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ABSTRACT

A comprehensive methodology to physically and numerically model upsetting in cold heading

was developed.

The physical model was a Drop Weight Test with a guided pocket-die set capable of
approximating industrial cold heading conditions. The results show that the test is sensitive to
the critical parameters for cold heading. These include surface quality, residual element level,
nitrogen content, microstructure, decarburization. and specimen geometry. The test is capable

of assessing the fracture behavior of cold heading materials.

One goal of the study was to reveal differences in fracture behavior with varying steel sources.
Accordingly, the matrix of test materials consisted of grade 1038 steels from three different

steel sources.

Material preparation and conditioning of test materials approximated industrial procedures for
cold heading materials. These procedures included hot rolling. controlled rod cooling.
descaling, straightening, lime coating and lubricating, and wire drawing. Spheroidization of
test specimens was performed in an industrial batch furnace using an industrial heat treatment

cycle.

A finite element program (FEM) enabled the simulation of upsetting in cold heading. The
inputs required to model the cold heading process include flow stress behavior and friction
conditions representative of cold heading. These inputs were obtained using the CANMET

Cam Plastometer and the Friction Ring Test.

The Cockceroft and Latham fracture constants for an as-rolled and a spheroidize annealed 1038
material were computed by FEM modeling and the critical values were calibrated using the
Drop Weight Test. The fracture criterion constant was found to be independent of strain path

for upsetting in cold heading and thus is material-related.



RESUME

Nous avons mis au point une méthode pour simuler physiquement et numériquement

I’écrasement d’un acier lors de la frappe a froid.

Nous avons effectué les simulations physiques a l'aide d'un essai représentatif de I'étape
d’écrasement lors de la frappe a troid. Nos résultats montrent que I’essai sait reconnaitre les
paramétres qui dictent la performance des matériaux a la frappe. soit I'état de surface, le
niveau des elements résiduels, la teneur en azote, la microstructure, la cote de décarburisation,
et enfin, la géométrie de I'éprouvette. L’essai permet. en particulier, de chiffrer les
déformations a la rupture des matériaux destinés a la frappe a froid.

Un des buts de |'étude était de faire ressortir le comportement des matériaux a la frappe en
fonction du schéma d’élaboration des aciers. Nous avons utilisé des matériaux en provenance
de trois aciéries, en l'occurrence, des aciers de nuance 1038.

Lors de la préparation de nos échantillons. nous avons pris soin de suivre de pres les
opérations annexes & la frappe a froid : laminage 4 chaud du fil machine. refroidissement
controlé, décapage, rectification, dépot d’une couche dapprét poreuse, adjonction de
lubrifiants complémentaires, et enfin. tréfilage. Nous avons ensuite effectué un traitement de
globularisation des carbures a I'aide d’un cycle utilisé couramment dans un four industriel.

Un programme d’éléments finis (EF) a ét¢ utilisé pour simuler I'écoulement plastique en
forgeage axisymétrique. Les données requises pour une simulation comprennent la loi
d’écoulement plastique du matériau ainsi que le coefficient de frottement entre la matrice et la
piece 4 déformer. Les courbes d’écoulement ont été générées a partir d'un plastomeétre i
came, tandis que le coefticient de frottement a été determiné par I'essai de ["anneau.

La simulation par EF a permis de calculer I’évolution du parameétre d’endommagement de
Cockcroft et Latham pour des aciers bruts de laminage et des aciers a structure globularisée.
Les valeurs critiques du parametre ont été étalonnées par des essais d’écrasement. La valeur
du parameétre est constante pour un matériau donné, et est indépendante du parcours de

déformation.

il
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CHAPTER 1

INTRODUCTION

Cold heading is a forging operation that is performed without an external heat source. The
operation involves a force being applied to the free end of a metal workpiece contained
between a die and a punch. The force is applied by one or several blows of the punch and it
displaces (upsets) the metal to form a pre-determined contour [Upsetting. 1988: Davis,

1988].

Cold heading is used to produce a variety of fasteners such as bolts, rivets and nuts. The
automotive, construction, aerospace, railway, mining and electrical product sectors are the
major consumers [Barrett, 1997]. The ability to assess the formability of cold heading
materials to model the cold heading process is of great importance since failures result in
equipment downtime, material waste and the possibility of a very costly product recall.
However, it is difficult to quantitatively define the ability of a material to be cold headed
[Sowerby et al., 1984]. The forming process involves an interplay between material
structure, temperature, deformation rate, tool and workpiece geometry, and friction at the
interface of tool and workpiece [Sowerby et al., 1984]. Other critical factors include the
surface quality of the workpiece and the amount of cold work (pre-draw) performed on the
workpiece prior to cold heading [Muzak et al.. 1996: Turner et al.. 1984: Maheshwari et al.,

[978].
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Conventional testing methods employed for determining the formability of cold heading
materials include the tensile test and the simple compression (upset) test. These methods
allow comparisons between various materials, as well as surface quality assessment.
However, they do not accurately simulate the cold heading process in terms of factors such
as stress and displacement boundary conditions, strain rate, and workpiece temperature

[Nickoletopoulos et al., 2000; Kurko, 1998].

This thesis is divided into the following chapters: Chapter 2 presents a literature review of
cold heading, including a description of different types of cold heading operations. wire rod
material requirements and cold heading parameters that affect cold heading. This chapter
also examines types of defects common in cold heading, as well as conventional tests used
to evaluate cold headability of materials, ductility criteria, shear banding. and constitutive

modeling.

Chapter 3 presents the objectives of this thesis. Chapter 4 explains the design of the matrix
of test materials, and details conditioning and characterization of these materials. Chapter 5
gives a detailed description of the methods used in this work - the Cam Plastometer (CP),
the Drop Weight Test (DWT), the Friction Ring Test (FRT), and the Finite Element
Method (FEM). Chapter 6 presents the experimental results, and these are discussed in
Chapter 7. Conclusions of the thesis are presented in Chapter 8. Recommendations for

future work and contributions to original knowledge follow Chapter 8.



CHAPTER 2

LITERATURE REVIEW

2.1 Heading Operations

Cold heading can involve several types of operations [National Machinery Co, 1997: Dove.
1989B]. The most common of these is the heading operation, also retered to as upsetting
(Figure 2.1a). Other operations include forward and backward extrusion (Figures 2.1b and
2.lc). in which the workpiece is formed by forcing the metal to flow plastically through a
die orifice. In forward extrusion. the die and punch are at opposite ends of the extrusion
stock, and the product and punch travel in the same direction. In backward extrusion.

product and punch travel in opposite directions.

Trimming is sometimes employed in cold heading machines for the removal of possible
surface defects or for final sizing on the head itself (Figure 2.1d). Piercing is mainly used

for shearing or punching holes or slots for the production of rivets and nuts (Figure 2.1e).

Many of the concepts discussed in this thesis are valid for both heading and extrusion.
However, special emphasis is placed on the heading operation itself, particularly when

dealing with ductile fracture criteria.
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v

v

die

workpiece

punch

a) Upsetting b) Forward c¢) Backward d) Trimming e¢) Piercing
Extruding  Extruding

Figure 2.1 Cold heading manufacturing operations.

2.2 Rod Wire Material Requirements

There are many factors to consider for the study of cold heading. These factors and their
interaction must be considered in the interpretation of the results to test the validity of a

cold heading test.

There are two sets of requirements for cold heading quality materials. One set speaks to the
properties necessary for cold forming operations that require a material that has “good’ cold
headability [Maheshwari et al., 1978]. The other set addresses the properties relating to
product specifications which differ according to product end use [Matsunaga and Shiwaku,

1980].

2.2.1 Surface

The workability of wire rod in industrial cold heading operations can be intluenced by the
presence of longitudinal and transverse surface defects [Joffret and Perrier. 1996: Jenner
and Dodd, 1981]. It is belicved by many researchers [Maheshwari et al., 1978; Matsunaga
and Shiwaku, 1980: Jenner and Dodd. 1981; Thomason. 1990A] that these surface defects
act as circumferential stress raisers, thereby reducing the formability and allowing the
material to fracture on the equatorial surface during heading operations. Turner et al.
[1984] speculated that the acuity of a surface notch decreases with equatorial expansion

during heading, and therefore question the role of surface defects as stress raisers. Instead.
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they concluded that surface defects are strain discontinuities that may lead to localization of

fracture on the equatorial surface of the upset.

Surface defects typically arise during billet casting operations, wire rod rolling and cooling
operations, and coil handling. The most common of these include billet seams (Figure

2.2a), rolling laps (Figure 2.2b), slivers, and mechanical abrasions.

Figure 2.2a Billet seam (9% depth). Figure 2.2b Rolling lap (7% depth).

Material destined for cold heading applications should never contain any type of surface
defect. Through the use of surfuce billet conditioning. hot eddy-current testing and visual
inspection, all wire rod destined for cold heading applications should possess surface
integrity. Although this is not always the case, for the purpose of this thesis. it is assumed

that test materials are free of surface defects, unless otherwise stated.

2.2.2 Cleanliness

Heavy silicate, sulphide. alumina and globular oxide inclusions are unacceptable for cold
heading quality material [Maheshwari et al., 1978]. These act as stress raisers and can
promote microvoid nucleation, growth and coalescence leading to ductile fracture

[Thomason, [990B].
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The primary method of controlling the quantity of non-metallic inclusions is by sound
steelmaking practice, controlled raw material selection, and the addition of deoxidizers such

as silicon or aluminum in the ladle.

There are standards (i.e. ASTM E45 [1997]) that define cleanliness in cold heading
materials. The cleanliness of the test materials used in this work is representative of such

materials. Cleanliness ratings for these materials are presented in Chapter 5.

2.2.3 Chemical Composition

Chemical composition affects the ductility of cold heading materials. Raising the carbon
content increases yield strength but adversely affects impact and toughness properties of the
final product as well as the tool life of heading equipment [Maheshwari et al.. 1978].
Higher carbon (0.30-0.40%) material is also more susceptible to surface decarburization

during billet reheating and rod spheroidize annealing operations.

It is common practice to employ lower carbon materials (as low as 0.10%) in cold heading
applications. A balance must be found in terms of strength and ductility for particular
applications. Strength may be achieved through subsequent quench and temper operations

on the cold headed product.

The properties of carbon and alloy steels can be adversely affected by residual elements
(copper, nickel, chromium, molybdenum, tin) in steel produced by recycling scrap
[Yalamanchili et al.. 1999]. Residuals increase material hardness and decrease ductility
[Matsunaga and Shiwaku, 1980]. Common industrial practice is to control copper to
roughly below 0.15%, nickel and chromium to below 0.10%. molybdenum to below 0.02%
and tin to below 0.01%. The sum of these residuals should not exceed 0.25% ftor optimal
headability. On the other hand, additions of nickel. chromium and molybdenum are used

where enhanced toughness and hardenability are required.
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Nitrogen must also be controlled. Free nitrogen is a major contributor to the embrittlement
of ferrite and strain aging, which in turn can lead to head bursts, shear cracking, and
increased machine wear [Cao et al., 1998]. Matsunaga and Shiwaku [1980] stated that free
nitrogen results in increased hardness and poor response to heat treatment and has a

negative impact on the ductility of cold heading materials.

The matrix of materials used in this thesis was designed to assess the sensitivity of the cold
heading test by varying the amounts of the residual elements (i.e. copper, chromium) and
nitrogen. However, the objective of this work was to develop a test for evaluating cold

headability. not to perform an in-depth study of the effect of residual elements or nitrogen.

2.2.4 Microstructure

The microstructure of cold heading material comprises a ferrite matrix with varying
amounts of lamellar pearlite (Figure 2.3 — grade 8650). This microstructure resists

deformation due to the fine lamellar carbides (Fe;C) that subdivide the ferrite.

A spheroidize annealed (Figure 2.4 — grade 8650) microstructure is often desired in cold
heading materials, particularly with low alloy and medium carbon steels [Samuels. 1980:
Blake. 1986]. Spheroidal carbide particles are evenly dispersed in the ferrite matrix.
resulting in a tougher and more ductile microstructure [Muzak et al.. 1996]. This
microstructure may also be required in low carbon cold heading materials. particularly for

elaborate geometries [Matsunaga and Shiwaku, 1980].

Industrial spheroidize annealing is performed in batch or continuous furnaces with a non-
oxidizing atmosphere to prevent surface decarburization and the formation of heavy oxide
scale. This involves heating below the lower critical temperature (1340 F /7 725°C) for a
time sufficient to produce the correct amount of spheroidization [Samuels, 1980 and 1988.].
The full operation requires approximately 24 hours and represents about 15 percent of the

total cost of producing a fastener.
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Figure 2.3 Lamellar carbide. Figure 2.4 Spheroidal carbide.

The laws of thermodynamics dictate that there will always be a drive to reduce the energy
of a microstructure. One way to achieve this is by reducing the interfacial area between
matrix and second phases. The shape that has the minimum surface area per unit volume is
the sphere. As such. the particles of a phase are driven to adopt a spherical shape. In
addition, these spheres will try to grow as large as possible by consuming smaller spheres.
which are of higher surface area per unit volume. The net result is a reduction in surface

energy per unit volume [Samuels, 1980].

To understand the role of microstructure the materials used in this thesis were tested in both

the as-rolled pearlite and spheroidize anncaled conditions.

2.2.5 Decarburization

Surface decarburization is another parameter that must be controlled for cold heading
quality materials, particularly those in the medium to higher carbon ranges (0.20-0.40%).
Decarburization results when the reheat furnace atmosphere reacts with carbon in the steel
billet. Wire rod decarburization can also result during spheroidize annealing. In the

absence of carbon, the surface material is softer, and provides more ductility for the heading
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operation. However, subsequent threading as well as quench and temper operations will be
jeopardized since the free ferrite can no longer be hardened to the desired final product

specification.

The extent to which the zone is depleted of carbon is defined according to industry
standards such as ASTM E1077 [1997] and IF! 140 [1993]. Decarburization evaluations
presented in Chapter 4 show that test materials used in this thesis meet industry standards,

except for one case where the material was purposely decarburized.

2.3 Cold Heading Parameters

Process parameters can also have a large influence on the cold heading operation. In
particular, strain rate and temperature during deformation, pre-draw prior to cold heading.
and lubrication between die and workpiece must be accounted for in developing a practical

cold heading model.

2.3.1 Strain Rate and Temperature

Cold heading is a high-rate deformation process, with overall strain rates in the range 100-
2005 [Yoo et al., 1997). Cescutti [1986]) reports local equivalent strain rates between 400
and 3000 s during cold heading. Mechanical properties, such as strength and ductility,
may vary with strain rate. Therefore, it is necessary to determine these properties close to
the deformation rates observed during cold heading [Follansbee, 1989]. It is well known
that at constant temperature, the flow stress increases with increasing strain rate [Dieter.
1984A]. However, many metals exhibit a decrease in the stress tor plastic deformation with

increasing strain (flow softening behavior) at high temperatures [Thirukkonda et al., 1994].

Deformation during cold heading is essentially adiabatic. The flow stress decreases with
increasing temperature and hence promotes instability since the more deformed regions are

softened to a greater extent by the deformation heat [El-Magd et al., 1997]. Hartley et al.
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[1986] have shown and Osakada [1989] has stated that the workpiece temperature may
increase by as much as 400°C during the heading operation. In certain cases, local
temperatures, particularly in the base region of headed components, can exceed the
transformation temperature A, (723°C) when shear bands form. Section 2.7 of this chapter

provides a description of this phenomenon.

. mo. . . - .
The equation G = Ke"€™ is one of many available to describe the flow stress of a material

(see for example Wagoner and Chenot, 1996). Here, K is the strength coefficient, € is the
strain, € is the strain rate, n is the work hardening coefficient, and m is the strain rate

sensitivity.

The effects of strain rate and temperature are taken into account in the experimental testing

of the materials. as well as in the determination of flow stress data.

2.3.2 Pre-draw

A pre-draw operation serves to increase the ductility of the material [Sarruf et al.. 1998]. to
strengthen less-worked portions of a headed product (i.e. the shaft), and to improve the

surface finish of the final product [Davis, 1988].

Material ductility is a strain-history dependent parameter.  Many researchers have
demonstrated that wire drawing following a process anneal operation can increase material
ductility for subsequent operations [Jenner and Dodd., 1981]. In particular. a pre-draw of
35% reduction-of-area through dies with included angles in the range of 12-20° improves

the cold-headability of steel [Jenner and Dodd. 1981}].

All test materials received a pre-draw of approximately 10%. The intent was not to
determine the effect of the pre-draw. but to simulate as accurately as possible the

procedures employed in industrial cold heading.
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2.3.3 Lubrication

Approximately 50% of the deformation energy required for cold heading is dissipated in
friction [Turner et al., 1984]. Friction results from relative motion between metal surfaces
are not smooth and not perfectly lubricated [Dieter, 1984A]. The friction increases the

deformation force, which in turn increases the propensity for fracture [Dieter, [984A].

Friction at the die-workpiece interface may result in non-uniform or localized plastic
deformation and surface bulging (Figure 2.5). Surface bulging generates secondary tensile
stresses that result in longitudinal cracking or plastic instability (flow localization) at the
equatortial surface of the workpiece [Semiatin and Jonas. 1984]. Flow localization may also
manifest itself in regions of intense shear bands and lead to shear cracks [Dieter. 1984A].
Bulge severity is proportional to friction and inversely proportional to specimen aspect

(height/diameter) ratio [Latham et al., |1968A. 1968B; Nguyen, 1984: Sarruf et al.. 1998].

With Friction Without Friction

Figure 2.5  Simple compression of cylindrical specimen.

The punch force, F. multiplied by its velocity, v, yields strain power. Wi . as given by:

Fv = wslruin + Wt'rictiun (2.1)
[f a trictional power term is introduced, then the right-hand side of the equation is increased
since the strain power remains constant. As a result, Fv must also increase. Since v is
constant, this can only be accomplished by increasing the force of the punch. F. which in

turn increases die stresses. Thus, a benefit of proper lubrication is improved die longevity.
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. In the context of this thesis, friction is taken into consideration in finite element method

simulations using experimentally determined friction values.

2.4 Typical Fastener Defects

Two types of surface defects are commonly found on the surface of cold headed products.
The first is the longitudinal defect (Figure 2.6). which originates in the billet casting or wire

rod rolling operation (i.e. seams. laps).

Longitudinal defects are parallel to the axis of the product and can run the full length. This
defect can be revealed with an eddy current tester during rolling. by simple compression
testing, or with an acid pickle test. These defects can also be due to the exhaustion of
material ductility and that the plastic limit of the material has been exceeded

[Levaillant,1986].

. Oblique defects (Figure 2.7) are typically characterized by a 45° shear crack in the upset
portion. The presence of such a defect is indicative of localization due to flow softening.
Flow softening in turn may be caused by such factors as deformation heating. high friction,
and die misalignment. As such, shear cracks are only possible when there is negative work

hardening.

Figure 2.6 Longitudinal defect. Figure 2.7 Oblique (shear) defect.
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Okamoto et al. [1973] developed a classification system for cracks found in cold forging
operations. External longitudinal and shear cracks (Figures 2.6 and 2.7) were classified as
alpha (a)-type cracks. A crack occurring at the boundary between the top and bottom dead
metal (i.e. the axial centerline) was identified as a theta (8)-type. This internal defect is
caused by excessive upsetting. It results in the splitting of fastener heads due the presence
of microscopic cracks. More recent work by Bai and Dodd [1992] has shown that this type

of defect is closely related to adiabatic shear banding.

Although theta-type cracks are of concern to the cold heading industry, the primary focus of

this thesis is the alpha-type crack.

Most researchers have focused their efforts on the effect of gross seam or lap-like defects.
Little work has been performed regarding near-surface defects due to casting
inhomogeneities and microscopic surface imperfections such as pitting (due to weathering)
and die scratches. These are the most prevalent defects. One of the test matrix materials has

been selected to test the sensitivity of upsetting in cold heading to such defects.

2.5 Mechanical Tests

Workability measures material ductility under the particular imposed stress system.
Cockcroft and Latham [1968] proposed a theory that workability is a function of material
and process variables. For a test to be representative of the cold heading process. it is

imperative that all material and process variables be accounted for.

Conventional laboratory tests (i.e. tensile test, simple compression) have two primary
weaknesses with regard to obtaining reliable ductility parameters for cold upsetting. The
first is that the strain rates are not representative of the cold heading process [Turner et al..
1984]. Also, the variations in a heat or a particular coil obliges one to pertorm a large

number of tests to establish statistically significant results.
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2.5.1 Tensile Test

The tensile test is commonly employed to evaluate cold heading materials. and offers
several advantages: well-established stress state, relatively low cost, and ease of use.
Tensile testing is usually conducted at low strain rates (107 to 10™ s™"). [t is capable of
providing mechanical properties such as yield and tensile strengths, as well as ductility
parameters such as elongation and reduction of area. Elongation is dominated by the
uniform elongation, which increases with the strain hardening capacity of the material
[Diecter, 1984B]. Initially, the stress-state during tensile testing is simple uniaxial tersion.
Once necking begins, the stress system changes: a component of hydrostatic tensile stress is
added to the axial stress [Cockcroft and Latham, 1968]. The probubility of fracture is

greater as the neck becomes deeper since the hydrostatic tensile stress increases.

Indeed, Dieter [1961A] stated that the tensile strength value is of use for only very
restrictive conditions of tenstle loading. Bhatnagar [1978] affirmed that the tensile test for
assessing cold heading materials suffers from the disadvantage that. after some strain. the

specimen necks and fails prematurely.

Work by Ollilainen [1995] showed that there are major limitations in the prediction of tflow
stress using the tensile test at very high strain rates, and also when there are very large
strains (¢ > 1). Hostord and Caddell [I983A] stated that bulk formability does not correlate
well with tensile ductility, particularly when fracture initiates at a surface. Osakada [1989]
stated that it is difficult to predict fracture using material property data since it is not

expressed in terms of encrgy.

Olsson et al. [1986] stated that the tensile test is not suitable for the characterization of cold
forging ductility because fracture in tensile testing does not initiate at the surtace as in cold
forging: the stress and strain states at the crack initiation site are different. Turner et al.
[1984] concluded that there is no direct correlation between tensile properties and the upset

ductility of cold heading quality materials.
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2.5.2 Simple Compression Test

The simple compression test involves compressing a cylindrical wire rod workpiece
between parallel dies and circumvents the necking problem associated with tensile testing.
The test is employed to obtain flow stress as a function of strain and to estimate the
headability of cold heading quality materials. However, the frictional effects at the

interface between the dies and the workpiece can lead to barreling (Figure 2.8).

The severity of bulging increases with increasing friction and with decreasing specimen
aspect (height/diameter) ratio. In order to avoid buckling. the aspect ratio should generally
be kept below two [Lee and Kuhn, 1984]. The lower limit is usually in the range 0.75-1.75,

and is based on a height suitable for the application of grid marks.

Strain measurements (Figure 2.8) can be made by measuring the spacing between grid
marks, which are placed on the equatorial surface where cracks are usually observed.
Alternatively. a critical value of Ah/h may be determined through upset testing. The critical
strain measurements can be determined through finite element modeling of the upset test.
Such a procedure could be more accurate than the grid mark method if the finite element
model and its inputs (t.e. flow curve data, friction conditions) are representative of the test

conditions and the material. This is the procedure used in this work.

The following relationships [Lee and Kuhn. 1973] can be used in upset testing:

,
. . H
g, = global axial strain =in| — (2.2)
\HO
. W) D
g, = global hoop strain = In W =In o (2.3)
O ) [}
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Figure 2.8  Strain measurement grids [Dieter, 1984A].

Here. h, and h represent the initial and final gauge heights. respectively. w, and w represent
the initial and final gauge widths, and D, and D represent the initial and final workpiece
diameters. Since the radial surface stresses are zero. the axial (compressive) and hoop
(circumferential tensile) stresses can then be determined from the Levy-Mises stress-strain
relations [Kudo et al.. 1968]. [t has been shown in laboratory compression tests by Kudo et
al. [1968], and through the use of neutron diftraction [Nickoletopoulos et al.. 2000; Rogge
et al., 2000]. that the circumferential strain is uniform around the circumference of the

barreled surtface.

Stress-strain conditions can be tested by varying the aspect ratio and friction conditions for
a given material at a particular strain rate and temperature. The strain paths followed
during testing are solely a function of the process parameters. and the point where the
fracture line crosses the ordinate is representative of material ductility. It has been shown
by Lee and Kuhn [1973, 1984], Shah [1974], and Kuhn [1978] that such a diagram (Figure
2.9) may be constructed by plotting the hoop strain. gy, versus the axial strain. ¢,, and by
joining all the fracture points. Cylindrical compression test data usually fit a straight line
with a slope of one-half for all materials. For frictionless homogeneous compression.
where no bulging occurs, test data are paraliel to the strain path, and therefore no fracture
can occur in ductile steels. Only strain paths that deviate (curve upward) away from the

frictionless compression line will cross the fracture locus and result in fracture. The height
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of the fracture line and the point of contact on the ordinate (g0) change with material and

process conditions.

Shabaik et al. [1993] found that the single slope fracture locus was not always valid. Their
results show that as the aspect ratio changes. a dual slope tracture locus is encountered with

many materials tested at room and elevated temperatures.

Shah and Kuhn [1986], Kuhn [1978], and Shah [1974] also found that lower friction values
and higher aspect ratios decrease bulge curvature and the degree of non-uniformity, thereby
delaying fracture. With increasing friction and decreasing aspect ratio. the strain path

rotates clockwise. thus increasing the negative slope (deg/de,) [Kuhn. 1978].

?
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Figure 2.9  Fracture limit diagram for the grooved-die compression test.

During the start of compressive deformation. the deformation is homogeneous and deg =
de;. The constant volume (dey + de. + de, = 0) relation may therefore be expressed as

?_dsg) + dSl =0.
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From this,

degg

After appreciable deformation. gg — <. and the deformation becomes inhomogeneous. The
result is that the ratio de,/deg approaches zero. Therefore. from the onset of compressive

deformation, the following relation is true {Darvas, 1984]:

de,
dgg

-2< <0 (2.5)
Although the forming limit diagram is a valuable tool for the study of ductile fracture

during upsetting, it is difficult to apply to other geometries.

Shabara et al. [1996] show that existing ductile fracture criteria. such as the Cockcroft and
Latham and Oyane criteria (see section 2.6.3), may be expressed exclusively in terms of the
negative slope (de,/deq) in the case where finite element methods are not accessible. or

when a more explicit mathematical analysis is desired.

One major setback of the simple compression test is the difficulty in producing cracks on
the surface due to the small strains that can be achieved. There have been several efforts to
increase the tensile hoop strain in compression tests through various workpicce and test
designs [Shivpuri et al., 1988A. 1988Bj. One of these is the collared cylinder (Figure 2.10)
design proposed by Sowerby et al. [1984]. The collar eliminated the need for a surtace grid
since the axial and circumferential strains can be obtained by measuring its diameter and
thickness. This design was found to be successful in increasing the hoop strains at the
equatorial surface. However the workpiece geometry is altered. thereby changing the

process conditions [Shivpuri et al., 1988A, 1988B)].
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Shivpuri et al. [1988A, 1988B] proposed another design that employs concentric grooves
(Figure 2.11) at the die-workpiece interface. Differing die relief angles eliminate variability
at this boundary. They concluded that sticking friction results in the development of high
circumferential tensile stresses, thus rendering this test very sensitive to inherent surface
defects. Sticking friction conditions may be a positive aspect of this test since many cold
heading operations are performed under such conditions (closed-die upsetting), particularly

when the aspect ratio exceeds buckling limitations.

(Ll L))
groove >
41— workpiece
< collar
[777777 ;;;;;;;
Figure 2.10  Collar test. Figure 2.11 Grooved-die design.

The test for the initiation of cracking is visual in these methods and therefore subjective
[Woodall and Schey. 1978]. In addition, it is difficult to reproduce the stress-strain
conditions, the strain rates and the temperatures observed in industrial cold heading [Muzak
et al., 1996]. Furthermore, the assumption that the maximum strain is located on the
equatorial surface is not valid. as indicated by finite clement modeling of the heading
operation by Kobayashi et al. [1989] and Verreman et al. [2000]. Hence. a fracture

criterion based solely on surface stress or strain state may not be appropriate tfor upsetting.

Compression testing can be used to compare various cold heading materials {Sowerby et al..
1984] and to generate a ductile fracture criterion for upsetting at a given strain rate and

initial temperature. It may also be employed to acquire flow stress data at low strain rates.
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Non-instrumented compression testing is commonly employed on a production basis to

reveal surface defects on wire rod.

In fact, low strain rate compressive MTS testing and high strain rate cam plastometer

testing was performed on many of the matrix materials used in this work.

2.5.3 Drop Weight Impact Test

The drop weight impact machine enables a falling weight to compress a workpiece. It is
capable of generating strain rates in the range 100-200 5!, rates that cannot be obtained by
servo-hydraulic machines [Follansbee, 1989]. Instrumentation allows the acquisition of
load-history data. Guthrie [1981] employed a drop weight tester to investigate metal flow
under constant load conditions. The test may also be used to determine fracture strains to
compare materials. The design of a proper die-set that does not fracture during testing is a

challenge [Sarruf, 2000: Shivpuri et al., 1988A].

The drop weight impact tower is the equipment of choice for this work. More detailed

descriptions of the machine and test are provided in Section 5.2.

2.6 Ductility and Ductility Criteria

Ductility can be defined as the ability of a material to withstand deformation without
fracture. Two approaches have been proposed to predict the onset of ductile fracture. The
first is the micromechanical or local approach. which accounts for the effect of damage in
constitutive equations. The local approuach involves studying the effect of inclusions.
microvoid nucleation, growth and coalescence. In the second approach. the global
approach, stress and strain fields are calculated at each stage of the deformation process and

are incorporated into a ductile fracture criterion [Alberti et al.. 1994].
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2.6.1 Micromechanical Approach to Ductile Fracture

Inclusions do not behave elasto-plastically as does the matrix material. They can cause
non-uniform deformation and strain concentrations that can result in decohesion of the

inclusion-matrix interface or even fracture of the inclusion [Levaillant, 1986].

Ductile fracture comprises three stages [Dieter, 1984A: Dieter. 1997]. The first stage is
microvoid nucleation (Figure 2.12) at second phase particles. inclusions or existing voids.
Microvoid nucleation is a stress-controlled process. The second stage is microvoid growth.
and is a strain-controlled process. As the microvoids elongate. the matrix material between
them thins. The last stage of ductile fracture is microvoid coalescence. where microvoids
link [Thomason, 1990B]. This stage is a precursor to ductile fracture. [n cold forming. the
fracture strain is affected by the characteristics of the non-metallic inclusions. Their size.
type, orientation, and location will affect the nucleation of voids [Ollilainen, 1995: Shivpuri

et al., 1988A; Kuhn, 1978].

&
&

nucleation growth coalescence

Figure 2.12 Schematic representation of microveid nucleation, growth and
coalescence.

Levaillant [1986] states that many continuum mechanics-based damage models have been
developed. These include the models proposed by Garland and Plateau, Tanaka et al..
Argon, Gurson, Tvergaard and Needleman, and Lemaitre. Levaillant [1986] states that
some of the most cited metallurgically-based (dislocation theory) models include those of

Ashby, Argon et al., and Goods and Brown. These models are valuable in providing an



Chapter 2  Literature Review 22

understanding of damage evolution. However, they are difficult to apply since an enormous
amount of experimentation is required. Micromechanical models are complex and difticult
to apply on a macroscopic level. The application of such models to the cold heading

process requires a great number of assumptions involving microvoid sizes and distributions.

2.6.2 Flow Localization

Flow localization and instability can lead to shear crucks on the equatorial surface of a cold
headed specimen. This may be attributed [Semiatin and Jonas, 1984] to friction, which
leads to non-uniform deformation and bulging of the surface. It may also be attributed to
the depletion of strain-hardening capacity due to deformation heating (flow softening), a

chain of events that leads to higher concentrated strains.

Hill developed a local instability criterion that is applicable [Levaillant, 1986] to a simple

grooved-die compression test (see Figure 2.13).
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Figure 2.13 Grooved-die compression test (2D and 3D view).

For a Hollomon material (¢ = Ke" ), the Hill criterion for stability is as follows:
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n 1+«
Eg l+a+a’

where

n = work hardening coefficient
g9 = circumferential or hoop strain
_ de,

de,

a

(2.7)

When the left hand side of the Hill criterion (equation 2.6) is less than the right hand side,
there is instability. The instability may result in fracture in the form of a 45° shear crack(s)

at the surface [Levaillant, 1986].

During frictionless compression. « is equal to -2 and therefore the right hand side of the

criterion equals — V373 Since the work hardening coefficient is positive in the absence
of deformation heating or of other flow softening mechanisms, the circumferential strain is
always positive and there cannot be instability leading to fracture under these conditions.
This criterion shows that instability cannot occur unless « becomes greater than -1, at
which point the right hand side of the equation becomes positive. Alternatively.

deformation heating can initiate a vicious circle. as already discussed above.

Such a criterion explains why it may be beneficial to employ materials with a high work
hardening coefficient for cold heading, such as dual phase steels. It also provides further

evidence of the importance of the workability diagram and the strain path slope.
2.6.3 Global Approach to Ductile Fracture
As stated earlier, the global approach involves the calculation of stress and strain ficlds at

each stage of the deformation process until fracture occurs. These stress and strain fields

can then be used to develop ductile fracture criteria tor specific deformation processes (i.e.
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sequence of stress states), or they can be introduced into an existing ductile fracture

criterion to predict fracture for a specific process such as cold heading.

The onset of cracking is dependent on the intrinsic ductility of the material and the stress
system to which it is subjected. Musak et al. [1996] state that fracture initiation is obvious
on a load-displacement curve for compression. In this work the load-displacement curves
did not exhibit discontinuities related to fracture initiation. Cockcroft and Latham proposed
a fracture criterion that enables the prediction of tracture under complex conditions
[Cockcroft and Latham. 1968]. They speculated that such a criterion would be analogous to
the prediction of yielding under complex stress conditions using either the von Mises or

Tresca yield criteria.

The Cockcroft and Latham criterion states that fracture will occur when the work done by
the maximum tensile stress attains a critical work energy density value *C” (equation 2.8). a
material property [Jenner and Dodd, 1981: Dieter. 1984A; Cockcroft and Latham. 1968:
Ollilainen, 1995; Shivpuri et al., 1988A; Woodall and Schey, 1978: Levatillant, 1986: Wifi
et al.. 1998; Frater and Petrus. 1990: Gilormini and Montheillet, 1985; Wright et al.. 1987].
In tensile testing, the maximum tensile stress acts on the centerline, where fracture is
initiated [Cockcroft and Latham. 1968]. During upsetting. the maximum tensile stress is at
the equatorial surface in the circumferential direction [Wright et al.. 1987]. where fracture

is initiated. According to this criterion, ductile fracture occurs when:

& [NV N

(I) Gldqu = C (28)

where

C = fracture criterion constant {MPa]

Eqr = equivalent strain to fracture

o) = maximum principal tensile stress [MPa]

£ = equivalent strain = von Mises equivalent strain

= [&,dt

and

écq = equivalent strain rate [s"]

t = time [s]
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This criterion recognizes the coupled roles of tensile stress and plastic strain in promoting
ductile fracture [Cockcroft and Latham, 1968]. When the tensile strain energy per unit
volume reaches a critical value, tracture occurs [Dieter. 1984A]. When only compressive
stresses are operating, e.g., in hydrostatic compression, oy is equal to zero and no fracture

can occur.

Hosford and Caddell [I983A] point out that when the maximum principal tensile stress. oy,
becomes negative, the criterion predicts an accumulation of ‘negative damage’.
Nevertheless, this criterion has been successfully employed in a variety of deformation
processes, including tensile, torsion, bending, and extrusion tests [Cockcroft and Latham,

1968].

Microstructure, the presence of second phases, alloy content. grain size and cleanliness are
metallurgical parameters that have a significant impact on the value *C’ [Frater and Petrus.
1990]. Jenner and Dodd [1981] determined that the Cockcroft and Latham criterion is
accurate enough to predict the onset of surface fracture in cold upsetting and that it is

empirically correct.

In the context of this work. upset testing is performed using a drop weight test machine to
determine the critical AH/H, (reduction limit) of various materials. The Cockcroft and
Latham criterion will be numerically integrated using finite element simulations of the
experimental test to predict the onset of fracture in upsetting for different aspect ratios. For
a particular material, the equation should produce the same fracture criterion constant, C.

for upset testing regardless of the aspect ratio.

Oyane proposed a 2-parameter ductile fracture criterion (equation 2.9) that emphasizes the
role of hydrostatic stress (o) [Jenner and Dodd, 1981; Levaillant, 1986. Olliliainen. 1995:
Oyane et al., 1980; Oyane. 1972, Wifi et al.. 1998: Gilormini and Montheillet, 1985:

Takuda et al., 1997]. According to the Oyane criterion. ductile fracture occurs when:
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L Ao
B = I 1 + o SLq (’) 9)
0 c. =
ey
where
A and B = fracture criterion constants
Om = hydrostatic stress = (oy + o, + 6, ) /3 [MPa]
Oeq = equivalent stress = von Mises equivalent stress =(gy. 6., 6,) [MPa]

This semi-empirical criterion is more difficult to use since there are two material constants
(A and B), which must be determined through experiments on the material in question
[Thomason. 1990C: Levaillant, 1986]. The additive factor (Ac,/c,.,) takes into account the

detrimental effect of tensile stress triaxiality.

The material constants (A and B) are determined using a procedure similar to the one used
to determine the Cockcroft and Latham constant. The reduction limit at fracture for various
materials is determined experimentally, while the equivalent strain to tracture and the
integral term are determined through finite element method simulations of the upset test. A
plot of the equivalent strain to fracture versus the integral term yields a straight line with a
slope equal to —1/A. The material constant. B, is determined from the intersection of the

line and the ordinate.

The Oyane criterion has been used successtully in simple grooved-die upsetting tests with
various workpiece geometries and lubrication conditions [Oyane et al.. 1980]. [t has also
been used successfully as a ductile fracture criterion for finite element method simulation of

sheet torming [Takuda et al.. 1997].

2.7 Shear Banding

During the plastic deformation of metals. work is partly stored as cold work (elastic strain
energy), while the remainder is converted into heat [Rogers, 1983]. At room temperature,
approximately 90-95% of the work is converted into heat {Rogers. 1983: Bai and Dodd.

[992]. If the strain rate is high. as in cold heading, there is not enough time for the heat to
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diffuse away from the deforming zone [Bai and Dodd, 1992: Field et al., 1994]. This
results in local heating and a form of thermal softening known as thermo-mechanical
coupling. When the strength loss due to thermal softening becomes greater than the
increase in strength due to strain hardening, the plastic deformation localizes in the hottest
region [Hartley et al., 1986: Bai and Dodd, 1992: Roessig and Mason. 1999A and 1999B].
This results in heterogeneous plastic deformation and the formation of a shear band that

spans many grains [Semiatin et al., 1983].

Shear bands are uncommon during low strain rate tensile testing because fracture occurs
betore bands can form [Rogers, 1983]. During compressive loading, on the other hand.
void nucleation and fracture are suppressed. thus producing large local strains. and

intensifying the local heating [Rogers, 1983; Bai and Dodd. 1992].

There exist two different types of shear bands: deformed bands and transformed bands.
Deformed bands are zones of intense plastic shear resulting from a rapid decrease in tlow
stress due to thermal softening [Bai and Dodd. 1992: Meyers. 1994]. Transformed bands
are intense zones of shear within which a phase transformation has taken place. Meyers
[1994] stated that other researchers, e.g.. Zener and Hollomon. have shown that for steel.
the temperature rise in a shear bund can readily exceed 1000°C: as a result. ferrite
transforms to austenite. The high temperature shear band then cools very rapidly in contact
with the surrounding material. This results in a transformation from austenite to martensite,
and possibly in the formation of cracks across the band [Rogers. 1983: Bai and Dodd.
1992]. Transformation shear bands in cold heading may lead to component failure during a

sequence of impact events, during subsequent processing, or in service.

Increasing thermal softening rate and decreasing work hardening coefficient promote shear
band formation [Rogers, 1983: Semiatin et al., 1983]. The flow stress of the test material is
another critical factor in the formation of shear bands. The higher the tlow stress. the more
heat is generated [Rogers. 1983]. Materials most resistive to shear band formation have

low strength, high work hardening coefficient, and good resistance to thermal softening
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[Rogers. 1983: Roessig and Mason, 1999A: Bai and Dodd. [992]. Roessig and Mason
[1999A] have shown that certain steels exhibit a decrease in punch energy at higher punch
speeds. This may be an indication that shear localization has occurred. Materials with high

work hardening coefficient, e.g., dual phase steels, are more resistant to shear banding.

Although shear band cracks (8-type) are not directly related to the surface cracks (a-type)
that are the primary focus of this thesis, they are of great importance to the cold heading
industry. Alpha-type cracks can be detected during final surface inspection of components.
On the other hand. 6-type cracks are usually revealed by destructive testing. Theta-type
cracks are more elusive because fasteners are typically quench and tempered. thereby

eliminating the microstructural evidence of prior shear banding.

The test methodology developed for this work can be employed to foster a better

understanding of shear band defects.

2.8 Constitutive Relations

Numerous empirical relations are available to describe the flow stress of a material.
Although many of these approximate the stress-strain curve, this does not imply that the
relations have physical interpretations. In fact, plastic deformation is path dependent and is
therefore not uniquely dependent on the dislocation structure of the material. Nevertheless.

these relations are required in the mathematical modeling of metal forming processes.

The Ludwik-Hollomon equation

¢, =0, +Keg (2.10)

is the most commonly used relation to describe plastic response in metals. In this equation.
K is a constant and the exponent, n, is the work hardening coefficient. The exponent is a
function of the material, the temperature, the strain, and the strain coefficient [Meyers.

1994; Meyers and Chawla, 1999]. For steel. n generally varies between 0.2 and 0.25 at
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room temperature and decreases significantly with increasing temperature. When the work

hardening coefticient is equal to zero, the response describes ideal plastic behavior.

The Ludwik-Hollomon equation is limiting because it predicts a slope of infinity when the
strain is zero (i.e. at the yield point), which is not the case: furthermore. the stress increases
ad infinitum with strain, which is not realistic since stress saturates at high strains [Meyers

and Chawla, 1999].

The Johnson-Cook constitutive equation

m

¢
o, =0, +Ke? )1+ 0mie |l o[ — 211
‘ ! £ T, -T, (.10

(8 m

where
£, = reference strain rate
J = Johnson-Cook constant
T, = reference temperature [K]
T = melting temperature [K]

is a more realistic relation that takes into account strain rate and temperature effects.
Indeed. it is well known that the flow stress increases with increasing strain rate and
decreasing temperature. There are three groups of terms representing work hardening.
strain rate. and temperature effects [Meyers and Chawla, 1999]. The parameters K. J, m

and n are all material constants.

In the Norton-Hoff relation

G, = K\E(ﬁéuq )m (2.12)

the stress is linked Lo the equivalent strain rate through the consistency. k. and the strain rate
sensitivity. m [Forge2. 1998]. The consistency is a tunction of the thermo-mechanical

&

conditions and may take various forms, for example
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k(T.e,) = Kn(suq + eu)" exp%

= strength coefficient

= strain hardening regulation term ~ 0.0001
= work hardening coefficient

= temperature coefficient

30

(2.13)

Here, the strain-hardening power law is coupled with the Arrhenius law for the temperature.

The exponential term is included to take into account the effect of absolute temperature.

Beta (B) is a constant that must be determined experimentally. This empirical relation is

one of the constitutive models available in the finite element method code used in this work

(Forge2).

2.9 Summary

Cold heading encompasses numerous material and process aspects. and their relevance to

the present work has been outlined in this chapter.
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OBJECTIVES

The cold heading industry uses intuition and rule-of-thumb standards based on decades of
trial-and-error. In the hope of ensuring an adequately ductile material for a particular
application, wire rod producers customarily supply material qualities that exceed the
requirements of the application since expensive product recalls and injury may result when
substandard material is provided. This ‘excess’ quality can result in higher raw material

and processing costs. To address these concerns, the present research project was initiated.

The specific objectives of this project were:

» Development of a drop weight test apparatus, a die-set configuration, and a technique
for evaluating material ductility during upsetting in cold heading.

» Development of a scientific foundation for ongoing studies of upsetting tn cold heading
using:

e  constitutive equations
e ductile fracture criteria
e friction values

e finite element methods
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. » Development of a methodology to validate and calibrate fracture criteria for upsetting in
cold heading.

» Determination of the sensitivity of the drop weight test to material and process
parameters.
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SELECTION, CONDITIONING AND
CHARACTERIZATION OF MATERIALS

4.1 Selection of Test Materials

Grade 1038 steel was selected for testing. This material is a medium-carbon cold heading
quality steel. The material matrix was designed to evaluate the impact of varying material
parameters, i.e., surface quality, copper level, nitrogen content, and microstructure, and

steel sources, i.e., ingot versus continuous cast. on fracture behavior.

Table 4.1 lists the chemical composition of the materials selected for testing. Three billet
sources were selected for the matrix. Agominas supplies a high quality ingot cast stee! with
a very low residual element content (~ 0.05 wt.%) employed in more demanding cold
heading applications. QIT Fer & Titane produces a continuous cast steel from pig iron
smelted from ilmenite ore. This steel has low residual element content (~ 0.15 wt.%). The
Ivaco Steel Plant produces a continuous cast steel from scrap steel with varying levels of
residual elements (~ 0.5-1.0 wt.%). The latter steels are used in less demanding cold
heading applications. [n addition, most grades are supplied as aluminum killed (AK),
silicon-aluminum killed (SiAK) and silicon killed (SK). All but one of the materials

selected for the test matrix were silicon killed.



Chapter 4  Selection, Conditioning, and Characterization of Test Materials — 34

Heats numbered | to 3 were used to test the effect of low and high copper (Heat 2 versus
Heat 3) and nitrogen (Heat | versus Heat 2). Fast rod cooling on the Stelmor conveyor is
known to have a negative impact on cold heading materials since it causes the maximum
amount of nitrogen to remain in solution [Taheri et al., 1995A, 1995B]. This increases the
influence of dynamic strain aging. To reduce the solute nitrogen level after hot working, a
slow cooling rate after hot rolling of wire rod could be employed [Taheri et al., 1995A}.
All test materials were fast cooled following hot rolling on a Stelmor conveyor, using the
same cooling rate, to maximize the effect of nitrogen. Heats 4 and 5 were intended to test
the effect of low and high nitrogen on QIT material. Heats 6 and 7 are low residual
element, low nitrogen ingot cast cold heading steels. Heat 6 is an aluminum-killed steel
with a substandard surface quality. Visual inspection and optical microscopy analysis
revealed a corroded and slightly pitted surface. This heat was included in the test matrix to
evaluate the sensitivity of the methodology to the effect of surface nonconformity. Heat 7
was a silicon-killed material with a chemistry similar to that of Heat 5. and provided a

baseline for comparison with the other billet suppliers.

Billet Heat Heat C Mn P S Si Cu
Source No. (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %)
Ivaco l A47870| 0.38 1.04 0.018 0.009 0.24 0.16
Ivaco 2 A49056 | 0.38 0.99 0.007 0.015 0.22 0.15
Ivaco 3 A34595| 0.37 0.96 0.024 0.004 0.24 0.35
QIT 4 T50391 0.41 0.78 0.007 0.002 0.23 0.05
QIT 5 T45893 | 041 0.80 0.007 0.009 0.22 0.04
Acominas 6 Z41909 | 0.36 0.72 0.016 0.006 0.20 0.00
Acominas 7 226787 | 0.39 0.79 0.016 0.009 0.25 0.00
Billet Heat Ni Cr Mo Sn Al N Sum of
Source No. | (wt. %) | (wt. %) | (wt. %6) | (wt. %) | (wt. %) | (wt. %) | Residuals
Ivaco | 0.06 0.25 0.026 0.009 0.005 | 0.0107 0.51
Ivaco 2 0.07 0.26 0.020 0011 0.004 { 0.0060 0.51
Ivaco 3 0.09 0.33 0.033 0.016 0.007 | 0.0078 0.82
QIT 4 0.07 0.04 0.006 0.004 0.006 | 0.0101 0.17
QIT 5 0.07 0.04 0.006 0.004 0.004 | 0.0044 0.16
Acominas 6 0.02 0.03 0.010 0.003 0.044 | 0.0035 0.06
Acominas 7 0.01 0.03 0.000 0.003 0.002 | 0.0040 0.04

Table 4.1 Chemical analyses of test matrix materials.
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Three rod specimens from each heat were re-analyzed to ensure that the chemical

composition was comparable to that of the heat certificate.

In summary, the test matrix materials were selected to enable fracture strain comparisons to
be made between high and low nitrogen heats, high and low copper levels. and three billet
suppliers; they were also intended to ascertain the sensitivity of the test methodology to

billet quality and chemistry.

4.2 Conditioning and Characterization of Materials

The test specimen preparation procedure is shown in Figure 4.1.

Roll to 5.5 mm; Stelmor cool p=—P»| Heat Treat: spheroidize anncal

v v

acid descale rod specimens (hydrochloric acid)

v

straighten rod specimens through straightener roll unit

v

machine rod specimen ends (~5 cm) to fit through wire die

v

lime coat: (T=130°C; Conc. = 3% vol. : 3 - 30 sec. dips: vertical exit; air (flash) cool

v

lubricate rod spectmens: weight 10 engine oil

v

draw from 5.5 mm to 5.21 mm using draw bench unit; store at — 6°C

v

cut to desired aspect ratio using micro-lathe: store at — 6°C

Figured4.1  Flowchart of specimen preparation.
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4.2.1 Descaling

Rod specimens, 18-23 c¢m in length, were cut from wire rod coils. and then pickled to
remove the oxide scale developed during wire rod cooling. Pickling was performed by

immersion in a hot (90°C) acid solution (50% HCI / 50%H-0) for 5 to 7 minutes.

4.2.2 Straightening

Specimens cut from wire rod coils retained a radius of curvature of a little over | m.
Compression specimens need to be as straight as possible for compression testing to
simulate an axisymmetric forming operation, and 