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PREFACE

This report contains the results of the graduation research project I
carried out at the Division of Production Technology of the Department of
Mechanical Engineering of the Eindhoven University of Technology.

Within the Division of Production Technology, the research group of prof.
ir. J.A.G. Rals specializes in the behavior of materials during
manufacturing processes. Instability phenomena encountered during plastic
deformation of materials are one topic of interest in this field. In this
report, an attempt is made to develop a comprehensive theory of such
instability phenomena as they occur during cold working of materials, with
the object of providing a fairly easy-to-use set of instability criteria for
use by those designing products and production processes.

Carrying out a graduation research project is never the work of only one
person. In particular, the comments and insights of prof, ir. J.A.G. Kals
and dr. ir. J.H. Dautzenberg are appreciated. Tn addition, I would like to
thank J. Boekholt of the Department of Chemical Technology for his help in
carrying out the experiments. Lastly, I would like to thank my parents, T.M.
Diexrick and P.G. Dierick-van Knippenberg, and ms. J.B.M. Schoolkate, without
whose understanding and support the completion of this graduation research

project would not have been possible.

Maurice Dierick
Eindhoven, October 1987



There's a lone soldier on the cross
Swmoke pouring out of a boxcar door
You didn't know it

You didn't think it could bhe done
In the final end he won the war
After losing every battle

Bob Dylan, The Idiot Wind

There's room at the top
They are telling you still
But first you must learn
How to smile as you kill
1f you want to be

Like the folks on the hill

John Lennon, Working Class Hero



ABSTRACT

Materials undergoing plastic deformation fail by fracture in a field of
homogeneous deformation or by fracture preceded by the concentration of
deformation in a very small area: flow localization.

Results of researchers in the field of flow localization, influenced or
caused by thermal effects, during plastic deformation at room temperature
show that, although it is possible to calculate the strain at which such
flow localization initiates and to give a description of the localization
process after it has initiated, there is still no comprehensive theory of
thermally influenced flow localization. Therefore it is attempted to derive
such a theory, based on research by Kals and Semiatin et al. This theory,
which includes both the initiation of localization and a description of its
subsequent progress, is tested by carrying out tensile tests at high strain
rates and applying it to data from the literature. The conclusion is that a
general theory of flow localization has been derived and that such a theory
can be used to predict maximum allowable strains for a number of

manufacturing processes,



SAMENVATTING

Materialen die plastisch vervormd worden, kunnen op twee manieren breken: er
kan breuk opitreden voorafgegaan door volledig homogene deformatie, of er kan
breuk optreden voorafgegaan door zeer sterk op een plaats geconcentreerde
deformatie, ofwel gelokaliseerde deformatie.

Uit de literatuur op het gebied van thermisch beinvloede gelokaliseerde
deformatie tijdens het plastisch bewerken van materialen op kamertemperatuur
kan geconcludeerd worden dat, hoewel het mogelijk is om hel begyin van
gelokaliseerde deformatie te voorspellen en een beschrijving te geven van de
voortgang ervan, er nog steeds geen algemene theorie over dit verschijnsel
bestaat. Tn dit verslag wordt geprobeerd een dergelijke theorie af Le leiden
op basis van onderzoek verricht door Kals en Semiatin en medewerkers. Deze
theorie, waarmee zowel het ontstaan als het voortschrijden van
gelokaliseerde deformatie wordt beschreven, wordt vervolgens beproefd m.b.v
hoge-snelheids trekproeven en vergelijkend literatuuronderzoek. De conclusie
luidt dat een algemene theorie van gelokaliseerde deformatie is afgeleid en
dat m.b.v. deze theorie maximaal toelaatbare rekken voor een aantal

bewerkingsprocessen kunnen worden afgeleid.
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1. INTRODUCTION

The study of failure modes of materials during proucessing and service is an
important aspect of mechanical engineering, since understanding of the
failure modes of materials can lead to improvements in the design and
efficiency of production processes.

When studying'the failure modes of materials, it should be noted that there
are essentially two failure mechanisms [26]: fracture controlled failure and
flow localization controlled failure. In the former case, failure occurs by
fracture in a relatively homogeneous field of deformation, whereas it occurs
in a region where flow has localized prior to fracture in the latter case.
It is this last mechanism in which we are interested in this study. More
specifically, we are interested in flow localization caused or influenced by
thermal effects, such as (quasi-) adiabatic deformation heating. Common
names for this phenomenon are adiabatic shear, catastrophic shear, thermo-
plastic shear instability, and several others of this type. Since these
cannot be used when one is speaking in general terms of thermally influenced
flow localization, the acronym FLITE, for 'Flow Localization Influenced by
Thermal Effects’', will be used to denominate the phenomenon in this report.
The object of this study is to formulate a theory of FLITE during plastic
deformation of materials at room temperature, but without including the
metalluryical aspects of FLITE.

As a starting point for the formulation of such a theory, a literature
survey was carried out, the results of which were combined with Kals'
instability analyses [1] to create a general theory of FLITE, which, after
being tested experimentally, can be used to derive design criteria for a

range of manufacturing processes.
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2. LITERATURE SURVEY

2.1. Introduction

FLITF was first observed by Zener and Hollomon [8] in 13944. They
encountered it in very high-speed punching of steel. At these speeds, the
deformation process becomes adiabatic, meaning that all plastic work is
transformed locally into heat. The temperature rise associated with this
transformation results in a decrease in flow stress (flow softening) which,
if larger than the increase in flow stress due to the deformation (strain
hardening) causes localized deformation, or FLITE. .

Tt was not until 1964 that the first mathematical models of FLITE were

presented by Recht [5] and Chin et al. [28, 29]. From 1964 on, numerous

articles on FLITE have appeared.

FLITE research can be divided in two parts:

- the mechanical aspects associated with FLITF, i.e. material parameters of
importance and critical strains.

- the metallurgical aspects associated with FLITE, i.e. the structure of the
zone of localized deformation, the influence of initial material defects
on localization.

In this report, we are interested in the mechanical aspects of FLITE. The

metallurgical aspects of FLITE will be discussed only if necessary.

2.2. FLITE modeling

There are principally two ways of modeling FLITE. The first method is based
on thermodynamics, the second on plasticity theory. Since the first method
is much more complex and does not yield appreciably different results, it
will not be discussed further. For examples of this method, see the papers
of Merzer [15], Bai [24, 40] and Wright and Batra [45].

The second method is based on the assumption that there is an equation of
state relating stress, strain, strain rate and temperature. A criterion for
the initiation of FLITE is then chousen, such as a maximum in the stress-

strain curve, and a constitutive equation is assumed. By inserting the

-
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instability criterion and the constitutive equation in the equation of
state, a critical strain for the initiation of FLITE can then be derived.

A good example of such an analysis can be found in the paper by Culver [9].
From this and other analyses of this type, it has become clear that for a
high resistance to FLITE, malerials should rapidly strain harden, have a low
strength and a high resistance to thermal softening.

In recent years, it has become clear that the prediction of a critical
strain is not enough to adequately describe FLITE. This is because in
reality FLITE is a time-dependent process, and not an instantaneous event.
Therefore, Semiatin and co-workers [26, 34, 55] proposed a so-called Flow
Localization Parameter (FLP) to describe FLITE. This FLP is defined as

follows:
_ 1, 8e
FLP = . * Se (1)

It can be obtained by assuming that a deforming material can be separated
into two regions: one containing an initial geometric, material or
deformation process defect or temperature gradients [11], the other
homogeneous, By enforcing equilibrium of the load supported by the two .
regions, the FLP can be derived. The FLP can be expressed in terms of
critical strain and current strain; if the current strain is equal to the
critical strain the FLP has a value of zero. According to Semiatin et al.,
noticeable flow localization occurs when the FLP has reached a value of
approximately five.

This approach to FLITE as a time-dependent process is important for
describing flow after the instability strain has been attained. The exact
use of this approach to FLITE in production technoloygy remains at this
moment unclear, but it may well be that it enables further refinement and

optimization of the FLITE criteria currently employed.
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3. A GENERAL THEORY OF FLITE

3.1 Introduction

In this chapter, a general theory of FLITE will be developed by deriving a
load, local and thermal instability criterion. Semiatin et al.'s approach to

instability problems will also be included.
3.2. Assumptions

The following assumpkions are made:

-~ there is an equation of state of the form o = ofe, &, T), with o the
effective stress, e the effective strain, & the effective strain rate and
T the temperature.

- there is a plane stress situation and a straight stress path.

- the constitutive equation has the forme = K * e® * g™ x K(T), with K a

material constant, n the strain hardening exponent, m the strain rate

hardening exponent and h{T) an unspecified function of the temperature.
All equations will be presented in terms of effective stress o and effective
strain e or in terms of principal stresses 040 9y and 04 and principal

strains €41 €5 and €q.
3.3. Load instability criterion

Assume a volume element with dimensions Xy %o and Xq (fig. 1). The

principal stresses are given by:
= 1 % =
0,= 1 * 04, oq 0 (2)

where i1 is the stress path,

If we number the principal stresses in such a way that F1 { = oy * Ai' with
Ay the surface of the volume element in the 1-direction )} is the largest
force, load instability will occur when dF1 = 0, or:

u1*dA5+du*A=o (3)

1
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Fig. 1. The volume element Xqs X5r Xq with principal strains and stresses.

From (3), the following critical strain for the initiation of FLITE by load

instability can be derived (for the necessary calculations see appendix A):

- n
Ee " m*dé - g * _u__+2 -1 (4)
¢ de T g*c¢c 2 * 1

dg
aT
the fraction of heat retained within the material (au = 1 is adiabatlic), ¢

where €. is the critical strain, the temperature dependence of stress, «
the specific weight, ¢ the specific heat and I = J(i.2 -1+ 1),

Since the effective strain rate can be assumed to be constant hefore
lacalization occurs, the strain rate term can be neglected, and we finally
obtain:

(5)

n
C -9g , __u 2 -1
e 2%

3.4. Local instability criterion

To obtain a criterion for FLITE by local instability, we need an expression

for plastic work done per unit volume:
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dWﬁ =g * dg (6)

where dwi is plastic work per unit volume.
Rals [1] states that instability will occur when the dissipation of work per

unit surface increase shows a maximum, or:

aw
a_(_s) _ (7

dA3 dAB

where dA3 is a surface element normal to the third principal direction.
The following critical strain can be derived from (7) (see appendix A for

the necessary calculations):

e =221, n
c 1+1i o 4,00 ,2*1

(m+ 1) - g *c 3T 1+

(8)

3.5. Thermal instability criterion

FLITE by thermal instability is said to initiate when the flow stress passes
through a maximum, or:

dg = 0 (9)

Equation (9) leads to the following critical strain (see appendix A for the
necessary calculations):

¢ m,de_00, _u (10)
¢ de OT p * ¢

Once again, the strain rate is constant until localization initiates, so we

can neglect the strain rate term to obtain:

g * c *n (11)
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3.6. Flow Localization Parameter (FLP)

We will now assume that the volume element Xy0 Xy Xq consists of two
regions: one containing an initial defect as discussed in 2.2., the other
homogeneous. The FLP can be obtained from a variational analysis carried out
to determine the conditions under which the load supported by the two
regions remains equal. Once again, we consider the first principal direction
to be the critical direction. The variational equilibrium condition can then

be expressed as follows:

§F1 = 6(01 * A1) = 0y * 6A1 + 501 * A1 =0 (12)

From equation (12) three FLP's can be derived: a load, leocal and thermal
instability FLP (for the necessary calculations see appendix B). Only the
load instability FLP, however, is physically possible, since from the other
two it follows that flow localizes before instability has initiated.
Therefore only the load instability ¥LP is presented here. This FLP can be
expressed as follows:

FLP = (% - %)/m (13)
i

Equation (13) completes the general theory of FLITE.
3.7. The general theory of FLITE compared to the literature

In this paragraph, the results from paragraphs 3.3., 3.4., 3.5. and 3.6,
will be compared with the literature.

- Load instability criterion.
The critical strain obtained from the load instability analysis was:

_ n
fc T “3a . U 2 - i (5)
2 T

8T ¢ *c *

*

If we compare (4) with the result obltained by Kals [1], which is:
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.21,
€. =5 n (13)
and was obtained without considering strain rale or thermal effects, we
see that his result can be obtained from (5) by neglecting thermal
effects.

Lucal instability criterion
The result obtained from the local instability analysis was:

_2*1 n
SC"1+i*(m+1)« o, 00 ,2*1 (8)
g *c 8T 1+ 1
Kals' [1] result was:
L. 2*1
€ =73 *n (14)

Once again, this result, which was obtained without considering strain
rate or thermal effects, can be derived from (8) by neglecting thermal

effects.

Thermal instability analysis
The result obtained from the thermal instability analysis was:

* *
e re (1

(s34

T

This result is identical to the results obtained by Culver [9],
Dautzenberg [1], Semiatin et al. [26], and others.

The Flow Localization Parameter

The FLP derived in 3.6. is identical to the one derived in [26] by
Semiatin et al. Semiatin et al.'s FLP, however, is based on a thermal
instability criterion in torsion, and nol on a load instability criterion

for all stress paths.
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This concludes our comparison of the FLITE theory derived in this chapter

with the literature,
3.8, Discussion'of the general theory of FLITE

There are two things about the general theory of FLITE that should be
discussed further: the influence of the strain rate on the instability
criteria and the FLP obtained in 3.6.

In the load and thermal instability criteria, an increasing value of the
strain rate hardening exponent m means a higher critical strain (see (4) and
{(10)), but in the local instability criterion a higher m-value means a lower
critical strain. This is probably the result of two contradictory
mechanisms: for a high resistance to FLITE, materials should rapidly strain
harden, and since the effect of strain rate hardening is gqualitatively the
same, it logically follows that they should also exhibit rapid strain rate
hardening. This is expressed in the lead and thermal instability criteria.
It is also true, hcwever} that for a high resistance to FLITE materials
should have a low strength. Since there is a critical flow stress
accompanying the critical strain, it follows from the constitutive equation
assumed that this stress will be reached sooner for a higher m-value, which
is what is expressed in the local instability strain. That this effect is
not included in the load and thermal instability criteria is probably due to
the fact that these are derived by a purely mechanical analysis based on the
equation of state assumed, whereas the local instability criterion is
derived by carrying out an energy analysis of the deformation process.

The FLP derived in 3.6. has the same form as the one derived by Semiatin et
al., but it is based on a load instability analysis and not on a thermal
instability analysis. The difference between the two is that the load
instability FLP is also valid for isothermal deformation, since the load
instability strain is defined for isothermal as well as non-isothermal
deformation processes, whereas the thermal instability FLP is only valid for
non~isothermal deformation processes. Because of this, the load instability
criterion seems preferable. This unfortunately implies that the value of

the FLP for the onset of noticeable localization set by Semiatin et al. can
no longer be used. This value will therefore have to be determined again for
the load instability FLP.
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4. EXPERIMENTS

4.1. Introduction

To test the general thecry of FLITE developed in the previous chapter, the

following experiments were carried out:

- high-speed tensile tests on Al51St (an aluminum alloy), polyvinylchloride
. (PVC) and polycarbonate (PC).

- application of the general theory to experimental data from the
literature.

4.2. The high speed tensile tests

For the high speed tensile tests a Zwick Tal type 1852 hydraulic tensile
testing machine was used. Tensile tesl bars were made according to DIN 50125
(Al515t) and DIN 53455 (PvC, PC) specifications. In table 1, the relevant
material properties are given. These were obtained from [4] and [54], with
the exception of the values of %% for PVC and PC, which T obtained myself.
Due to the limitations of the experimental method used {see appendix C),
these should be interpreted as rough estimates of the actual values. Because
of its very small influence, the strain rate hardening exponent has been
omitted (in the load and thermal instability criteria it is absent hecause
the strain rate is constant until instability cccurs, and in the local
instability criterion its influence is approximately 2%). The results of the
experiments can be found in table 2. In appendix C, more detailed
information is given.

The rest of this paragraph will be used to discuss the results from table 2.

- the value of a was taken from [2] for Al515t. Because of the expected
adiabaticity of the tensile tests on PVC and PC, « was set at 1 for these
materials.

and Eoppy WETE calculated from (5), (8) and (11), with i = 0.

€cload’ Ecloc

~ Eeexp was obtained from the maximum in the stress slrain curves.

- &g Was obtained by measuring the width and thickness of the test specimen

as close to the fracture as possible.
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- all tests were carried out at room temperature.

Material | p [kg*mm_3] c [mJ*kg"1*K—1] %% [N*mmuz*x;1] n [-]
Al51St 2.7 E-06 9.6 E 05 -.3 .06
PvC 1.4 E-09 1.2 E 06 -.7 .05

PC 1.2 E-09 1.2 E 06 -.3 .03
Table 1. Material properties.

material | o (-] | ecjody | “ojor | oy | Scerp | S¢ 0 | ¢ 057
Al51St 7 .06 .11 .85 .19 .20 10

PVC 1 .0001 .0001 .0001 | .07 .40 100

pC 1 .0001 L0001 | .0001 | .12 -—- 75

Table 2. Experimental results. Subscripts cleoad, clocg, cth, cexp and
f denote predicted load, local and thermal instability strains,

experimental instability strain and fracture strain, respectively.

Al515t

31515t unexpectedly fractured immediately after experimental instability,
without noticeable signs of FLITE, such as shear bands (narrow bands of
extremely localized deformation, often colored differently)(fig. 1). 1t
turned out that it had been heat-treated to obtain a higher strength, which

explains the low value of the fracture strain.



20

Fig. 1. A fractured Al51St specimen.

pPVvC

PVC fractured‘at a strain of more than five times i1ts experimental
instability strain. Tmmediately after fracture, the region around the
fracture expanded visibly and regained its original dark red color (fig. 2,
upper specimen). The remainder of the specimen had turned white, which is a
sign of localized deformation. For a comparison, isothermal tests on PVC
were carried out. In this case, the region around the fracture did not
expand. Localized deformation did occur, but did nol. spread evenly over the
entire specimen (fig. 2, lower specimen).

It is likely that the expanding of the region around the fractured was
caused by the elastic recovery of the material after fracture. This effect
is well known in injection molding, where it is called 'die swell'. It is
caused by the following mechanism: during the tensile test, Lhe molecules of
the plastic orient themselves in the direction of the tensile force. After
fracture, they recover their original globular orlentation, accompagnied by
swelling up to their original volume.

That this effect is at least partly thermally influenced is shown in fig. 3:
the fracture region from the lower specimen from fig. 2 was immersed in
boiling water for approximately ten seconds, causing it to swell up to its
original dimensions and regain its red color. This is obviously a thermal
effect, which leads to the conclusion that the die swell exhibited by the
upper specimen in fig. 2 is also caused (at least partly) by thermal
effects. This thermal effect is caused by the near adiabaticity of the high-

speed tensile tests.
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Fig. 2. Fractured PVC specimens: upper specimen tested at a very high strain

rate, lower specimen tested at a low strain rate. .

Fig. 3. Fractured PVC specimen after heat treatment.

PC

The PC results are similar to those of PVC, but, due to the insufficient
stroke of the tensile testing machine, the PC specimens did not fracture.
After instability, the deformation continued homogeneously, like il did in

PYC. This 1is illustrated in fiyg. 4, in which the upper specimen is untested.
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®

Fig. 4. PC specimens: upper specimen untested, lower specimen tested at a

high strain rate.

The experimental and theoretical instability strains

Unfortunately, it must be concluded thal the predicted instability strains
only partly cover the resulfs of Al515t and do nol cover the results of the
plastics at all., It was expected that the actual instability strains would
lie somewhere between the local and thermal instability strains predicted,
with fracture occurring after the thermal instability strain. For A1513T,
fracture occurred oo soon, which, as has been sald, may be attributed to
the heat treatment the specimens had undergone. The predicted instability
strains for the plastics are totally unrealistic: all three lie in the
elastic range of the.material.

Therefore 1t must be concluded that the general theory of FLITE is not valid
for PVC and PC, which is5 probably due to the assumption of a power-law type
of constitutive equation. Although there is evidence [50] that there are
conditions under which such a constitutive equation is valid for plastics,
this is by no means generally true. Further investigations in this

direction, therefore, seem desirable.
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4.3. The general theory of FLITE applied to data from the literature

To further evaluate the general theory of FLITF, it was applied to data from
[3] and [9]. Tn both cases, impact torsion tests were performed on a number
of materials. For the results, see table 3.

Material 3C£;;d chﬁ] Ecg;g ef[-]
Al 6061-T6 | .06 .59 .17 .74
Al51St .04 .66 .13 1.2
Ti .12 .53 51 .64
Ti 6Al-4V 05 .16 A7 .60

Table 3. Experimental results from the literature,

The experimental data for Al 6061-T6 and Ti were obtained from [9], the
others from [3]. The lovad and thermal instability strains were calculated
from (5) and (8), with « set at .9 and i at -1.

In this case, the FLITE theory worked well: the actual instability strain
was reached before or just at the thermal instability strain, which is
theoretically the upper limit for instability. Fracture occurred after the
thermal instability strain had been passed, with Al51ST exhibiting a fairly
high fracture strain.

4.4. The FLP applied to the experimental data

In accordance with Semiatin et al.'s method, FLP's were calculated at the
fracture strain. The strain rate hardening expunents were obtained from
[55]. No strain rate hardening exponent was obtained for Al515L, and FLP's

for PVC and PC were not calculated. The results are presented in table 4.
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[55]. No strain rate hardening exponent was obtained for A151St, and FLP's
for PVC and PC were not calculated. The results are presented in table 4.

Material m [-] sf{"] FLPlg;g FLPtg-]
Al 6061-T6 | .002 .74 766 17

Ti .025 .64 46 2.2

Ti 6Al-4V .015 .60 86 21

Table 4. The Flow Localization Parameters.

The load instability FLP was calculated from (13). The thermal instability
FTL.P was also calculated from (13), but with the thermal instability strain
inserted.

The agreement between Semiatin et al.'s FLP and these results is good.
Culver [9] found no noticeable localization in Ti, which corresponds to an
FLP of less than five. He did find extreme localization in Al 6061-Té, which
is what is expected from the value of the FLP. Whether noticeable
localization cccurred in Ti 6A1-4V is not known, since this was not
investigated by Sillekens [3]. V

Not much can be said about the load instability FLP's accuracy in predicting
the occurrence of noticeable localization since we do not have a minimum
value of this FLP for noticeable localization. Finding such a minimum value
will require much additional research.
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5. CONCLUSIONS

5.1. Discussion of the FLITE theory and the experimental results

In this report, a theory has been derived to describe thermally influenced
flow localization phenomena during manufacturing processes at room
temperature. Three criteria were used to obtain the strain at which flow
theoretically starts to localize: a maximum in load, a maximum in the
dissipation of work per unit surface increase and a maximum in flow stress.
The strains associated with these criteria are called load, local and
thermal instability strains, respectively. Since these strains by themselves
do not sufficiently describe the process of flow localization (labeled
FLITE in this report), a so-called Flow Localization Parameter (FLP) was
derived to describe flow after localization has begun. This FLP and the
three instability strains comprise the general theory of FLITE, which has
been tested on metals and plastics. From the results, we can draw the
following conclusions:

~ the theory cannot predict accurate instability strains for PVC and PC.
This is probably caused by the power-law type constitutive equation
assumed. A different constitutive equation might solve this problem.

- the actual instability strains for metals lie somewhere between the
predicted load and thermal instability strains. In the tensile test, the
actual instability strain lies between the local and thermal instability
strains. Fracture occurs after the thermal instability strain has been

passed,
~ the FLP is a good instrument to describe flow after instability. It is
probably besi to use an FLP based on the load instability criterion, since \

it 1s then defined for isothermal as well as non-isothermal deformation
processes. A minimum value for this FLP at the onset of noticeable flow
localization will have to be derived.
In general, the first indications are that the theory of FLITE derived in
this report will have useful engineering applications. These will be
described in the following paragraph.
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5.2 Application of the general theory of FLITE

For isothermal or near isothermal conditions, the instability criteria
derived by Kals [1] can be used. These may be derived from the general
theory of FLITE by neglecting thermal effects, so that a load and local
instability criterion are obtained {there is no thermal instability
criterion for isothermal deformaticn). Kals showed that the load instability
criterion determines the initiation of flow localizabion for positive first
and second principal strains and the local instability criterion determines
the initiation of flow localization for positive first and negative second
principal strains. This may be shown graphically in a so-called forming
limit diagram, which gives the loci of the first and second principal
strains at instability (fig. 5).

&e/n
-1
Local
iv\s{:alniuktl
______________ 1 Load instability
A AN
AN

———
Ere/n 't

Fig. 5. The forming limit diagram.

For non-isothermal conditions, i.e. manufacturing processes with effective
strain rates grealber than five, the complete FLITE theory must be used to
determine the instability strains. Unfortunately, the results are difficult
to represent graphically, since the forming limit diagrams are dependent on
the stress path in the non-isothermal case. Instead, a diagram representing
the effective instability strains as a function of the stress path can be
drawn. These are dependent on the thermophysical properties of the materials
represented, but in general look like fig. 6.
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Fig. 6. Effective instability strain as a function of stress path.

The following approach to using the FLITE theory as a designing tool can now
be taken:

Step 1. The stress path is determined and the critical instability strains
are calculated.

Step 2. The effects of flow localization are analysed. The result of this
analysis should be: no flow localization permissible, limited flow
localization permissible or flow localization unimportant, in which case
fracture is the determining factor.

Step 3. For the three cases described above, there are three values of the
FLP (which is still based on load instability). These values (which are not
yet known and require further research) correspond to specific maximum
strains. These are now calculated.

Step 4. The strains calculated in step 3 are used to design the product and
its production process.

In this way, the FLITE theory may be used as a designing tceol. Some of its
possible applications are in bending [1], deep-drawing [1], extrusion (to
determine the occurrence of a dead zone), blanking (to obtain the process

parameters which result in smooth-sheared products) and metalcutting (to
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obtain the critical cutting speed for minimal surface roughness). Many other
manufacturing processes probably exhibit FLITE or FLITE-related phenomena.
The challenge for the future will be to identify those processes hampered by
FLITE and with the help of adequate process descriptions, finding a solution
for these problems.
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6. FINAL REMARKS

1 would like to end this report with a few reflections on the methods I used

to carry out my graduation research project.

When I started working on this project, my thinking on the methodology of
scienticic research had already heen strongly influenced by the works of

Rarl Popper. Tn Popper's view, one should not try to oblain scientific Q
theories by inductivist methods. Instead, a theory describing the

phenomena one is interested in should be derived bhefore carrying out

experiments. Experiments should then be carried out to test the theory.

Should the experimental results contradict the theory, the theory is

falsified and a new theory must be derived. This process is repeated until

an adequate theory is obtained.

While reading papers on FLITE for the literature survey, I discovered that

most of them are of an inductivist nature. While it is always possible

that plausible results are obtained this way, I prefer Popper's approach

myself. So, after having completed the literature survey, I spent (lhe next

few months trying to obtain one general theory covering all FLITE phenomena.

0f course, I did not succeed. There is probably no single theory covering

all FLITE phenomena, but,evan if there were one, it is highly unlikely that .*(;cas /
a graduate student with no previous experience in FLITE research would find :
it. After having somewhat belatedly realized this, T concentrated my effort:s

on FLITE in plastic deformation at room temperature. By combining the

results of several earlier authors and adding some theoretical work of

myself, T was able to derive a theory describing these phenomena. The next
problem was how to test this theory. The established way would have been to

carry out impact torsion tests, but since doing this would have added

nothing new to FLITE research, I opted for the high-speed tensile test

instead. Fortunately, EUT's Department of Chemical Technology owned a high-

speed tensile testing machine. Unfortunately, due to the budget cuts that ?
have been imposed on EUT (and all other Dutch universities and colleges), :
the number of experiments 1 could carry out was limited. Therefore, I could

not, in good faith, draw anything more than preliminary conclusions from my
experimental results. Much more testing will be necessary before any

definitive conclusions about the validity and usefulness of my theory are
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possible. T do hope, however, that even should my theory have to be
rejected, the way of thinking behind my theory will be used long afier my
theory has been forgoutten, and that in this way I will have contributed

something to FLITE research,
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Appendix A, Calculation of the critical instabiliby strains.
At Load nstabiliby.

The princigal skresses are qiven by

O, i& o, 0= © (a- )

With (a. 1), the stress - stram velationships accoreina to [éum»

vor Miges can ke expresse.o{ as Tollows:

di‘ B AX t 9 a (2."‘.‘) Cq‘ 2")
€

de, = AA L o a (240 - 1) (a.3.)
L

Adey = AN L om ox (14 1) (a. w.)
2

TL\QS ieéo\s Lo the *Co“o\uu'\wx 2x pression £for the effeckive strain

thevrewment 4 E ¢

"

dz 'z.*I-a—alg,‘: ‘2_*1{-0\51: ~2 % 1 o‘&-b (a.5.)

2 -\ 200 = 1 Ut

with T - \/(‘\1 -\ 4 \),
Stace 1 15 assumed to be constank, (a.5.) can ke «zcu{d\3

ihkuy'q{ea\ , which resulls iwn -

€ = 2 L o ag, 2 2T a g, ::_‘_2:_*1*-&3 (a.6.)
2=\ 2K\~ I

Load ‘\\z\s{a\ai\i{x oceurs whewn dF = o (5e,e. 3.3‘5‘ o ¢
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S,»dA, &+ do x A, = 0 C""?-)

Witk AN, = -de, | (a-3.) can be rewritten as:
A,

S, = Ao, (a.8.)
de,

Usinos (a.5.) and the velations 3z T a o, d&:= I+ de,

la. 8 ) can be rewrikttew as:

v L . 458 _ & = o (o o)
2~ dz

With e assumption of o= & (&, é,T}, we cant write

ié"_ as +folows:

At

5 AE > ol

d_c. = (._:\_. -+ r—- * -.—i'—)*-a- + ?_f:*i: Ca. \O.)
AL £ c dz a7 de

For AT, we have Lhe 'col\owin% expression :

dT: Xx T x AL (a.t\.)

G‘k’C

With (a. \0.} and (a. n), we can wrike Ca%) as

P

s.ls—

My

+ E* - C.Z-';)
2V

T
PR AR ™ (2.. * -v—\:‘—-b )&6’ z 0 (C{.\Z.)
[ £ z ex < +n L

Iv\s{q\:i\'\’:ﬁ will sccur when the expression W parentheses

€irsl be cowes zero. | Wis leads Lo the 4o\\owi\»\a_\ cridl cad

ctvain:
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= [ @Y
Ce (a. 1)
gg’ *~ o & 2.‘-"\
DT Q*c 2% L

.
£

g
[l [y

This is the critical strain €or FLITE by load inskability.
A.x. Local \ns%q‘aili’m&

\\Je. stark this amalmsis the sawme wan as the Previous owve,
wikh eqs. (a. 1) Um»ou%h (a-6.). To arrive at an iws&a‘oﬂﬁ%g
crikervion, we comsider a surface element Ay, Wikh

AAy = -dey and (a.5.) and (4.6.) , we can write:

Ay

Az = 22l a AA, | 2= 24 L & ba Ay ICHTN
{4 A} P4 AOS

where A°3 s the Orlﬁlmq\ surtace of Ay
T\'\e. wow k Olomc. pevr u\v‘l*— uo\wme, \S osive,v\ ‘mﬁ U«e &&\GV&SS'\OV\

Cu&ivx3 the covstikubive eﬁqd:'\ow GL.S:;&—t.MeAB'.
- ’M -
a\\«)sz Tadi = Ka & # & & W)~ de (a. 1s.)

k&epivs i mind dhat £ : AT and us‘mej (a.w. ), (a.1s.) can
3 a¢

be writtenm as:

Nd v i

g
AWs (z.. l) L *C" A3) *(g_g}_) w h(™)  (ané)
dAB te A ! AOS di

Local '\mska\ail'\kﬁ occury whenw 4 (cl\«)s\ Lo Or:
dA}} ClAlj



38

e (""‘ I) * (f_‘i?.) . [.,___._..___' ‘“’:jzk(\n_ﬁ_) » h(T) +
V4 b Ak A

3 -3 3

n
* :\*z <\‘" a )“ * “"<T) + w:«n (lv\ s ) ® dh{T)] = 0 (aJ?-)
AS AO?’ A},‘ AOS G‘A‘s

o

~ e )e W (TY 4 hi(lnf_‘_l)-‘*k('?)* Ays 40T (a.18)

A\ Ay d Ay
Wikh :
Av g da(™ v dh( e T
h(T)  dA, W(T) Az Ve
v, ATy, dT  2sl IERC I (o 19,)
hW(™) 47 At L4 T O P

and (a. \«—\.), (a. 18 ) becomes:

--(m-‘—\)'i'_\:\_* 2« L 4 a¢ *@5'*?.&1

- o Ca.'?.o.)
€. 14\ Rt < A VA

Imska\ki\:'&uk will occur when khis expression first becowmes zevo.

This leads to the CoMowing expression €or Lthe critical sheain:

-

E{.: 1*1 12
®

. _ Caﬁtx.)
e o (wmtr) - «'?ﬁ’* 24 L

e* < o7 te
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A- 3. T“\C-r"ma\ inskabili E‘s

With the assumption of &= &(Z,Z,T), we can wrike :

AF = @é‘"*di 4 ?E*dé,*gi*d\' (a.22.)
or Dt >T

T\'\erwm\ ins*a\ﬁli{s occurs when de, = o, which is cclua\ to dF -0,

With (a. u.) and the constitutive e.aluod:"ov\ ( see 3.1.), (a.22.)

canm be rewritben Lo cbbkamwn: '

At

- + Mo PG, =
3

0\2 27 ch.

t
o

AE

(e-23.)

s

Thermal ;&'\5‘{:“\0'&\\1&3 occurs when (a.23.) €first becomes zero, which

leads ko  twe £o\\ow'\v\3 erikical sktreain:

£ - " (a.2a.)
PR
z AE ot Qr <

Wikh Ca.li—\.\}‘ the calculabtions for the critical FLITE strains

are cowm ?\r_ ke .



o L U s s
Wk G b ¢
}Me&fﬁ7 H
aafo éﬁ%ﬁﬁim ¢ Petlaal

« -/



4o

A\Ppcna{'\x B. Calculation of the Flow Localization Paramebers.

To caleculate bthe FLP  we assume that the deforming material

caw be divided ko two reaions: ove Con":qimi\43 a defect and the Seher
\'\omocy.he.ous, The condikion to be mel is that the load supporied

‘eks the tuwo relioms remains aaiuad. T{ we conzider the €irst privci pal
Aivection ko be critical | khis condibion can be Ma{:he.wa{.'\c_qﬂ% expressedd

as
§F, - §(c,«A): e SA, + Soe A =0 (b. 1)

or, Wn words, the variation of force (ex pressed as lhe product
of shress and surface area) must be equal Lo zevo,

Ealuq%:iov\ (\o,x.> can also be weibten as:

_gf‘_ - - 54 or Slno, = &e, (6.2.)
- A,

Wi th (a. S,) amd T Lx Sy, g&z Tas gﬁ], Cb-Z«B becomes:

-

g‘hs" H 7-"1 “ g& Ch3>
2% L

Wikl help {rom Lhe conskitutive equation assumed, Stn &

Cawm ‘Qc wr\khcv\ ag

Sz :(2 \H‘a*y),bgz +<Dme)* SE + (’a\na)* ST (6. <)
DE

\Ji}th QT: X 4 & w gE , +the Eempex—o&uwa kevrwa in (b.q‘)
G A &

can be e_x_faress.adl as
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(@\V\é")* gT - (%)* £T - (/55’)* Xx SL CB S)

o7 DT 1 T e ¢

T¢ we \ﬂes\ec‘k strain rate effecks, we can rewrite (a. )

ko obtaiwn :

(’a&)* o~ « §L _ <~_v_w_ . 1~e)+€z (b.6.)
gc

214 Gl(. ‘z»I

We vow insert (b.5), (b.6.) and the constitutive equakion
in (b.w), and thereafter (b.uw. ) iwn (5-3.>, te obtain:

Z 3
A

A 'G‘H/\a“ﬁ' we use the definition of the flow localization
to obtain:

. :5—;?—’ | (-3
£

%3

par*aw‘e&-er, FLP =

* 7

Nhj -
o 1 ON
| e

FLP =(."l - £>/M (6.2

This iy the FLP Be\ona}na& ke the load wstabili Jcs awal‘gsis,

since  the load tnstabiliky criterion (a. 1) was used to dbtain
(b.6.) €rom (b.5). To obkain the FLPY% for local and thermal
instahi\ikzs, respect ‘lue.\uz', khe local and therwal ‘ms&a%‘diﬁg criteriq
must be serted W (b.s). For the sake of completeness, the

results are aiven velow.
e

Local mstabiliby FLP= /h _ w  Ged -1) vméw‘*}\/ (% a2
i ”m

VEL 24 1 +4 T }
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Thermal ihska\oi\i‘cs FLP - (n

— - R z-'\)/ (b.\o.)
& z 2e L/ m
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Appendin (. The experiments.
C.‘L, The L\iﬁ‘h- speed tewnsile besks.

The high- speed kewsile kesks were carricd out on a Twick v

*ﬁﬁ‘ 1352 %ao\vqu\ig tcnsile Jccs’c‘w\ok wiachine . For each waberial,
tev, kesks weve carried oul. Oune tesdt wag carried out to check
the se:kkiv\% of {the best paravneters ow ke besk ‘\\43 wachive,

the other nine weve used to obtaivi the experivmental data.

Tz:\a‘:iml Lesk vesulky are shewn wa {ims. Cia.,C2 and (3. The
se}:\;ivﬁ ot the mactine parawmeters s shown 'Cio& Ciu,

The wachine provided dhe experimental data it bevnag of skress

Vs, &w%‘tv\eerimﬁ stvain . To sbkaiim natuval skrain valueq , the 'Co\\éwivxa

TKgression was wsed .
e= b ia A) (¢ 1)

Whevre £ s nakural strain anmd A s {nsinccriﬁz skvain,

As menkioned in c\na\o’ter b, acc‘? was takenn fromn bhe waxinaunwa
i the stvess - skvainm cuvrves. Uhe cm-re.spomokiucjs ev\%‘nﬂge\"ihg shvedn
'S Ag. The Lfvacture Strainms were delevrmined 5\5 measure ments,
and tot \ors chamsi\«% lhe value A frow the experimew\:a\ stvatng

wto the (,ov'fes\oov\ouh% natural strain .

O
(..’2.. 5‘%— Lov P\)(__ and ?(..
Os
v s for ?UC. cavsel %C_ weve obkained ow khe same tewsile
’ce.shiwq\ mc\ca?ﬂiv\e.. bhat was used for khe kewvisile Lesks . This was

~
Acine {o‘s Ws‘.‘w% a s‘oe.c'm\\hx ot filed chawmber it for experiwmmts
over a wide %gm‘se_vqu\re. m"‘%c thal commes wwh  khe ‘nnac.\n'c \ne.-nﬂc.
kensile test bars weve put Wagide Lthis chamber and heated &0
presek ‘ce..m\ee,m{-“re.s. T\\m& weve tlhen bensile kesked at these

Ee.w\‘oeva(:vwce. Sivmce —2—% 1s, to a first approx“ma’:wv\' a <{onstaut,
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Sample—# IMT = Fm ITHT =R Fn i £453 A EMOD ’
i M M mmd NAmmE e % N/ mimi
& & 45 1135032 &1.32 45,1 2.8 18,7  0.847
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Aox
5 1 = 1283

F"%i. A {:‘3‘:} cal PC Lensile kesl shress- shrain curve,

IV\‘E: K4 &m
Tut » Ry . debovmalion work done up ko €vractuve (tokal

dﬁ(er waakion ‘uor\s) .

°*‘fv‘;O\"‘f*"w&;ov\ work done “up ko the 4ensile s&vemcgUn.

(4}

R = bevisile s‘\V‘e\n%¥h.

Ry = Leack uve stvress,

Ae})= Makiwium  bown caeneons emi\v\acrinﬁ skrain
A = Lkotal emﬁiuccv'ams strain

ETod« Yaum%'s vrodulus

@ s{mig«& Wne was calculaked o ik the values of lhe tensile
s&v—cnc‘&’c\m at thwe lowest and L«iﬁhcs{ kecgk %cmpew:\*‘-\r-c.s, The s\ope
of this live s the value of P The vesulls can ke £6und

w kable C.1. A
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- (5] —r g
Makerial | Test temperature TCT [ Ry (Nmm™] B WK
Puc 30 é3
.-.Q'?
Puc 7o 3y
PC £ 63 - 0.3
PC ?o S

Table C. 1. Ex?cr'nmew{o.\ values of %% Q.. i3 kensike s{.v-cvsa‘c\\.

Fivxa\((s, ‘mh\es C.‘Z.. and C 3. Cow{alm 'U-nc Makevia\ ‘oarame.":crs
ocbtained £vom €31 and ['33.

. - L - L .z -
T A~V W,u) e w0 368 . 0° 0,03 =42

Table C.a. Material paramebers fron, (37

- S D . O™
Nak evi al (:Clk S c(BRa’F ) [ v T 5‘{-(95* F )

A\ bob - T \63 .22 .\o ~Yo

T 8 BT 3 - {8

Table C. 1. Malecial Para\mckcrs Lo t«gl

To sbtain the correct dimensions from Lhe wvmatevial paraweters

w kable ¢z w S T uatds  mulki ph‘&e Ln:\ “. 3}8 and leave the
other uatues umd«quieo(,
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A\opewaliyg D. me«'\:a“ursicct\ G\Spec\:s of FL\TE.

There s still much V\mccw’cain¥\3 about the wmekallo Qmp‘nic. nature
of the bawnds of cx%vewsels locali zed clefovrmabionn ofkew qccompamima.l
FLITE. FEov example, there is still vo aﬁa«.&mgw\; absut the struckure
of the white baunds observed Auﬁws L‘\.\sk— speed ‘:umc\n‘w% o steel b’ﬁ
Zener and Hollowmon CCR%. 1., le)

Base wmatevial

Punch P\\ch

Ficx L White band S&para{'\nx the P\MOS from the base watevial
i L\iﬁ\ﬁ' spe.c.o\ punc.\n':ns of skee\ [31.

Tt s £realuemklu3 assummed that these bands, which veru often
accompany FLITE i steels, ave wiarkensitic, but it has also

been suoyxc.s{-e,ol that H-\e,os consist of extrewmely €ihe-3~—a\hc&, heavily
deformed ferrilte, or bainite. As pointed oul by Bedford et al. [an],
this b\mcer—{a'\h)ﬁs will remavn until the difficulbies associaked with
phusical examination of the bands are rewoved.

A new spproach to the localized kand problem has recently been
Suagestedd bu Timothe 0173, Usually, the bands are called Eransformed
ev Aeformed, Aepcuﬁns o whether a phase transforimation has occurved
t thenn or not. TIMoUnLX suﬁﬁesh that a hekter awq\\xg\s of the bands
is possible if they ave called ktransformed or deformed acc.orol‘\wi to
the qu&'\{:iowing et the prior thear deformation between two zowes
" meka“oﬁrap‘mia section Cﬂcl 2,3).

Since the bauds 2ccur under a wide waricky ot conditions, T‘Motkt\’

observes that aeneval observations about thew can anl‘j‘hc_
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F(%.B, T\rah:}(ov‘med shear band

v AIST Wiyo steel. tip

Fiﬁ.z. Detovimect shear banmd i Ay 3034 [t:{l

qualitative. Wikl this th wiine, it can be said thal bransformed bands
are mosl easily formed i metals of low thermal Ai((us?vlk% andk  low
resistavce to FLITE (\m’%k s’c\rems\:k, low resistanice ‘o flows &o{&em‘m%,
low rate of strain hardening), Vike alloy steels avd Litauium alloys,
whereas  aluminumm and copper Lend to forun deformed bauds. T4 extreme
FLITE occurs, however, transformed bands an euen-\rualh:\) appear v'efm-k-
less of dhe ‘”“‘*"“““3‘3 of the gl(oﬁ.

As can be concludedk $rom the aboue, it is very difficult to inker pret
data concerning \ocalized deformation bands. Th is due to this problem,
combited with the livmited time available, that no atkention has
beew paid to the wetallurgy of FLITE tn this report.
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Ak\o‘cr_na\ix E. FLITE \a\awk'\vxg; o emw\p\c,,

Lo bhis appendin, an example is qven bow FLITE theory can
ke applied o @ manu’?qc&urinl process.,

IH t‘-\}j, Ramackers and Kals devived an expression {or the
maxivmuen efleckive stvain  in the varrowest seckion $ AWM‘S he

‘SV\V\CL\\V\3 .p?em&ion CLiﬁ- D. \-) :

Fia Dv. Toealized wisdel of the

pu\m\a'\vxg opcw:& [CYPRR RG]

clearance v

(0. 1),

This Process waa be described by using a Siviple shear wodel,
d 3 3
which means bhat the shress pq{\n v has a value of -1,
Should  khe wmakimum skvain from (D.1.) be cqual &> or lamer th an

Lhe critical FLATE strainsg, FUTE wiaw gccur. Liis condition leads o a
=

critical varrowesl seckion, which w.ms be ex Presged as follows @

e

e e (V) + fo) (B.2.)

«
e

wiklh s, Lhe critical narrowest section and Eoach khe crikical load
;y\stq{o‘t“&x stvain, C&‘mc thervmal lhc‘&a%}\ikﬁ skrain can, of course, alse
he use o\:)-
(_B.t.} may be vewrikten as Follows :

owd
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% i bsad | ,_B i .

S, = Se * exp ( )

o D"]

As an example, the critical narrowest  szcklon dor 11 {se

c%qp‘ce\" ‘-4) wOu\A \oa L

SCTE = 0,3-1, * S CQ “-).

Ard witih te thevimal iws&afb'\\ibs skvain -
S, 5 6,88« % (D5,

T\ﬂis means Lhat the pass'x‘b'\\i hs Maak FLITE will occur v U
Ammnq\ pu\ncv\\mq s \nwﬁq 10 olc"tf.\"m&hg_ whether it oLeury o
ot , )c\«g FLP wmusk \oc kvown The TP for FMWCV\\V&G\ Can

‘Oc o\:an\c_aL \:u\ b\s\\nc\ -\,D. t/ s “C e C&Arrew{: .;lc\’aw\ < b
~ ~

FLP:(Q_ V\ar\[(—%>/ | {Bé}
™M

\ & YA

Tov 1husteabive purpeses, a thermal Ens,'ta‘cﬂiim FLP will e
’Asexi '/Jl:%cr.t ta ‘Ao w\\ “we od the \oqoﬁ \vx‘-tv-&.‘bt\\f..\ r'..\' ror tnc

onsek of noﬂ:.;.avo\c_ locali zakicn). Peticearle Scailzokion

torresponds o TLP = ¢, which f}:“""vﬁ be Following t~ value:

-

iz 0,814 5, I

— ‘\
“Fe .
“'\'xs wigans Lhhat

N . T . Y 5y
Aucing  Funchairi 04 (1, noticeade locati-

- ~
TLA%‘&OV\ w\\\ occnt | "vU"V\Cu'w.r '1:"?\'&:, -‘\i.’;’_,o e ans 'Uv'\a\{ ’{:b\c. ‘h‘\\nai
product 13 swicokin ~ shearedh must ke tavestiaated.

<
] A . - ‘s P . [
Mith this <xample, oune of the pessitle Lses b FLITE theer,

has been devreonstrated.
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