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ABSTRACT

ft is quite difficult to quantitatively define the ability ofa material to be cold

forged. The limit of the fonning process is governed by a complicated interplay of such

factors as material microstructure, rate ofdeformation, tool and workpiece geometry and

the friction at the interface of the workpiece and too1.

The success of a cold forming process is primarily determined by the formability

of the stock material. Consistent product quality and increase in productivity requires

parts to be plasticaJly deformed without failure. Expensive downtime, tooling damage

and material waste are often the consequences of material failure during loading. A

means ofassessing fonnability is, therefore, clearly required.

A revised upset test is examined, seeking to represent the actual cold heading

process and to minimize the effect of test specifie factors, such as changing friction at the

die-workpiece interface. It is designed to be easily used by industry, requiring minimal

sample preparation and the use of a simple and reliable testing device. Preliminary tests

are performed and the limitations of this test are investigated. Possibilities for future

improvements are considered.
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RÉSUMÉ

Il est dificile de définir en tenne quantitatif la capacité de forger un matériel à

froid. La limite du procéssus de fonnation est établie par une intéraction complexe de

tels facteurs comme la micro-structure des matériaux, le taux de déformation, la

géométrie de l'outil et des pièces de travail ainsi que la friction à l'interface de cette

pièce.

Le succès du procéssus de formation à froid est essentiellement défini par le

façonnement des matériaux en réserve. La qualité constante du produit et l'augmentation

de la productivité demandent que des pièces soient défonnées sans faillite. L'inactivité

coûteuse, l'endommagement des outils, et le gaspillage des matériaux sont souvent les

conséquences de la faillite des matériaux durant chargement. Un moyen de mesurer la

formation à froid est donc clairement requis.

La révision d'un test renversé est examiné tout en cherchant à répresenter le

procéssus véritable de fonnation à froid ainsi que de minimiser l'effet des facteurs

spécifiques du test~ comme le changement de friction entre la matrice et la pièce de

travail. Le test, désigné pour être utilisé par industrie, exige la préparation avec un

nombre minime d'échantillons, ainsi que l'utilisation d'un instrument de test simple et

fiable. Les tests préliminaires sont complétés et les limitations de ce test sont examinés.

Les possibilités pour une amélioration dans le futur sont examinées.
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CHAPTERI

INTRODUCTION

It is quite difficult to quantitatively define the ability of a material to be coId

forged. The limit of the forming process is govemed by a complicated interplay of such

factors as materiaJ microstructure, rate of defonnation, tool and workpiece geometry and

the friction at the interface of the workpiece and tool. 1

The success of a cold forming process is primarily determined by the formability

of the stock materiaI. Consistent product quality and increase in productivity require

parts to be plastically defonned without failure. Expensive press downtime, tooling

damage and material waste are often the consequences of material failure during (oading.

A means ofassessing fonnability is, therefore, clearly required.

TraditionaJly, coId headability has been evaluated by means of an upset test.

While this laboratory test does pemlit a comparison to be made between various

materials, it possesses several disadvantages in tenns of accurately simuJating the cold

heading process and yielding reproducible results. Although the upset test is capable of

examining the suitability of a material for heading, it is intended mainly as a means of

revealing internaI and extemai defects.2
,3 Thus, efforts have been made to devise more

reliable testing methods ofassessing headability.



It is the aim of this work, after examining several of these recent

developmeots,4,5,6 to design a revised upset test and to perfonn headability tests on

materials of ioterest. This study will attempt to take ioto account all factors that could

affect the test results, as weil as defioe the test conditions comprehensively and

accurately. The results will be analyzed and suggestions for future improvements made.

•

•

Chapter 1 Introduction 2
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CHAPTERII

LITERATURE REVIEW

2.1 CONVENTIONAL PROCEDURES FOR THE MANUFACTURE
OF COLD READING QUALITY STEEL WIRE

The production of cold heading quality (CHQ) steel wlre demands tàirly

sophisticated processing steps, shown in Figure 2.1 ~ that must be performed under tight

control. The tinal product should possess an essentially defect-free surface, a ductile

microstructure and a coating with superior lubricating properties.3

CHQ steel \vire is manufactured from a high quality hot rolled rod of suitable

chemistry. Surface scale is then removed [rom the rod and it is coated to prevent rusting

and to provide a surface that readily picks up drawing lubricants. The rod is then cold

drawn to size and heat treated to yield a ductile spheroidized microstructure. The \Vire is

c1eaned, coated with phosphate and lime, inspected and shipped. Depending on the

customer requirements, sorne CHQ wire is redrawn after coating.J While this is the usual

sequence of events involved in the manufacturing of CHQ steel wire, there are certainly

variations that exist, depending on the steel milI.
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Figure 2.1 - Conventional procedure for the manufacture ofCHQ steel wireJ

2.2 THE COLD HEADING PROCESS

Cold heading is a cold forging process whereby the force developed by one or

more blows of a heading tool is used to upset the metal in a portion of a wire blank in

arder to fonn a section of a different contour. The cold heading ofan unsupported wire on

a horizontal machine is illustrated in Figure 2.2.7 The cross-sectional area of the initial

material is increased as the height of the workpiece is decreased. The process requires

very high strain rates, usually greater than 102
S-I. 4

There are several advantages of the cold heading process over machining of the

same parts. These include little waste material, increased tensile strength from cold

working and controlled grain growth. Aside from ils main use for the production of

heads on rivets or on blanks for threaded fasteners, many other shapes cao be successfully

and economicaUy fonned by cold heading.7
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Figure 2.2 - Schematics of the cold heading ofan unsupported bar in a horizontal machine'
a) head formed between punch and die b) hcad formed in punch
c) head formed in die d) head formed in punch and die

2.3 QUALITY REQUIREMENTS FOR CHQ STEEL WIRE

Cold headability is the ability of a cylindricai piece of material to be shaped into

the head of a boit, screw or other cold formed part without cracking at high strain rates. 3

In arder ta achieve a satisfactory level of cold headability, there are certain stringent

quality requirements that the steel wire must meet. It is generally agreed upon that better

cold headability can be achieved with steels of lower strength and strain hardening

exponent (n).4 The cold heading material must be sufficiently soft and ductile not to

resist the upsetting operation.8

2.3.1 SURFACE QUALITY

Surface quality is of great importance during the cold heading process. Surface

defects occur mostly as seams, cracks, shells and rolling laps. They are characterized in

terms of their depth, width and length. Care must be taken to minimize surface defects



throughout the production process, as they may arise at any stage, from the melt shop to

the finishing mills.8 If allowed to OCCUf, surface defects will, rather than act as stress

raisers, act as strain discontinuities and alter the strain path.s•
Cllapter Il Literatllre Review 6

2.3.2 INTERNAL SOUNDNESS

Internai soundness aIso effects the cold headability of steel wire. The quantity~

size and nature of internaI defects that can be tolerated is dependent upon the particular

type of heading process. In the case of excessive amounts of nonmetallic inclusions or

internaI segregation, internaI shear failures may result due to the nature of metal flow

during the cold heading process. Failure can also result during upsetting due to a

reduction in the ability of the metal to f10w through variations in grain size.8

2.3.3 MICROSTRUCTURE

In terrns ofmicrostructure, superior ductility in steel is obtained \vhen the carbides

are present in spheroidized form.8 Ductile fracture occurs through the stages of void

nucleation, growth and coalescence. As spheroidization resuIts in an increased strain

requirement for void nucleation, the cold headability of the steel is increased through the

presence of such a microstructure.

2.3.4 ALLOYING ELEMENTS

Alloy additions also play a role in detennining cold headability. Studies have

shown that the ferrite soluble elements phosphorus, manganese, silicon and nickel

increase the deformation resistance of spheroidized and annealed steels.9 Molybdenum

and chromium appear to be concentrated in the carbide phase and contribute little to the

defonnation resistance. Therefore, it is desirable to produce steels \vith the ferrite

strengthening elements present at the lowest practical limits for tonnage steel making and

with molybdenum and chromium added for hardenability. Chromium-molybdenum steels

low in manganese and nickel also possess the added advantage of exhibiting a higher than

normal Ac! temperature for a given carbon content. Thus, theyare readily spheroidized

• prior to fonning and easily subcritically annealed when required behveen fonning



operations. Tests have also shown that the microstructure~ tensile properties and cold

forgeability of spheroidized medium carbon steels are not negatively affected by the

addition ofCu, Sn and Sb at levels of less than 0.5%, 0.1 % and 0.1 %, respectively.1O It is

rather the inclusion size distribution that mainly determines the cold forgeability of such

steels.

•
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2.3.5 PREDRAWING

The effect of a prestrain on the fonnability of cold heading quality steel is of

considerable consequence. Wire drawing after process annealing can increase ductility in

subsequent heading operations. However, the degree of coId heading after dra\ving

generally varies inversely \vith the tensile reduction in area. Thus, tensile ductility

parameters, i.e., elongation and reduction of area, are not necessarily reflective of coId

heading perfomlance.5
•
1
1.12 A predrawing reduction of about 35% through dies of angles

ranging from [2° to 20° has been found to result in a significant increase in the cold

headability.1J It has been suggested that this improvement in ductility is related to a

reduction in the potential for strain aging.5

2.4 CONVENTIONAL METHOOS FOR ASSESSING COLD
HEADABILITY

There are several tests that are presently used to assess the characteristics of CHQ

\vire. These include diameter measurements in order to ensure that dimensional

tolerances are being met. In addition, tensile and hardness tests are often performed to

evaluate mechanical properties and ductility through the detennination of values such as

the ultimate tensile strength, reduction of acea and percentage elongation. A common

method for revealing surface defects is an acid pickle test. This allows for visual

inspection of the sample \vire followed by metallographic examination to determine the

origin and depth of the defects. 3

In teffils ofestablishing the potential for fracture during cold heading, i.e., the cold

• headability, the combination of a workability test with a fracture criterion is required.



The former determines the ductility of the material under normal conditions, while the

latter extends this finding to the particular stress and strain conditions of a specific cold

heading process. Thus, it is important to ensure that the workability test simulates the

type of fracture that actually occurs during cold heading. 14 While the upset test is

frequently used as a means of revealing internai and extemal defects, it has the potential

of also evaluating the headability. The upset test involves the longitudinal compression

of a short sample of wire between platens and observing the reduction in height at which

cracking of the sample commences.3

The presence of friction at the die surfaces during an upset test causes the shape of

the specimen to become bulged or barreled. As spread is restricted at the end faces of the

specimen, litde or no deformation occurs here. Rather, ail the expansion occurs around

the circumference of the central plane, The severity of the bulged cylindrical surface

increases \vith increasing friction and decreasing specimen aspect (height to diameter)

ratio. Il is the circumferential strain associated \Vith the bulging surface that renders the

upset test an appropriate workability test. 14

Strain measurements are made by measuring the spacing between grid marks that

are placed on the equatorial surface, illustrated in Figure 2.3, according to the following

relationships:

•
Cllapter II Literatllre Review

h
axial strain : f:z = In( ho )

W
hoop strain: Ee = In( Wo) or

D
In(Oo)

8

•

where ho and h are the initial and final gauge heights, respectiveIy, 1Vo and TV are the

initial and final gauge widths, respectively, and Do and D are the initial and final

d, . 1 14mmeters, respective y.
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Figure 2.3 - Grids for strain measurements on upset cylinders l4

The strains associated with the bulging free surface are affected by the aspect ratio

as weil as the friction conditions. 14 The upper limit on the aspect ratio is set al 2 10 avoid

buckIing, \vhile the lower limit is based on a suitable height for the use of grid marks.

The usual range of aspect ratios is 0.75 to l.75. Friction conditions cao be aJtered

through the use of various lubricants and dies with polished, ground and intennediate

surface conditions. The end faces of specimens are usually polished to avoid lubricant

entrapment.

A different combination of axial compressive strain and circumferential tensile

strain at the free surface of the specimen is obtained from each combination of friction

conditions and aspect ratio. The large range of possible conditions allows the effects of

changes in stress and strain states on the occurrence of fracture to be detennined. Thus,

by performing numerous tests, each combination of surface strains at fracture will

determine a point on the fracture limit line, as illustrated in Figure 2.4. Results from

homogeneous (frictionJess) cylindrical compression tests fit a straight Hne with a slope of

one half regardless of the material. ls The vertical intercept is dependent upon the

material being tested.
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Figure 2.4 - Fracture loci in cylindrical upset test specimens of two materials l4

In addition to determining the fracture strains, the free surface strains during the

actual defonnation process must also be evaluated. Though strain paths are material

independent, they are process and geometry dependent. 16 Thus, strain paths for various

combinations of friction conditions and aspect ratios can be constructed. As seen in

Figure 2.5, the tensile strain is equal to one half the compressive strain during the

homogeneous compression of a cylindrical specimen. I
-1.17.18 As the friction is increased,

the strain path slope becomes steeper due to a decrease in the compressive strain and a

growth in the tensile strain. For a given value of friction, the strain path slope will

increase slightly as the aspect ratio decreases.

UPSET TESTS

08

-~
06 ..:.

c
~••O. i
c•~

02

0

(Homogeneous
ccmpress1on)

nId: 15
Lubncr:red

·10

Figure 2.5 - Strain paths in upset test specimens'"•



A forming limit diagram can then be produced by combining Figures 2.4 and 2.5.

Figure 2.6 incorporates the effect of the material in the fracture Iimit line, as weil as the

process influence through alterations in strain path as a result of changes in friction and

specimen geometry.

•
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Compressive strain

Figure 2.6 - Forming limit diagram - comparison of strain paths and fracture locus lines·"

Thus, a valid measurement of workability limits due to surface fracture in bulk

deformation is possible through upset tests due to the similarities in the deformation

gradients. Cracks oceur as a result of surface strain states, a criticaI component of the

upset test. The surface material is backed up by the interior material, which experiences

Jess tensile deformation. Processes such as boit heading undergo a similar deformation

pattern. The validity of this method has been confinned through the recent successful

application of \vorkability limits obtained using the upset test. 14



2.5 DISADVANTAGES OF CONVENTIONAL METHODS FOR
ASSESSING COLD HEADABILITY•

CI'apter II Literatllre Review 12
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There are several drawbacks to the standard tests that are often used to detennine

cold headability. The tensile test employs much Iower strain rates « 10- 1
S-I ) than those

encountered in the actual cold heading process (> 102
S-I). While the upset test does

provide certain useful infonnation, there are several factors that diminish its ability to

accurately simulate the cold heading process. Firstly, similar to the tensile test, it

generates significantly lower strain rates than those involved in heading. As weIl~ the

method by which failure is determined, i.e., the appearance of a surface crack. is visual

and quite subjective. Furthermore, the friction conditions associated with the upset test

are not similar to those in heading. Finally, it is not possible, through the upset test~ to

produce a significant amount ofdata that can be used to quantitatively rate headability.3

2.6 RECENT DEVELOPMENTS REGARDING METHODS FOR
ASSESSING COLD HEADABILITY

2.6.1 HEADABILITY IMPACT TEST

In an attempt to address the shortcomings of conventional procedures for

assessing cold headability, several ne\v methods have been explored. One such method is

the headability impact test.3 ft is based on an impact test philosophy, whereby the

materiaI is deformed to failure and the data from the deformation event are anaIyzed. An

instrumented impact tester possessing production header dies and punches deforms a wire

specimen to failure. A record of the force displacement curve of the impact event is

obtained, the failure point identified and data generated for ca1culation of a headability

rating.

As seen ln Figure 2.7, the specimen is completely supported so as to avoid

buckling. The dies and spacer are held in a die case. The punch pin is forced down by

the impact tester ram and then pushes the wire out of the upper die into the cavity forming



the head. The high speed instrumented impact tester is capable ofproviding 500 joules of

energy at a nlaximum initial velocity of 7 mis. To ensure bulk failure of the material,

more than four diameters of wire are usuaJly required in the head. This promotes the

preferred mode of failure for assessing cold headability, illustrated in Figure 2.8. The 45°

shear crack indicates that the plastic deformation limit of the material has been reached.

Surface defects are revealed through cracks parallel to the longitudinal axis.3

•
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In order to caJculate a headability rating, certain parameters are obtained from the

force-displacement curve, shown in Figure 2.9. The ductility of the sample can be found

by detennining the displacement to the point of cracking on the curve. The energy to

failure is equal to the area under the curve up to the failure point. The work hardening

rate is determined through the maximum slope on the curve between the yield point and

the peak. load. Finally, the peak load is simply the maximum force experienced during

the deformation process. It was found that by expressing each of these four parameters as

a dimensionless number (shawn below), simple multiplication of the factors displayed the

expected trends of a headability rating number. One such trend, displayed in Figure 2.10.

is the clear decrease in headability as the carbon equivalent is increased.J



•
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While the headability impact tester appeared ta be a useful means of measuring

cald heading parameters in the laboratary, it is no longer in operation. ft \Vas feh that

similar results \vere obtainable through more conventional upset test methods.

2.6.2 SPLIT HOPKINSON PRESSURE BAR TEST

Another approach taken to minimize the lack of accuracy present in traditional

means of assessing cold headability was to investigate the possibility of utilizing a very

• high strain rate compression tester, known as the split Hopkinson pressure bar tester.~



As illustrated in Figure 2.11, this apparatus consists of two alloy steel bars with strain

gauges between \vhich the specimen is mounted. A third alloy striker is propelled by an

air pressure gun and provides the impact. An elastic compressive wave is generated

within the incident bar upon impact and the time dependent strain is measured by means

of the strain gauge attached to the incident bar. The wave is partially retlected and

partiaJly transmitted into the specimen. The reflected portion, which travels back along

the incident pressure bar, is in the forrn of a tensile wave and the strain is again measured

by the strain gauge attached ta the incident bar. The strain gauge attached to the

transmitted bar measures the transmitted portion in the form of a compressive wave. The

strain rate within the specimen when deformed uniformly is proportional to the amplitude

of the reflected wave. Similarly, the stress produced in the specimen is proportional to

the amplitude of the transmitted wave. A digital oscilloscope records these t\VO signaIs

and the reflected \vave is integrated to yield the strain. The combined signal of the

reflected and transmitted waves produces a dynamic stress-strain curve via a developed

computer program.

•
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Il \vas found that the split Hopkinson pressure bar is a useful means of assessing

the dynamic defonnation resistance during the cold heading process. Results obtained

using this method agreed with those from traditional tests:~ However, this equipment is

not without its weaknesses. The major limitation is the difficulty involved in ensuring

that the specimen undergoes uniform defonnation. 19 As weil, the equipment requires

considerable expertise to operate properly and requires a significant capital investment.

•
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2.6.3 INSTRUMENTED COLD HEADING MACHINE TEST

Yet another approach studied was the use of a full scale production cold heading

machine.5 This method is thought to overcome three experimental difficuIties

encountered with conventional methods: the uncertainty in defonnation path~ the

inaccurate strain rate and the great effort necessary for sample preparation and testing of

single specimens to evaluate variations that may be present within a rod coil. Thus, a

commercial cold heading machine can be a means of providing a more useful assessment

of formability and ductility, allowing sources of variation in behaviour to be examined

with a view to optimizing composition and processing.

Specialist part torming coId heading machines are available for producing specifie

parts, such as boIts. Should further refinements be made to such a machine, a relatively

high level of versatility can be obtained at a lower cost. Such a compromise between a

single blow and a multistage machine \vas chosen to be studied by the researchers of

reference 5, namely one capable of delivering one blo\v on the first die and two blows on

the second die.

The machine selected by these coworkers was a Greenbat No. 3 Mk. 3 advanced

parts former, depicted in Figure 2.12. It has a maximum input diameter of 13 mm,

allowing the heading ofboth rad and wire of the size range usually delivered by rod mills.

It has a heading load of 85 tons and a 40 horsepower motor. Wire is taken from the

bollard, passed through the straightening rolls and then the feed rolIs, as illustrated in

Figure 2.13. These index the wire to the cold forging area of the machine, shown in

Figure 2.14, where it is eut off, formed and discharged onto a conveyor bell.5



A schematic of the punch and block arrangement is provided in Figure 2.15.

Once the wire has been fed and eut off, it is transferred by the transfer fingers to the front

of the extrusion die. The first extrusion blow then occurs when the punch block, which

delivers blows when in one of the extreme vertical positions, is in its lower position. As

the transfer fingers withdraw, the blank is pressed by the punch into the extrusion die.

The extruded blank is pushed from the extrusion die by the ejector pin into the transfer

punch. The blank then becomes aligned with the heading die as it moves to the lower

position. The transfer punch delivers the first heading blow. The position of the heading

die profile and the head die ejector pin dictates the extent of upsetting. The punch block

first moves to align the final punch with the heading die and then moves forward to strike

the final blow. The final punch withdraws and the heading die ejector pin ejects the

blank, which is then directed by a jet of compressed air. 5

•
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• Figure 2.12 - Greenbat cold forging machines
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Figure 2.14 .. Cold forging arca of the machines
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In terms of instrumentation, the first and second stage heading punches are

monitored with load ceUs and strain gauges. The transfer punch Ioad cell is Iocated near

the spacer block in the transfer punch holder. The final punch load cell is positioned

behind the final punch, between which a spacer of the appropriate thickness is placed.

In order to obtain energy curves, the punch displacement must be monitored

dynamically during the load measurements. Therefore, a striker plate is placed on the

punch plate to allow a transducer holding jig, situated on the die block, to hold standard

linear displacement transducers that operate during the fonning operation. Displacernent

measurernents are obtained through the use of an REP Instruments linear voltage

displacernent transformer, which is attached to a phase sensitive detector to obtain a

linearly proportional voltage output signal. In order that force-displacement curves be

displayed directly, a digital transient recorder is used to obtain signais of both the force

and displacement signaIs. These are then replayed into an X-y flat bed recorder al slow

speed. The signaIs can also be replayed onto a paper chart recorder to display their

variation with time.5 Sorne typical force-displacement curves for both single and double



blow heading tests are shown in Figures 2.16 a) and b), respectively. As can be seen,

various heading severities were chosen to represent a light, moderate and severe upset. In

addition, the double blow heading tests involved two, three and four wire diameters in the

head volume.

The instrumented cold heading machine allows for the direct study of variations in

cold heading behaviour. The composition and processing conditions can then be altered

accordingly in order to increase the efficiency of cold heading operations.

•
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a) Typical force-displacement cunre for single blow heading

b) Typical force-displacement cunre for double blow heading



2.6.3.1 USE OF FLOW CURVES AND ENERGY CURVES•
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There are various possible methods of acquiring flow curves. One method used is

to perfonn tensile tests at a speed of 2 mm/min. and measure the cross-section of the

sample during testing. The true stress-true strain curve is obtained by using the force

measurements and the flow curve can be determined, as illustrated in Figure 2.17.

However, as the strains involved in cold heading can be considerably greater than those

possible in tensile tests, a more representative flo\v curve aver the complete range of

strains encountered in cold heading may also be required. This can be achieved through

various methods involving wire drawing.s

T~ue stress, N/mm)

1000

800
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400

o 0.5

True stra ln

1.0 '.5

•

Figure 2.17 - Typical true stress-true strain curve determined by tensile testingS

In order to evaluate the cold formability of the specimens tested, a comparison of

the energy necessary to produce given strains is required. The work done per unit volume

of head is detennined graphically through integration of the force-displacement curves



and dividing by the head volume. The area under the true stress-true strain curves can

also be calculated through a non-linear regression. Both of these worklunit volume

values are plotted against true strain to produce energy curves, as shown in Figure 2.18.•
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The energy curve allows a comparison to be made between the work determined

from the force-displacement curve obtained from the coId heading tests and those from

the true stress-strain curves obtained from tensile tests. While good agreement was found

for lower strains and single blows, significant deviations existed at higher strains,

particularly for the two-blow heading curves. This might be due to the basic difference

between single and double blow upsetting or the extrapolation of the tensile flo\v curve to

these higher strains and strain rates. However, as the strain rate sensitivity of the



materials tested is small, this deviation cannot be directly explained by the mechanical

strain rate effect. 13 Other factors, undetermined to date, must play a role; one of these

could be the effect of defonnation heating.

Thus, tests were performed on the instrumented cold heading machine and data

were examined as described above in the hope of achieving a direct assessment of the

cold formability and ductility of materials under different conditions. ln particular, the

effects of surface defects~ heat treatment, wire drawing and aHoy addition on headability

were examined. While it was often difficult to produce head bursts with ductile steels,

failures could he encouraged by allowing free expansion of the workpiece edge following

prestraining. Among the findings was that there is no simple correlation between surface

defect depth and failure. 5 Surface defects appeared to act as strain discontinuities rather

than stress raisers. Tests also confirmed the benefits of coId reduction by wire drawing

\vith respect to increasing the formability. No direct correlation could be found between

failure rate and microstructural state. Alloying additions of manganese and nickel (at

average levels of 0.80% and 0.20%, respectively) were found to increase the failure rate

in double blow heading, though no change in the required energy \Vas noted. Chromium,

up ta levels of 0.75%, did not negatively affect fonnability, possibly due ta its ability to

stabilize the carbides without changing the flow characteristics of the material. 5

•
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2.6.4 A NEW UPSET TEST

A new upset test 6 was developed in response to nvo disadvantages inherent in the

conventional version: i) the die shape and the resultant metal tlO\V patterns are

substantially different from those experienced in the actual cold heading process; and

ii) the extent of hulging, i.e., the hoop strain, is dependent on the frictional conditions at

the die-workpiece interface. The die shape has great influence on the direction and extent

of metal flow as weil as the fracture location in the specimen. Previous efforts have

included the use of various special specimen designs, such as the collared cylinder and

the barreled cylinder, to increase the hoop strain ta axial strain ratio. This allows for early

cracking of the specimen and so increases the sensitivity of the test to surface defects.



However, these specimen shapes modify the billet geometry and so change the process

conditions. In addition, they require additional preparation.

The new upset test developed at Ohio State University seeks to represent the

aetual cold heading process and to minimize the effeet of test specifie factors, such as

changing friction at the die-workpiece interface, through using dies with a relief angle. In

addition, it is designed to be easily used by industry, requiring little sample preparation

and the use of a simple and reliable testing device.6

The experiments \vere perfonned on an MTS testing machine \vith a maximum

load capacity of 489 kN. This hydraulic machine \Vas equipped with servomechanicaI

controIs for both force and displacement eontrolled testing. It was operated under

dispIacement control following a sine function in the single cycle mode, simuIating the

stroke history of a mechanical press. The upset test speed was 12.7 mm/s to maintain

simiIarity to mechanical press speeds.

The die inserts were mounted with shrink rings on the die set. The upper platen of

the die set was fixed to the crosshead of the MTS machine and the lower platen to the

hydraulic actuator. A cross section of the die assembly is illustrated in Figure 2.19.

The effects of four different die relief angles (0°, 20°, 45° and 90°) on die design

were examined by experiments and finite element simulations.5 AlI specimens were plain

cylinders 23.75 mm in height and 15.88 in diameter. No lubrication was used and

compression was not interrupted. As onIy preliminary experiments \Vere performed to

demonstrate the principle and function of the device, solely the load was recorded. The

upset ratio \Vas determined by measuring the height of the sample prior to and following

deformation.

The specimen ends of samples defonned with die relief angles of 0°, 20° and 45°

\vere supported in die cavities. However, it was found through finite element simulation

that changing the die angles did not effeet the magnitude of the tensile stresses at the

midsection of the specimen, as illustrated in the plot of compressive axial versus tensile

hoop strain of Figure 2.20(a). Thus, fracture would occur at the same height reduction

regardless of die relief angle as, in these cases~ die-billet friction plays an insignificant

role in upsetting.

•

•
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10. Shr1nk ring. botto.
11. Pressure plate. botto.
12. Pressure pad. botto.
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Figure 2.19 - Cross-section orthe die construction showing assembly details6
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Tests were also performed with dies possessing concentric grooves and a relief

angle of 900
; the results obtained are illustrated in Figure 2.21. The grooved dies had the

same diameter as the test specimens and a central cone to locate the specimen. Sampies

possessed matching conical grooves at the centers of the end faces. It was detennined

that material restriction at the die-specimen interface (sticking friction) resulted in the

development of very high tensile hoop strains during upsetting, as seen in the finite

element simulation plot of the strains in Figure 2.20(b). Therefore, this test is very

sensitive to surface defects, such as seams in hot roHing, and early cracking. As weil, in

both the experimental and finite element simulation studies, it was noted that a portion of

the deforming specimen initially stuck ta the side of the die. However, a second sliding

mode then started, whereby the material detached itself from the side of the die and the

possibility of folding was eliminated.5 Thus, this test appears to provide an improvement

compared to conventional methods.
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2.7 SUMMARY

There are various factors that must be considered when attempting to assess coId

headability. These render the use of an accurate and simple test method rather difficult.

While the traditional upset test has been used extensively in the past, it is ill-suited to

provide a realistic simulation of the cold heading process. A headabiJity impact tester has

been developed that is capable of generating data for quantitative headability ratings.

Similar results, ho\vever, were found to be obtainable through conventional test methods.

The split Hopkinson pressure bar tester produces strain rates similar to those experienced

in cold heading. Such a piece of equipment, however, requires considerable capital

investment and operating expertise. The use of commercial cold heading machines was

found to provide a direct assessment of cold fonnability and ductility. As weil, a new

• version of the upset test has also been developed by Professor Shivpuri and co-workers,



which possesses greater sensitivity to surface defects and higher resistance to folding. An

adaptation of this revised upset test will be described in the chapters that follow, together

with the results obtained from preliminary tests. As weil, a drop weight test developed

by Nickoletopoulos2o at McGill University will be discussed and sorne experimental

results obtained using this equipment described.

•

•

Literature Review 29



•

•

CHAPTERIII

EXPERIMENTAL DETAILS

3.1 UPSET TEST EXPERIMENTS

3.1.1 SAMPLES FOR UPSET TESTING

The materials tested in this study were provided in rod form by Ivaco Rolling Mills.

The intention was to obtain known potentially defective and potentially nondefective steel

sampIes. These would then both be tested by the revised upset test in an attempt to

validate the ability of the test to differentiate between acceptable and unacceptable

headability success rates.

The chemistries of the samples tested are shown in Table 3.1. Part of this steel

was thought to be defective due to an incomplete spheroidization heat treatment. Steels

A and B, from the Ivaco melt shop, were from a 1541 V grade, whereas steel C, from QIT,

is a welding grade, 70S-6, that is currently being studied for use as a dual phase steel at

Ivaco.



STEEL Co;.. MnO/. V Ofo N% P -.le S -tc. Si -./0 Cu 0,/0 Ni 0/0 Cr 0./0 Mo 0l'a AI 0lc.

A 0.403 1.420 0.0260 0.0072 0.014 0.035 0.175 0.109 0.062 0.054 0.022 0.004

B 0.381 1.383 0.0260 0.0069 0.018 0.037 0.198 0.176 0.062 0.087 0.013 0.004

C 0.122 1.419 0.007 0.0050 0.017 0.038 0.907 0.031 0.072 0.035 <0.017 0.006

Table 3..1 - Chemical compositions of the samples to be upset in wt%•
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The sampIes to be upset were machined according to the design of Figure 3.1. The

central indentations on the two ends of each specimen were intended to locate the sample

centrally on the surface of the lower die.

..... _-"

TOTAL D~TER AS
SUPPLIED

CONICAL INDENTATION LOCATED
AT CENTRE

"',': /

•

Figure 3.. 1 - Upset sample design - ail measurements in mm (not to seale)

3.1.2 DIE DESIGN

The dies were made of Atlas 87 tool steel. This grade was chosen due to its very

high toughness level and stability in hardening. ft also possesses suitabIe wear resistance

through aIloying with chromium. The chemistry is noted below in Table 3.2.



GRADE C 0t'o Mn 0t'o Si 0t'o Cr 0t'o Mo 0t'o

87 0.50 0.50 0.25 3.25 1.45

•
Experimental Details

Table 3.2 - Chemical composition of the die tool steel in wt°...{.
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The design of the die is shown in Figure 3.2 and that of the die set in Figure 3.3.

The die surface ends have conical protrusions at the centres that match those of the

samples to be upset tested (0.5 mm maximum height), in addition to concentric grooves

of lower heights and angles of inclination machined across the entire surface (0.12 mm

maximum height). This is a change from the geometry of the upset test used in research

at Ohio 8tate University6 in that the central cone and concentric grooves are of

considerably larger diameter. This was an attempt to decrease the stress concentrations

that led to premature fracture of the die in previous experiments6
.

The top and bottom die shanks were inserted into the die set to increase

aIignment. The shanks were machined with threads at a pitch of 12 per inch. The die set

consists of an upper and lower plate and two rear guidance columns.

3.1.3 UPSET TEST EQUIPMENT

The upset tests were perfonned at the Materials Technology Lab at CANMET with a

Materials Testing Systems (MTS) machine. This hydraulic press has a maximum load

(force) of 450 kN and is equipped for force and displacement controlled testing. Tests

were performed at an approximate speed of 12 mm/s. They were performed without any

lubrication to maximize the effect of friction and therefore the ability of the test to be

sensitive to any defects present in the sampies to be upset.

The upset tests were performed with both the die set mounted on the MTS, as weil

as with the dies attached directly to the machine. The intention was to upset samples

until cracking was apparent to the naked eye. The stress-strain curve would then be

• analyzed to detennine the exact point at which material failure commenced.



• •

~

~
~

l'
B'.....
~
S'
~

Q
~
~...
;:::.....

22

1.5" (12 THREADS / INCH)

0.995"

*0.500"
64

17

- ~

• 2.000" ..

23~

Figure 3.2 _ Design of upper and lower dies - ail measurcments in mm unlcss othenvisc notcd (not to scale)



• •

12 THREADS / INCH

Figure 3.3 _ Design of upper and lower die plates - ail measurements in in~hes (not to scale)

a
~
~
~
lIIooool

~
~

~.....
§
s......
t:J
~
~

~

~
.ca..



The upset samples were analyzed metaJlographically to deterrnine their

microstructures. For this purpose, the samples were ground, polished and etched with 4%

nital. As weIl, hardness and tensile test measurements were made on each of the three

heats.

•

•
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3.1.4 SAMPLE ANALYSIS
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3.2 DROP WEIGHT EXPERIMENTS•
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3.2.1 SAMPLES FOR TESTING

Samples for the drop weight test experiments carried out using the equipment

developed by Nickoletopoulos2o at McGill University were from the same three heats

used for the revised upset tests. The chemistries are noted in Table 3.1.

Samples were machined from the drawn diameter of 12.0 mm down to 5.2 mm.

Two aspect ratios of 0.6 and 1.0 were used. Ten sampIes were machined of each aspect

ratio for each heat. Five of the ten samples for each heat and aspect ratio had grid lines

etched on the surface in an attempt to measure the axial and hoop strains after

deformation.

3.2.2 DROP WEIGHT TEST EQUIPMENT

The drop weight test set-up is illustrated in Figure 3.4. A cylindrical support of

either 1.27 m or 1.50 m was used to prevent the load from dropping until the test was to

be performed. Various weights were used in arder to deform the sampies to strains that

resulted in shear cracking, as weil as to strains prior to and after the occurrence of shear

cracking. The minimum weight, without any plates added to the load, was Il.77 kg.

Each plate added was 1.07 kg. A maximum of seven plates was used during these

experiments. Shock absorbers were used to help eliminate the possibility of the load

rebounding off the die after the initial impact, causing a second force to be applied to the

sample.

3.2.3 DIE DESIGN

The die, illustrated in Figure 3.5 and designed by Nickoletopoulos2o
, was

constructed of S2 tool steel. A die casing with six cylindrical air vents \vas used to

prevent cracks from developing in the dies. The sample was placed in the centre of the

die into a 1.00 mm deep locating inset to ensure secure placement. The locating inset

had a 5.25 mm diameter and was tapered to a1low the sarnple to defonn within the die
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Figure 3.4 - Drop weight test equipment
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•
by approximately 1% in diameter to help prevent die stress build up and cracking of the

die. A molybdenum disulfide lubricant was appJied to the inset and the flat region of the

dies prior to the placement of each sample. This resulted in a friction coefficient of

approximately 0.13, as calculated experimentally by Nickoletopoulos2o.
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Figure 3.5 - Die design for the drop lveight test experiments

3.2.4 SAMPLE ANALYSIS

The deformed and undeformed samples were examined under the SEM to analyze

the fracture surface and overall surface quality. Metallographie samples were also

prepared by grinding, polishing and applying a 4% nital etch to examine the

microstructures of the three heats. Hardness and tensile measurements were also made on

each of the three heats, as discussed above.



•
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RESULTS AND DISCUSSION

4.1 REVISED UPSET TESTS

4.1.1 EXPERIMENTAL RESULTS

The initial upset tests were perfonned with the dies attached to the die set. The tirst

sample was placed in the MTS machine between the upper and lower dies and

compression began at a speed of approximateJy 12 mm/s. This resulted, in addition to

compression of the sample, in cracking and then chipping of the ends of the lower die

surface. Figure 4.1 illustrates the cumulative damage caused to the bottom die end after

several tests were performed, revealing the chipping away of the edge in a distinct region.

The compression of the samples, shown in Figures 4.2 a) and b), always commenced on

one side, i.e., it is obvious that an uneven Joad was being applied during deformation. Il

was on this side that fracture would occur and the sample would split open before the test

could he stopped. It was also at this preferred location that chipping of the die occurred.

The top and bottom dies were then switched, the die set realigned and further tests

performed. However, the same result occurred, with chipping of the die and more severe

• deformation of the sampJe commencing in a preferred location on the Jower die.
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Figure 4.1- Lower die after several upset tests bave been performed - note the
chipping on the edge of the testing surface

Figure 4.2 - Upset samples after deformation and cracking•
a) b)



The dies were then remachined to remove any damage caused by the chipping and

further upset tests were performed without the die set. While the intention of the die set

was to improve the alignment, it was thought after the first set of experiments that it was

probably contributing to the uneven load (because it ooly had two posts and not four).

However, tests using ooly the upset dies led to results that were similar to those of the

original experiments. Despite attempts to achieve alignment, the dies continued to chip

in a similar manner and the samples defonned unevenly around the circumference.

•
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4.1.2 SAMPLE ANALYSIS

The microstructures of steels A, B and C are ShO\Vll in Figures 4.3, 4.4 and 4.5~

respectively. Steels A and B are characterized by a microstructure that was not

spheroidized. Colonies of pearlite are evident in the ferrite matrix of both

microstructures. Steel C, the dual phase material~ contains a ferrite matrix with

martensite along sorne of the grain boundaries.

The results of the hardness and tensile measurements made on each of the three

heats are summarized in Table 4.1. Steel C possesses the highest level of hardness~

followed by steel Band then steel A.

Table 4.1 - Hardness and tensile measurements of the samples to be upset

STEEL HARDNESS (RB) TENSILE (MPa) YIELD (MPa)

A 71.2 554 324

B 77.1 575 331

C 80.3 600 342
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Figure 4.3 - Unspheroidized microstructure of Steel A
(4% nital etch - xIOOO)
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• Figure 4.4 - Unspheroidized microstructure of Steel B
(4% nital etch - xl000)
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Figure 4.5 - Dual phase ferrite·martensite microstructure of Steel C
(4% nital etch - xl000)

4.1.3 POSSmLE DESIGN FLAWS AND IMPROVEMENTS

The revised upset test obviously was not able to differentiate between various

material aptitudes for cold headability. This was due to the uneven rates of defonnation

applied to the upset samples, resulting in an inaccurate representation of the heading

process. A further complication involved the die cracking, which curtailed the number of

experiments that could be canied out. An examination of how this could be improved in

the future is required.

4.1.3.1 SELECTION OF TOOL STEEL

•
WhiJe the Atlas 57 tool steel was thought to provide sufficient toughness and

resistance to cracking for the pUl-poses of this study, perhaps another selection would have

prevented premature cracking of the dies. Atlas Ultimo 6 and Monark tool steels possess



higher levels of fracture toughness. While their wear resistance is lower, it might be

adequate for laboratory studies of the present type (i.e.~ they have higher C and Mn and

lower Cr levels).•
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4.1.3.2 DIE DESIGN

It is possible that the design of the die, with a central protrusion to match the

corresponding conical cavity in the samples to be upset and concentric grooves along the

surface ends, could be improved. This would aid in preventing premature cracking.

Furthennore, precision machining is required to achieve an identical match between the

central cone of the die and the indentation of the sample. Any mismatch in either the

machining or in placing of the sample prior to being upset will result in misalignment and

an uneven defonnation process. There is aIso the difficulty of aligning the upper and

lower dies once they have been attached to the MTS machine. Misalignment between the

dies will certainly cause the sample to experience uneven forces.

4.1.3.3 ALTERNATE METROnS

•

It is possible that the upset test as revised by the present author is not the best

method of determining the cold headability. Currently, there is research being conducted

at McGill University using FEM modeling to accurately simulate the coId heading

process.20 While a new approach to testing may be difficult to develop initially, once

running, it may be better able to reproduce the many factors involved in heading. ft may

also have the potential to be used for product design.21.22,23

While ooly limited tests were perfonned with the revised upset test due to the

repeated die failures, flow localization in shear was not apparent in the tested samples.

Perhaps other means of determining the tendency of a material for shear localization are

superior to the revised upset test~ such as the drop weight test.



4.2 DROP WEIGHT TEST RESULTS•
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4.2.1 EXPERIMENTAL RESULTS

Samples of 0.6 and 1.0 aspect ratio from each of the three heats were tested in the

drop weight test. Approximate impact velocities of 5.0 mis and 5.4 mis were calculated

for the tests performed at heights of 1.27 ID and 1.50 m~ respectively. While the drop

weight test normaHy employs a Joad cell, it was not functioning at the time these

experiments were performed. Therefore~ approximate calculations of engineering strain

and average force were made based on the sample height reductions. Table 4.2

summarizes these calculations for each sample~ as weil as the observations of the surface

under magnification.

Table 4.2 - Summary of the drop weight test experiments

STEEL ASPECT WEIGHT HEIGHT ENG. FAVG SURFACE

SAMPLE RATIO (kg) (m) STRAIN (kN) APPEARANCE

A 0.6 11.78 1.27 0.61 77.2 NO CRACK

11.78 1.50 0.62 87.0 NO CRACK

12.84 1.50 0.71 83.1 ONSET Of SHEAR CRACK

13.90 1.50 0.74 83.4 SHEARCRACK

1.0 11.78 1.50 0.63 59.5 NO CRACK

12.84 1.50 0.69 57.7 NO CRACK

13.90 1.50 0.72 59.1 NO CRACK

14.96 1.50 0.75 60.7 ONSET Of SHEAR CRACK

16.02 1.50 0.78 64.5 ONSET Of SHEAR CRACK

B 0.6 11.78 1.27 0.61 77.6 NO CRACK

11.78 1.50 0.63 89.3 DUCTILE CRACK

12.84 1.50 0.69 86.6 SHEARCRACK

13.90 1.50 0.73 87.7 NO CRACK

1.0 11.78 1.50 0.64 85.3 NO CRACK

12.84 1.50 0.70 86.6 ONSET Of DUCTILE CRACK

13.90 1.50 0.73 88.5 ONSET OF SHEAR CRACK



STEEL ASPECT WEIGHT HEIGHT ENG. FAVG SURFACE

SAMPLE RATIO (kg) (m) STRAIN (kN) APPEARANCE

C 0.6 Il.78 1.5 0.64 85.3 NO CRACK

12.84 1.5 0.70 86.6 GRIDMARK

13.90 1.5 0.73 88.5 NO CRACK

1.0 Il.78 1.5 0.63 58.3 NO CRACK

12.84 1.5 0.68 59.7 NO CRACK

13.90 1.5 0.72 59.9 NO CRACK

14.96 1.5 0.76 60.4 NO CRACK

16.02 1.5 0.78 64.0 NO CRACK

17.08 1.5 0.81 66.4 NO CRACK

1920 1.5 0.81 73.9 NO CRACK

20.26 1.5 0.83 75.2 NO CRACK

Table 4.2 - Summary oftbe drop weight test experimeots (eoot.)•
CI'apter IV Results and Discussion 46

•

As previously mentioned, grid marks were applied to the surfaces of half of the

drop weight test samples. ft was hoped that, by measuring the changes in height and

diameter at the mid-height, hoop and axial strains could be calculated. However, as the

aspect ratios used were relatively small, it was not possible to make these measurements.

4.2.2 SAMPLE ANALYSIS

The microstructures and hardnesses of steels A, B and C were shown in Figure 4.3

to Figure 4.5 and Table 4.1, respectively. The dual phase steel C possesses the highest

hardness and tensile properties, while the unspheroidized steels A and B possess lower

hardness values.

Sorne exarnples of the appearance of the "side-of-cylinder" surfaces, as seen under

the SEM, are shown in Figures 4.6 to 4.8 .
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(c) (d)

•

(e)

Figure 4.6 - Steel A a) undeformed surface (x90)
b) h/d = 0.6 - onset ofshear crack (w=12.84 kg) (x90)
c) h/d = 0.6 - shear crack (w=13.90 kg) (x90)
d) hld = 1.0 - onset of shear crack (w=14.96 kg) (x90)
e) h/d = 1.0 - onset ofshear crack (w=16.02 kg) (x90)
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(c) (d)

•

(e)

Figure 4.7 - Steel 8 a) undeformed surface (x90)
b) b/d = 0.6 - ductile crack (w=11.78 kg) (x90)
c) b/d = 0.6 - shear crack (w=12.84 kg) (x90)
d) bld = 1.0 - ouset of ductile crack (w=12.84 kg) (x250)
e) h/d =1.0 - ouset of shear crack (w=13.90 kg) (x90)
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(c)

(e)

(d)

(t)

•
Figure 4.8 - Steel C -a) undeformed surface (x90)

b) b/d = 0.6 - grid mark (w=12.84 kg) (x90)
c) b/d=O.6 - crack Dot present (w=13.90 kg) (x220)
d) h/d=l.O - crack Dot present (w=14.96 kg) (1140)
e) b1d=l.O - crack Dot present (w=16.02 kg) (1140)
f) b/d=l.O - crack Dot present (w=17.08) (xI40)



Figure 4.6 illustrates the surface appearances of steel A after various deformations.

The undefonned surface in Figure 4.6 (a) appears to be quite rough. Figures 4.6 (b) and

4.6 (c) illustrate the defonned surfaces of samples with an aspect ratio of 0.6. At an

average load of approximately 83.1 kN resulting in an engineering strain of 0.71, the onset

of a shear crack is apparent in Figure 4.6 (b). A complete shear crack is obvious in Figure

4.6 (c), at a force of 83.4 k.N and an engineering strain of 0.74. Samples with an aspect

ratio of 1.0 are shown in Figures 4.6 (d) and 4.6 (e) after engineering strains of 0.75 and

0.78, respectively. The progressive development ofa shear crack is clearly revealed.

The various surfaces of steel B samples are shown in Figure 4.7. The undeformed

sample, shown in Figure 4.7 (a), appears smoother than that of the undefonned steel A

sample. The finish produced by the machining, however, still reveals fine lines. Samples

with an aspect ratio of 0.6 exhibited a ductile crack at an average load of 89.3 kN and an

engineering strain of 0.63, shown in Figure 4.7 (b). Figure 4.7 (c) illustrates a shear crack

at a load of 86.6 kN and an engineering strain of 0.69. Samples with an aspect ratio of 1.0,

shown in Figures 4.7 d) and 4.7 (e), do not reveal complete shear crack formation. At a

load of 57.9 kN and strain of 0.69, Figure 4.7 (d) reveals the commencement of a fine

ductile (longitudinal) crack. The onset ofa shear crack is shown in Figure 4.7 (e), at a Joad

of 58.2 kN and a strain ofO.75.

Figure 4.8 reveals the surface appearances of steel C. The undeformed sample,

shown in Figure 4.8 (a), exhihits the fine Iines resulting from machining, sirnilar to those of

steel B. The surfaces of samples with aspect ratios of 0.6 and 1.0 at various loads and

strains, illustrated in Figures 4.8 (b) through 4.8 (t), do not reveal any ductile or shear

cracks. One of the fine grid Hnes that was etched onto half of the samples is shown in

Figure 4.8 (h) on a sample with an aspect ratio of 0.6. Under lower magnification, this was

initially thought to be a crack and onJy one further test at a higher load was conducted.

Tests on samples with an aspect ratio of 1.0 were conducted with masses of up to 20.26 kg,

resulting in an average load of 75.2 kN and an engineering strain of 0.83. Cracks were not

ohserved al any of the load increments on these samples.

Based on the drop weight tests described above, the applied strains resulted in shear

cracking in steels A and B. Steel C, however, did not reach the point of fracture. This is

•

•
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possibly explained by the difference in microstructure. Steels A and B were

unspheroidized, and, consequently, their fonnability was limited. Steel B a1so possessed

higher levels of Cr and Cu than steel A, increasing the hardness of steel B and therefore

decreasing its fonnability relative to steel A. Steel C displayed a dual phase microstructure.

Although steel C was the hardest of the three steels, it was also the most formable. This

cao possibly be explained by the strong (martensite) yet ductile (ferrite) nature of dual

phase steels. In addition, steel C possessed a significantly lower nitrogen content relative to

steels A and B. This would have helped to minimize instabilities resu1ting in sudden shear

softening. The presence of solute nitrogen in steels A and B, for example, may produce

dynamic strain aging in these materials and cause them to display negative rate sensitivities.

Such negative rate sensitivities are weil known to promote flow localization. Therefore, the

strains developed during these experiments, while sufficient to cause cracking in the

unspheroidized steels, were not capable of developing shear cracks in the more formable

dual phase samples. Consequently, the drop weight test appears to be capable of

distinguishing between headable and less headable steels.

•
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4.2.3 EFFECT OF ASPECT RATIO

The effect of aspect ratio, illustrated in Figure 2.5, is evident throughout these

experiments. The Iower the aspect ratio, the less compressive strain is required to reach the

fonnability Iimit of the sample. This is because there is less interior material supporting the

surface material and so sample buIging (circumferential strain) develops al a lower nominal

(height) strain. Steel A samples with an aspect ratio of 0.6 displayed shear cracking. Those

with an aspect ratio of 1.0, even at higher engineering strains, exhibited only the onset of

shear cracking. While steel B appeared slightly less formable overall than steel A, the same

pattern was observed. In addition to actual cracking, there is a difference in the general

surface quality between the two aspect ratios in steel B. Those with the lower aspect ratio

display a general rupturing of the surface, illustrated in Figure 4.7 (c). However, samples

with the higher aspect ratio, shown in Figures 4.7 (d) and (e), do not have nearly the same



level of roughness imparted to the surface, as higher strains are required to reach their

formability limits.•
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4.2.4 EFFECT OF SAMPLE MACHINING

As noted previously, all samples were machined down from the drawn diameter of

12 mm to 5.2 mm in order to accommodate the die design. By removing the exterior

6.8 mm of the steel, surface defects were aJso eliminated. This has the advantage of

allowing the true formability of the steel to he determined. However, this aIso results in

losing the capability of testing the actual headability of a specifie heat, which is partly

detennined by surface quality. By removing the surface layer, particularly any roHing

defects that are present, a higher fonnability rating will be detennined than would actually

occue in a cold heading operation.20

While machining does remove the surface defects resulting from the rod

manufacturing process, it is difficult to produce a surface finish through machining that is

truly smooth. As seen in the SEM photos of the undefonned samples, fine lines are

apparent which might act as stress rÎsers. A possible approach to producing a smoother

surface would be to grind and polish the samples after machining. This is being

investigated by Nickoletopoulos2o
.
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CONCLUSIONS

It was the iotent of this research to review the current methods employed for

detennining cold headability. Experiments were then perfonned on "fonnable" and "less

formable" steel samples on a revised upset tester and on a drop weight tester to detennine if

they were capable of determining the relative headability. The following conclusions can

be drawn from this work.

1. REVISED UPSET TEST EXPERIMENTS

•

•

•

•

The revised upset test was unable to determine the headability of the

steel samples due to die fracture.

While flow localization occurred 10 the samples, shear cracks

indicating the point at which the formability of the steel had been

reached were not observed.

The main cause for die fracture was misalignment of the dies in the

MTS machine.



Tooi steel selection for the dies possibly played a raie in die fracture

as weil. Grade 87 did not appear to possess sufficient toughness to

withstand the loads applied to the dies.
•
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2. DROP WEIGHT TEST EXPERIMENTS

• The drop weight test appears to he able to differentiate between the

formable and less formable steel samples.

• Those samples which were less headable displayed shear cracks, while

those that were more headahle did not at the loads applied and the

strains employed in this work.

• The effect of aspect ratio was demonstrated, with those samples with

aspect ratios of 0.6 reaching their formability limits earlier than those

with the higher aspect ratio of 1.0.

• The dual phase sampIes dispIayed the highest hardness value, as weB

as the highest level of formability. This can possibly be explained by

the nature of dual phase steel, as weil as its lower nitrogen content

relative ta the other samples.

• It would be useful ta modify the drop weight test equipment ta permit

the testing of full size samples over most of the range of diameters

produced industrially.
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CHAPTERVI

SUGGESTED FUTURE WORK

While the revised upset test was not successful with the design described in this

work, it is possible that through several refinements it could be used to rate headability. A

change in die tool steel to S2 might improve ils resistance to cracking. In addition, the

diameter could be increased to be slightly greater than that of the samples and a centre

locating inset machined, similar to the drop weight test die design. A die casing could be

added around the die, which proved helpful in preventing die cracking in the work

conducted by Nickoletopoulos.2o

The drop weight test appeared successful in rating headability. However, more

extensive experiments should be conducted on various grades and potential levels of

fonnability to confirm this. Further refined weight increments can also be evaluated ta

determine the exact point at which the formability limit is reached.
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