

-840 = Afexp_(ano)-Abexp(-nbAo)

(~b0)

Fig. 3.8 The figure illustrates the determination of the validity limit for

the two term rate equation.
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|-Ag | is not small then, within the validity limit of the process i = 1,
both terms have to be considered. The parameters Af and nf are
determined from the linear portion of the 1n (- Ag) vs (-Ag) relation
(small |Ag | range). For the second term, the analysis is carried out(Fig.3.8)
in the following manner. Consider two points 2 and ’1 in the i =1
zone, where 1 is at the validity limit of the two term expression.

. we get,

Using Eqn. (3. 1) and solving for n, and Ab

; AG, +A,exp (ancl )
nb = 1n
- Ao +A_e n_AG
Aoz Acl ) 02 xp ( £ 80, )

f

and Ab = [Af exp (an.o"Z ) +Ac)'2 ‘Jexp (nb Aoz ) |

i
1
|
!
¢

These expressions are physically meaningful only if n, > o, with

Ao -Ac > o.
2 1

Referring now to Fig. 3.8 it follows that -
(- A&z, ).- (-Ac.r2 ) = Agexp (nfbdz )-.[(A.f exp (ano2 )
- A'b exP (-%AGZ )]
= 'Ab exp (-n Ao )
-Similarly (-Ao i, ) - (-AEIl ) = Ab exp (-nbAdl ) .

It follows that n is positive if .

Ab exp (-nbAc;1 ) > Ab exp (-1'LbAo"2 )
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Therefore

(-85 ,)-(-85 ) S (-Ac - (- 8¢
°, (02) (ol,)(Acl)

This is the condition for the validity of the two term rate equation.
Using this expression, an upper validity limit for the two term expres-
sion can be read off immediately from the graphical .representation
shown in Fig. 3.8.

The results of the group 3 and 4 tests were analyzed to determine
A, and n, from the initial portion of the stress relaxation curve in

f f
Figs. 3.3 and 3.4 and are presented in Table 3.2.

TABLE 3.2

THE ACTIVATION PARAMETERS IN SINTERED IRON

GROUP STRESS i ;’f . A
LEVEL kg/cm kg/cm’min.  cm®/kg A3 b
3 1700 + 30 210, 000 0.0411 3430 224
4 1890 + 30 80, 000 0.0677 5650 370

Stress relaxation results are usually analyzed within the framework of
the conditions leading to Eqn. (1.5). The determination of the rate controlling
mechanism is inevitably an extremely lengthy process and a complex problem.

The present investigation indicates that, because the 'activation volume
is in the order of iozb , or less, plastic deformation in sintered iron may
occur either by dislocation intersection r;qecha.nism or by the overcoming of

| energy barriers associated with the impurities. It has to be emphasized that.
the present study is only a first approximation in the analysis of the rate
process. A full investigation requires a detailed metallographic examination
and rate theory study.

The validity limit of the two term rate equation was determined in

the group 3 and 4 tests. The results are shown in Table 3.3

* 1 for iron is 2.48 x 10-8 ¢m.- (32)
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TABLE 3.3

THE VALIDITY LIMIT OF THE TWO TERM
RATE EQOUATION

GROUP STRESS -40, -40 ¢
LEVEL g forn? Lt 1

ke /cm?2 g/cm kg/cm™ min. Min. j

3 1700 + 30 155 320 0.1 3

4 1890 + 30 . 98 - 90 0. 25 -

The above results indicate that the effect of the second rate
controlling mechanism is significant after ~. 1 minutes when !Ac.r ‘iS ;

less than ~ 320 kg/crn2 min.

It is possible to identify tentatively the second rate controlling
mechanism (33). In body centred cubic ii-on, the interstitial atoms are

in the positions shown in Fig. 3.9  These atoms distort the lattice

RO B AR St Y

and increase the crystal energy. When the crystal is in a stress free
condition, the x,y, z positions are energetically equivalent and the num-
ber of interstitial atoms moving out of any position is equal to those
moving into it. A tensile stress applied along the z axis elongates the‘
crystal in this direction and there is more space available in the 2z
positions. The occupation of these now requires less energy. In con-
sequence, there is a net flow of the interstitial atoms from the x and

y into the z positions. This contributes an additional lattice distor-
tion in the z direction. Hence, when a tensile stress is applied, there
is a simultaneous elastic elongation as shown in Fig. 3.10, L ;
followed by the diffusion of the interstitial atoms into the energetically :
favourable sites causing a time dependent, thermally activated, addi-

tional deformation. This anelastic deformation approaches assymptoti-

cally to a finite limit as the equilibrium interstitial distribution, corres-

ponding to the applied stress, is reached.

The strain associated with this process is expected to be in the
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Z position

/

X position

Y position

X

Fig. 3.9 The figure shows the iron atoms (@) and the interstitial atoms (O)
in b.c.c. iron.

r"——-—-—- Anelastic region

Anelastic

Strain

r——— Elastic

Time

Fig. 3.10 The diagram illustrates the anelastic strain produced by the diffusion
of the interstitial atoms in iron.
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order of 10-5 and the effect is therefore not noticeable {n the first two
stages of stress relaxation. After the first two terms become very
small, hov;/ever, this additional strain is noticeable. Even though the
process is slow at room temperature, co;'npa.red to the dislocation mo-

vement, its effect was detected after ~ 0.1 minutes.

THE DETERMINATION OF THE STRESS EXPONENT m

The power function expression relating strain rate and stress andderi-

ved from the equation m
v = Vo('ra/'ro) (3. 2)

is often used in the engineering studies of plastic deformation. It is of
interest therefore to investigate the behaviour of sintered iron in terms .
of this equation. The results of the stress relaxation tests were
analysed to determine the value m in Eqn. (3.2). The analysis was

carried out as follows.
Substituting the expression for v in Orowan's equation

Y = ab PV
and using the relations €= Cy and ¢ = 27, the normal strain rate
.€ is

€ =Cabp v, (oa/ao)m
During stress relaxation,

€ = - 85/E
‘Hence | -AG = E'G

]
=E Cabp v (0/lo )
m O a o}

= Clca.

. : 1 m
where C1 = E Cabpmvo(l/co)

LR A S R R
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Therefore, m can be determined from the slope of the plot of the
log (- Ac) as a function of log o, as gi;ren in Fig. 3.11for the group

3 and 4 tests. :

In engineering tests it is customary to consider m to be cons-
tant. The analysis of the results represented in Fig.3.11 however, in-
dicated that m was not a constant for sintered iron, but varied with
the applied stress. Therefore, the curves in Fig. 3.11 were approxima-
ted by two straight lines and two values, m, and m,, were dgtermi-
ned from the slope of these lines. m, and m, are the slopes at the

initial and later portions of the stress relaxation respectively(Fig. 3.11b).

The results are given in Table 3. 4.

TABLE 3.4

THE STRESS EXPONENT m IN SINTERED IRON

R Ebe it I ER R Y

GROUP STRESS LEVEL m m,
2
(kg/cm”)

| 1700 + 30 67 286

4 : 1890 + 30 - 132 222

The slope m increases as the relaxation proceeds. Therefore
m overstimates the strain rate at the later portions of stress relaxa-

tion and m, underestimates the strain rate at the earlier portion of

stress relaxation.

INTERNAL STRESS

The results of the internal stress measurement (Table 3. 5) in-

dicate that the internal stress in sintered iron is

T, & (0.89+.03) T
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This result is of interest because, as menfioned before, very little
information is available on the effective stress in general. Further-
more, a knowledge of the approximate v.a.lue of Toff is important in
the analysis of the thermally activated dislocation movement, and in the

interpretation of the plastic behaviour of sintered iron.

" TABLE 3.5

THE INTERNAL STRESS IN SINTERED IRON

TEST - STRESS INTERNAL STRESS AS A
NUMBER LEVEL PERCENTAGE OF THE STRESS
(kg/cm?) LEVEL

16.2 1710 85 + 2

16.3 1895 91 + 4

17.3. 1860 a 89.5+ 3

18. 1 1633 834+ 6

18.2 1690 | 83.5+ 6

18.3 ' 1910 92 + 2 -

19. 1 , 1635 ' 89+ 3

19.2 . 1700 87.5+ 2

19.3 | 1920 90+ 3

19.5 2000 90+ 3

20. 1 1770 91 + 3

20.2 1815 o 90 + 3

20.3 1920 92 + 3

20.4 1975 - 92 + 3

20.5 2080 ' 91 + 2

TENSILE TESTS

Tensile tests were carried out on the sintered iron powder com-

pacts at various strain rates. The specimens were identical to those

used in the stress relaxation tests. The tensile test results are given

in Table 3.6.




- 60 -

A change in the strain rate from 0.001/min to 1/min did not

produce any consistent variation in the stress-strain characteristics.

TABLE 3.6

TENSILE TEST RESULTS IN SINTERED JRON

Because plastic deformation is controlled by the effective stress,

TEST STRAIN SLOPE IN THE PRE-YIELD :
'NUMBER RATE RANGE ;
(1/min) (kg/cm?) ;

{ 1.0 . 80x 10* :

2 - 0.1 . 51x 10% :

3 0.1 | 62 x 10

4 - 0.1 ' 114 x 10* :

4 ‘

5 0.04 | 101 x 10 ,

-‘ 4 :

6 0.01 78 x 10 ) :

. 4 .

7 0.01 72 x 10 :

. 4 :

8 0.001 78 x 10 :

it is clear from thé rate equation (Eqn. (1.7)) that small changes in
T ££ can cause a significant variation in the strain rate. In the present
e
study it was found that in sintered iron the effective stress Teff is

only 11% + 3% of the applied stress 7 _ . Consequently, the change
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in the effective stress corresponding to the different strain rates is so

small that it is masked by the random variation of the structure.

Because the behaviour varied in a random manner from one spe-
cimen to another, only one tensile test curve is shown. Fig. 3.12
shows the load as a function of elongation at a strain rate of 0. 001 /min.
A yield effect was observed in one of the tests and is shown in Fig. 3. 13.
The figure shows part of the load-elongation curve measured at a strain
rate of 0. 1/min. The scatter observed in the tensile tests from one

specimen to another explains why the stress relaxation tests varied

considerabiy at the low stress levels.

Tensile tests were carried out by Krasovskii (34) on porous
iron. He considers that the scatter in strength values may not be caused
by the accidental scatter in porosity but is determined by the weakest
cross section in the specimen. This may be caused by the non uniform
compacting and sintering of the specimen. Artusio (35) and co-worketrs
determined the effect of porosity and pore size on the elastic modulus of
sintered iron. Their results indicate that the elastic modulus decreases
with increasing porosity. At 13% porosity (6. 8g/cm3density) the elastic
modulus is ~ 70% of that of the wrought iron. In the present investiga-
tion, the slope of the stress-strain curve in the - pre-yield was
~ 85x 104 kg/cmz. The true dynamic elastic modulus can be expected
to be ~ 30% higher than this value. Thus E~ 110 x 104 ‘kg/cmz.

This value is ~ 55% of the elastic modulus of the wrought iron and it

2
is in good agreement with E ~ 120 x 10"~ kg/cm measured by

3
Andreotti and McGee (36) in sintered iron of 6.8 g/cm™ density.

THE SERRATED YIELD EFFECT

In the course of tensile testing, a repeated yield effect or load

fluctuation was observed as shown in Figs. 3.12, 3. 13. Because no
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Fig. 3 13 The diagram shows part of the load-elongation curve measured at a strain
rate of 0.1/min to illustrate the yield effect observed in sintered iron.
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slip could occur in the grips used in these tests, it was concluded that
the effect was real and it was decided that this infrequently observed '

phenomenon should also be investigated.

A similar effect was noted by Elam (37) in Al alloys and in
Armco iron. Manjoine (38),in a series of tests on low carbon steel ,

observed load oscillations at 200°C and at strain rates of 2 x 10-2 secnl

and 8.5 x 10-‘4 sec_-l. These oscillations occured only after 4 - 8%
strain . Cottrell (39) found that the effect is absent in pure Al but
could be observed in ‘Al - Mg, and Al- Cu alloys. His studiés_ sho-
wed that in iron with increasing strain rate, the effect is observable only
at higher temperatures'as shown in Table 3. 7. The table shows the

lower temperature limit at which serrated yield could be observed at
the indicated strain rates.

TABLE 3.7 _
LOWER TEMPERATURE LIMIT FOR SERRATED
YIELDING IN IRON

L ] - - . -3
€ secl 4x105 8.3x 10 5.0

T °K 330 ' 410 . 620

The results of these experiments indicate that the process is thermally

activated. Measurements (40,41) show that the activation energy cor-

* responds to that of the diffusion of N or C iniron.

A study by Mukherjee and co-workers (42) showed that in fully

annealed 2074 Al alloy, the onset of repeated yielding was also a
The activation energy was

function of the strain rate and temperature.

measured at the strain Go where the repeated yielding occured. The

analysis was carried out with the rate equation

. m |
€ = A€ exp (- AE,/ KT).

l
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based on a model of impurity diffusion. The corresponding activation
energy is calculated theoretically to be AEth =0.65 ev in close

agreement with the measured AE = 0. 56 + 0.02 ev.

All these observations were made on non sintered metals. The
literature survey indicated that only one study was carried out in which
repeated yield was observed in sintered iron. In this work (43) the
effect of the finely dispersed CaO and MgO is carbonyl iron was in-
vestigated at room and at elevated temperatures. In the 150°C - 300°C
region, repeated yield waﬁ observed. The results indicated that the

effect was caused by the interaction of the dislocations with the inter-

stitial atoms.

It is concluded therefore, that the serrated yield effect observed
in the present tests is a thermally activated process. This conclusion
is of interest in the cold and hot forming of sintered iron. When there
is a repeated yield point, the work piece will deform nonuniformly in
plastic deformation. In consequence, in open die forging, bending, or
in similar operations the shape change may not be uniform. Orowan (44)
has demonstrated that a metal which has a yield point, when bent, does

not form a smooth curve but a polygon.
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Comparison with the results of other investigators

The results of the present tests on sintered iron are compared

with some of the investigations carried out on iron under comparable

testing conditions.

TABLE 3.

8

Table 3. 8 gives the references and the results.

COMPARISON OF THE RESULTS

1] . n "
Reference Material Testing T, fz v m eff Teff/r a
Tested Method C cm /kg b3 Kg/cm”
Li(22) High purity Stress - .0115 - - 113 0. 10
: iron relaxation :
Wilson & High purity Stress 25 .0233 128 - - -
Garofalo(45) iron relaxation
Michalak(46) High purity Strain rate 27 - - - 150 .25-1.0
iron cycling
McRickard Ferrovac Stress 25 - 76. 4 - 150 . -
(47) iron relaxation
Johnston & Fe-3% Si Strain rate - - - 45-90 - -
Stein(48) change
‘ Direct dis-
location ve- - - - 40 - -
locity mea-
surement
Noble & Hull F -3. 25%Si Stress 20 - -  75-112 - -
¢ _relaxation
Present Sintered  Stress 24 .0677 370 67-286 130 .13
investigation iron relaxation

The above results indicate that the plastic properties of sintered

iron determined in the present investigation are similar to the properties
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of iron and Fe— 3% Si alloy at room temperature. Further tests at high
temperatures are needed to compare the properties of sintered iron

with the wrought iron.
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4. CONCLUSIONS

- The following conclusions were reached from the stress rela-

xation and tensile test results obtained in sintered iron.

1. The activation volume for the sintered ironis < 370 b3..

2. The probable rate controlling mechanism for the dislocation
movement in sintered iron is either the intersection of dislo-

cations or the overcoming of the impurity barriers.

3. In the later stage of stress relaxation, the two term rate equation

is not sufficient to describe the stress relaxation process in

sintered iron. The results indicate that a second rate controlling

mechanism may be noticeable in this range.

4. It is suggested that the second rate controlling mechanism may

be associated with the diffusion of interstitial atoms.

-

5. The internal stress in the sintered iron is >~ 89% + 3% of the
applied stress.

6. The tensile tests carried out at various strain rates (0. 001/min
to 1. 0/min) did not show any consistent change in the stress-
strain characteristics of the sintered iron powder compact.
This is in full agreement with the prediction made from the
results of the internal stress measurement a’nd is considered to

be a good evidence in support of the experimental results and

the theory.
7. At room temperature, the plastic properties of sintered iron

are similar to that of iron and Fe- 3% Si alloy.
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