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ABSTRACT

Quantification of material properties through physical experiments is of signiﬁcant
importance. Test data from such experiments aid in the understanding of the material
behaviour when exposed to a variety of loading conditions. Such data also help in the
formulation of empirical and constitutive relations that can be applied in numerical

simulations.

This project dealt with the determination of the variation of the yield stress of mild steel
with temperature and strain rate. This was achieved by carrying out high temperature
tensile tests at different strain rates on mild steel specimens. These experiments also
helped set a methodology for carrying out high temperature tensile tests using a
servohydraulic universal tester. Results from the tests indicated that increases in
temperature tended to decrease the yield stress, whereas increases in strain rate had the
oppo.site effect. This was found to be consistent with data found in literature. It was also
noted that the temperature effect was more dominant than the strain rate effect over

quasi-static strain rates.

The test results were also compared with existing material models, and it was noted that
while there were regions where the predictions of the material models coincided with the
experimental data, the predictions did not hold over the entire range of temperatures
investigated. Therefore, an alternative empirical model for the variation of the yield stress

of mild steel with temperature was proposed based on the tensile test results:

o, =1-2.67x107(T - 25) 25°C <T <100°C
c,, =0.8-4x10"(T -100) 100°C <T <450°C
o,, =0.66—1.7x107(T - 450) 450°C < T <600°C

Where o, is the normalised yield stress of mild steel as a function of temperature (T')
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1. INTRODUCTION

Material properties determine the behaviour of a material under various circumstances.
Therefore, determining these properties is of paramount importance when it comes to
evaluating the usefulness of the material in terms of a design viewpoint. Moreover, for
numerical modelling of structures, a suitable material model is necessary to model the
behaviour of the structure under various loading conditions. As such, the material model
needs to accurately simulate how the material will behave when exposed to different
scenarios. These material models are assembled after extensive tests have been carried
out on the material itself. Therefore, experiments to determine material properties are an
essential and integral part of formulating suitable material models that can be used for

numerical simulations.

1.1. Purposes of the Study

This project intended to investigate the effects of temperature and strain rate on the
yield stress of mild steel. To achieve this, tensile tests were carried out at various
temperatures and strain rates. Moreover, the tests have been used to set up a

methodology for high temperature tensile testing.

Furthermore, the tested specimens were analysed on a micro-structural level to see the
effect that the test temperatures and strain rates had on the deformation of the grains of

the material.

Finally, it was desired to develop an empirical model describing the yielding behaviour

of mild steel at elevated temperatures.
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1.2. Limitations

Mild steel is the only material tested in this project, primarily as the material has wide
spread use, is readily available and relatively cheaper than other materials. Secondly, as
the core of the experiments are tensile tests, the strain rates employed were limited to
the quasi-static region, that is 10™s™ ~ 10°”'s™!. As such, these tests will not be able to

determine the properties at very high strain rates.

1.3. Plan of Development

The report is set out with a review of relevant subject matter; thereafter the
implemented testing procedure is described. The test results are then presented and

analysed. Based on these, conclusions are drawn and recommendations made.
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2. LITERATURE REVIEW

Material properties determine the behaviour of a material when exposed to different
circumstances. Given this straightforward fact, determination of material properties takes
on paramount importance. The implications of such studies have far and wide uses, with
the results being applied in various aspects of design engineering. Applications involving
the determination of material properties can be found in the design of turbine blades and
turbine casings, design of vehicle chassis, as well as the structural integrity and safety
parameter calculations for buildings. Various techniques have been devised and
employed over the years to determine material properties. Table 2.1 outlines testing

techniques based on the applied strain rate.

Table 2.1 — Classification of Testing Techniques based on Strain Rate

Test Type Strain Rate Range Testing Apparatus
)
Creep 10° ~ 10 Constant Load Machines
Quasi-static Strain 16% ~ 107 Electromechanical or Servohydraulic
Rates Machines
Intermediate Strain 107 ~ 107 Special Servohydraulic Machines
Rates
High Strain Rates 10° ~10° Split-Hopkinson Pressure Bar
Very High Strain > 10° Blast Loading
Rates

The tests presented in this project fall into the quasi-static strain range. Some of these

testing techniques are discussed next.
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2.1. Experimental Techniques

Tensile testing is one of the oldest and basic methods of establishing material
properties. Commercial tensile testing equipment has been available since the late
1800s. Tinius Olsen was a pioneer on this front, being granted a patent in 1880 on his
180kN testing machine that was operated via a hand crank. He was also the first to
develop an autographic machine capable of producing a stress-strain diagram in 1891
[1]. Tensile testing still forms the basis of material property determination, being the
preferred choice to determine the yield stress. Additionally, results from tensile tests
can be applied to predict the behaviour of a material in loading cases other than uniaxial

tension [2].

Tensile tests are mostly performed on electromechanical or servohydraulic machines.
Electromechanical or screw driven machines apply the load via drive screws and drive
nuts that move a crosshead. The crosshead is fixed to a grip, which holds one end of the
specimen, and the other specimen end is held by a grip fixed to the base. The rate at
which the drive screws can be turned is variable, thus allowing tensile tests to be
performed at different speeds [3]. Servohydraulic testers, on the other hand, apply the
load to the specimen via hydraulic pressure through an actuator. An advantage of these
systems is their greater flexibility over electromechanical testers. Greater speeds and
forces are possible, and there is also more control over how the load is applied. This
enables such machines to carry out other tests such as fatigue and fracture mechanics
tests. Another benefit is the fast response time of servohydraulic systems, which allows
the system to adapt in real time to changes in material properties such as specimen
yielding [4]. Environmental chambers have also been used in conjunction with tensile
testers to induce various conditions such as high or low temperatures as the test is
carried out. Thus the effect on the material properties of the environmental conditions
used can be studied. Tensile specimens themselves may vary according to the specific
requirements of the test and no single standard tensile piece is specified due to the

variety of forms and dimensions [5].
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The premise behind tensile tests is the straining of a specimen, usually until failure, and
simultaneously recording the applied load and corresponding elongation of the
specimen. This data along with the specimen dimensions can then be used to obtain
stress — strain curves from which the yield and ultimate tensile stresses can be

determined. Equations 2.1.1 — 2.1.2 outline this process:

o,= (Equation 2.1.1)

F
T4,

Where o, is the engineering stress, F is the applied load and 4, is the original cross-

sectional area of the gauge section of the specimen.

(Equation 2.1.2)

L-1, AL
) LO LO

Where ¢, is the engineering strain, L, is the length of the gauge section at any point in
time after the load has been applied and L, is the original gauge length of the

specimen.

The true stress can be derived by assuming the gauge section of the specimen to have a

constant volume and a homogeneous distribution of strain.

|4

const

=A,Ly=AL, (Equation 2.1.3)

Where V.

const

is the volume of the gauge section, assumed to be constant, and 4, is the

cross sectional area of the gauge section at any point in time after the load has been

applied. Therefore, the true stress, o, , can be expressed as:
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FL L +L
o, _F_ =_E_(._LJ=_E_(AL °J (Equation 2.1.4a)
4 AL, A, \L,) A4, L,
o, =0o,le, +1 (Equation 2.1.4b)
t e e

It should be noted that due to the assumptions in its derivation, equation 2.1.4b is only
valid until the onset of necking [6].

The true strain, £, , can be derived by considering the incremental change in length 4/
divided by the original length / of the specimen to be the incremental true strain de,

and integrating as shown in equations 2.1.5a —2.1.5b:

:' de, = j:dTl =g = ln(%J = ln(L" -I:ALJ (Equation 2.1.5a)
~g =In(l+¢,) (Equation 2.1.5b)

Once necking begins, the stress state in the specimen is no longer that of uniaxial
tension. The extension of the specimen in the axial direction of the applied load causes
the material to contract laterally setting up a triaxial stress state. The Bridgman
correction factor as reported by Scheider et al [7] is an analytical solution that relates
the true stress to the measured load once necking has begun in circular cross-section

specimens. Equation 2.1.6 gives the form of the correction factor.

Fidgman = [(1 +R2p )(ln(l + %D] (Equation 2.1.6)
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Where F

Bridgman 1S the Bridgman correction factor, R is the radius of the circular cross-

section specimen and p is the radius of the neck.

Axial Tension Necked region of a circular
ﬂ cross-section tensile specimen

X Radius of the necked region

Contraction in the lateral direction
. giving rise to lateral stresses

R
-
Figure 2.1.1 — Necked Region of a Round Tensile Specimen

Figure 2.1.1 depicts the necked section of a round tensile specimen. To be able to apply
the Bridgman correction factor, the reduction of diameter and the neck radius need to
be measured continuously as the tensile test is carried out. Scheider et al [7] have also
extended the concept of the Bridgman correction to apply to rectangular cross-section
specimens. This was achieved with the aid of optical techniques applied to physical

tests of specimens and finite element analyses.

It should be noted that determining the true stress becomes even more difficult after
continuous necking due to internal fracture by the development and coalescence of
micro voids in the specimen. At this point the load is not supported by the entire cross-
section; therefore the stress determined through any physical measurement after severe

necking has occurred is not a true indication of the actual stress.

J

i
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Tensile tests have usually been limited to quasi-static strain rates due to the limitations
on the testing speeds possible by the tensile testers. Therefore, other methods needed to
be devised to study the effect of higher strain rates on the properties of a material.

In 1949, Kolsky [8] published his method for determining the stress — strain relation of
materials when stresses are applied for durations of the order of 20us. His apparatus
consisted of a modified Hopkinson pressure bar and was used to test rubbers, plastics
and metals (copper and lead). Figure 2.1.2 depicts the split — Hopkinson apparatus
invented by Kolsky.

v lindrical Paralle! Plate

Inertia ghdms"er €§§ zmsekru

7wmh Microphone Microphone
25 a, .

Feed Unit || l{_e‘gdth]

b l |

’ Amplifier | Amplifier 2

' — | - ’
Ray

b

Figure 2.1.2 — Modified Hopkinson bar apparatus used by Kolsky [8]

Generally, split — Hopkinson bar testing involves placing a test specimen between an
input and output bar and propagating a stress wave through the input bar.
Measurements of the stress wave propagation in the bars and one dimensional wave
theory are then used to deduce the stress and strain time histories through the specimen.

Thus the stress —strain response of the material can be determined at a high strain rate.
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Motc details on the usc of the split — Hopkinson pressure bar can be found in reference

[9].

Experiments to delermine lemperature e(Tects on malenal properties have also been
carried oul. Kralfi el at | 10] studied the ellect of loading and lemperature on the vield
stress of iron and mild sieel. Compressive static and dynamic tests were carricd oul at
temperatures ranging from  195°C to 1007C. The static tests were carried out in a
special apparatus. depicted in figure 2.1.3. whereby the specimen was compressed in a
chamber where different liquids were circulated to give different temperatures: liguid
nitrogen was used to obtain o temperature of —1%5°C, aleoho] and solid carbon dioxide
gave —73°C and boiling waler for 100°C. Intermediate temperatures were obtained by
conling the specimen 1o a lower temperature., applying loads lesser than the vield. and
allowing the temperature to rise slowly and recording the temperature al yield. Loading
was carried out hvdraulically and the movement of the platens in the apparatus scrved

4% an approximate measurement of the strain of the specimens.

nild dtes]
mbher diaphragr
colciom chlorde

balt bushing

ottt e
chammbir

specimen

platen (steel)

Figure 2 1.3 — Static Compression Test Apparatus with an Environmental Chamber [10]
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Dynamic lesis were carried out on a Hopkinson bar setup as shown in figure 2.1 4. The

temperalure coniro] utilised was simular to that nsed in the static tests.

input SH-4 SR-4
londing loading stram gupporting strain throw-oft
gun  rod  aonvil gauge  specimen anvil gauge Tod
ot T oA 7 e By 7 77
T i s ¥ 14 bR Mrimension: i inches)

Figure 2.1.4 - Dynamic Compression Test Apparatus [10]

Testing micthods involving the coupling of temperature and strain rate effects have also
been investigated by Tennon and Ramesh | [1]. Thewr experimental techmique enables
high lemperalure experiments to be carricd out at high strain rates on a split-Ilopkinson
pressure bar. ‘The apparatus used, depicted in figure 2. 1.5, consists of an air cooled
infrarced spot heater that is used to heat the speciimen before the mmputl and cutpul bars
arc brought into contact with the specimen. Temperaturg measurement 15 carried oul via
a K — type thermocouple and the heating system is able to achieve the desired

temperature in less than 60s with a maximum lemperature of 800°C. The strain rate

range of the apparatus is 10° ~ §x107s™,

10
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Figure 2.1.5 — 3chematic of the High Temperature Split-Hopkinson Pressure Bar [11)

The design 15 based on the concept of heating the specimen prior to bringing the bars in
contact with the specimen. Thus problems such as developing temperature pradicnts in
the hars, which would affcet the stress wave velocities, can be avoided making rcadings
morc accurate. This method also prevents the cyclic heating of the bars during repeated
tesls and ensures that the material propertics of the bars are not aliered duoe o

temperature.

A similar method has been devised by Macdougall [12] for use on the tensile split-
Hopkinson bar. 1t also makes use of infrared heaters and is capable of heating the

specimen up to 800°C in 10s.

11
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2.2. Results of Experimental Work on Steel

As described in the preceding section, experimental works investigating the effects of
termperature and strain rate on material properties have been carried out, In certain cascs
only the temperature effect or the strain rate effect has been studied and in others the
iwo have been studied together. This scetion reviews some of the experimental data
generated through such investigations with a focus on steel. However, prior 1o
presenting these expenimenial results. a boief background of steel in terms of & material

science viewpuint is necessary.
2.2.1. Material Science Background of Steel

Reasons for the variation of the matenial properties under different environmental
and loading conditions may be attributed to their materal composition and
microstruciure. The properties of steel depend very much on the carbon content

present. Figure 2.2.1.1 mves the Iron— Carbon equilibrium phase diagram.
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Figure 2.2.1.1— [ron — Carbion Equilibrium Phase Diagram

The arcas bounded by lines represent the equilibrium phases and the lines
demarcate where the phase changes will occur. L refers to the liquid state; v refers
lo the austenite phasc and « relers o the ferrile phase. The crystal siructure of
austenite 1s face centred cubic (FCC) while thal of fernite 1s body centred cubic
(BCC). Martensite is another phase of steel: however it is not an cquilibrium phasc
and thus does not appear in figure 2.2.1_1. Martensite has a body centred tetragonal

(BT crvstal structure, The microstructure of steel is stable below 723°C as a

muixture of lerrite and iron carbide (Fe,C).
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Body Centred Cubic Lattice Face Centred Cubic Latlice
(BCC) (FCC)

Figure 2.2.1.2 — BCC and FCC Crystal Lattices {13]

Steels are generally considered to have =2.11% by weight of carbon present.
Beyond this point the material is considered a cast iron. lTable 2.2.1.1 presents a

general classification of plain carbon stecls according to their carbon content.

Table 2.2.1.1 Classification of Plain Carbon Stecls

| Steel Type Carbon Content (wt %)
| Ulira Tow Carbon $Steel 0.03 {Max} |
[ Tow Carbon Steel 0.04 ~0.15 |
| Mild Steel C0.15-0.30 |
Medium Carbon Steel (.30 ~ 060
High Carbon Steels (el - 211

Itabashi and Kawata | 14| investipated the effccet of carbon content on the material

properties of dilferent carbon steels with carbon contents ranging (rom 0,14 — (.54

wt %%, Tensile tests were carried out at four different strain rates (1x 10757,
% University of Cape Town — Department of Mechanical Engineering
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1107 57", 1= 107 s * and 1107 57"). The quasi-static lests were carfied out with
a conventional screw driven machine and the high strain rate lests were carried out
by a special sling shot type high velocity loading machine. The lests were used to
determine the upper and lower vield stresscs, tensile strength, failure strains as well
as energy absorbed per unit volume. I'rom the results they obtained, they noticed

the following:

- The lower vield stress and tensile strengths increased with increasing sirain rates.

- The lower vield stress and tensile strengths increased with increasing carbon
content,

- Duetlity of the steels reduced with mercasing carban content.

- The presence of Manganese (Mn) in the chemical composition alse affected the
lower vield stress and tensile strenpths, espeeially when coupled with higher
concentrations of Carbon. The lower vield stress was found to pencrally increase
with a rise in Manganese content over the quasi-static and high strain rates. The
tensile sirength was found ta increase at quasi-static strain rates but at higher
strain rates, the effect was reversed and increasing the Manganese content caused

a slight decrease in the tensile strength.

‘The work presented by Itabashi and Kawata [14] supports what is accepted as {act
in malterial science conceming stecls. ‘This is because the carbon atoms present as a
aolid zalution in the crvstal lattice of iron provide obstacles to dislocation
movements during deformations, Therefore as the carbon content increases, maore
ahstacles are provided to dislocation movements, hence strengthening the steel. The
presence of these interstitial carbon aloms also gives rise to vielding phenomena
such as dvnamic strain ageing. This cceurs when interstitial carbon atoms ditiuse
lowards dislocatlons that are temporarily pinned, thus increasing the stress required
to move these dislocations, This manifests itsell macroscopically as a serrated stress
— strain curve. Tt also gives rise to strain hardening, lowers the ductility of the

material and negative strain rate sensitivaly is displaved. Zeghib and Klepackzo [15]
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report that this phenomenon vceurs for mild steel approximately between 77°C and

3270

Generally all phenomena that affeet the microstructure of the material, such as cold
working ur heal treating, contribute to the overall properties that the material will
display. The following section presents the macroscopic observalions of

cxperiments earried out on various types ol steel.
2.2.2. Experimental Results

Various experiments have been performed on steel over the vears to plean their
matcrial propertics. Manjoine [16] carried out extensive work on determining the
effect of strain rate and temperature on the yield stress of mild steel, Ile tested a
cormnercial low-carbon open-hearth steel at temperatures ranging from room
temperature to 600°C, The sirain rales emploved in carrying oul the tensile lests

ranged (rom 10%57 10 10757, Figures 2.2.2.1  2.2.2.4 show the results of his tests.

16
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Figure 2.2.2.1 — Variation of Yigld Stress for Mild Steel with Strain Rate at 25°C [16]

At room temperature, the vield stresses increased as the applicd strain rate
increased. However, at the higher strains, the effect of dynamic strain ageing was
noticed, This is exhibiled in the regions where the recorded siresses decreased wath
an incrcasc in strain rate as seen in the curves depicting the stresses at 8% and 12%

sirains over the region of lowuer strain rates.

17
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Figure 2.2.2.2 —Variation of Yield Stress for Mild Steel with Strain Rate at 200°C [16]

At 200°C, the yield point increased with an increase in the applicd strain rate.
Ilowever, at this temperature, the effect of dyvnamic strain ageing was sipmficant
and noticed lor all straing above the ¥ield. The ultimate tensile stress and stresses
recorded at 8% and 12% sirains showed considerable regions of negative strain rate

SEnsitivity,
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Figure 2.2.2.3 — Vanation of Yield Siress for Mild Steel with Strain Rate at 400°C [16]

The ellect ol dynamic strain ageing was less pronounced at 400°C than at 200°C.
The stresses recorded at strains below 4% increased with strain rate over the entire
range. Al the higher strains (8%, 12% and ultimate) and lower strain rates, the
matcrial is kept at temperature over a longer period of time. This allows the elfects
ol dynamic strain ageing to be overconxe by over-ageing which weakens the
material. Thus the stresses increase with strain rale up to approximately 1s™. Al this
poini, the tests oceur over a shorter time duration minimising the possibility of

over-ageing, thus negative strain rale senaitivity is once again exhibited,

................................ e
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Figure 2.2.2.4 — Variation of Yield Stress for Mild Steal with Strain Rate at 800°C [16]

AL 600°C, the strain rate cffect is dominant, The stresses recorded at all the strains

increase with applicd strain rate over the entire range of strain rates investigated.

Similar trends have heen ohserved by Steichen 117] on AIST 304 Siainless Steel. He
carricd out tensile tests ranging from 3Ix 10757 to [x 10757 at temperatures
between 316°C (600°F) and 871°C {1600°F). The vield stress of AISI 304 Stainless
Steel was found to increase with strain rate over all the temperatures investigaled as
shown in figure 2.2.2.5. The ultimate stress was prone to dynamic strain ageing at
the lower strain rates for temperatures ranging from 316%C (600°F) 1o 3387C

(1000°1), This 1s depicted in lgure 2.2.2.6.

20
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Dravies and Magee [ 18] invesiigaled the eftfect of sirain rate on a number of
engineering materials, mostly compnised of sieels, o aid in evaluating and
improving the crashworthiness of vehicle chassis. Tensile tests were carried out
over strain rates from Fx 10757 to 1x10%s™ . They reported the vield stress to be
more sensitively dependent on the strain rate than the flow stresses at higher strains.
{renerally for the steels, they noted the yield stresses and ultimate tensile strengths
increased with strain rate, [Towever, the sirain rale was [ound 1o have hitle eileet on
the tensile elongations of the materials, Figure 2.2.2.7 depicts the siran rate effect
on the uliimate lensile strengths of hot rolled steels with carbon contents varying
from 0.1 wi¥ to 0.82 wi%. For the hot rolled steels, the wtimate tensile strength

inereased with an increase in both carbon content and applied strain rate.
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Figure 2.2.2.7 — Strain Rate Effect on the Ultimate Tensile Strengths of Het Ralled
Steals [18]
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Figure 2.2.2 8 — Strain Rate Effect on the Properties of YST 50 and YST 80 [18]

Figure 2.2.2. 8, also exiracied from reference |18, shows the effect of the applied

slrain rate on two high strength low alloy steels {YS1 50 and Y51 80). 'The vield

and ultimate tensile strengths for both materials increase as sirain rate increases. A

similar trend is noticed in figure 2.2.2.9 where the vield strengths of two lypes of

stainless steel (ATSI 302 and ALSL 3140) are shown to increase with applied strain

rate. The ultimate tensile strength of the ATST 302 Stainless Steel remains invariant

wilh the applied strain rate though that of the AIS[ 310 Stainless Steel increases

with strain rate.
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Figure 2.2.2.9 — Strain Rate Effect on the Properties of AlS| 302 and AlIS| 310 [18]

Such test data has also proved insightful in huclear plant design. Albertini and
Montagnani [19] carricd outl high lemperature tesis on three different austenitic
stainless steels {AISI 3041, AIST 3161 and AISI 321} with strain rates between
3x10757 and 5x10°s7", The work was donc 10 aid in the siudy of loading
conditions experienced in the event of explosive accidents in fast breeder
containment structures. Tensile lests were carned oul at 26°C, 4007, 350°C,
T30°C and 95306°C. Figures 2.2.2.10 —2.2.2.12 show the strain rate effect on the
ultimate tensile stress of the three materials al different temperatyres. The dala
points used to plot Hgures 2.2.2. 10— 2.2.2.12 were extracted from the cngincering
stress — strain curves prescuted in refercnce | 19). The effect of the straim rate on the
vield points was not considered as the yield points were not clearly dizscernible from

these cngincering stress — strain curves.

| 24
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Figure 2.2.2.12 = Strain Rate Effect on the Ultimate Tensile Stress of AIS| 321

For all three materials, at room temperature the flow stresses were found to ncrease
with increasing sirain rate. At 550°C and 750°C for AISI 3161 and 400°C for AISI
321, regions of negative strain rate sensitivity were exhibited, wherc the ultimate
tensife stresses decreased with increasing strain rate. From hgures 2.2.2.10 —
2.2.2.12, 115 evident that the test temperature has a larger impact on the gltimate
tensile stresses than the applied strain rates for the three materials, It should be
noted that austenitic steels generally have good properties at elevated temperatures,
thus they are able to maintain their strength when exposed to high temperaturcs

over longer durations.

Masul er al | 20] presented an empirical relationship for the variation of the yield
stress of steel based on the results of high temperature tensile tesrs camried out on a

3 ton Instron Tester. Equations 2.2.2.1a — 2.2 2. 1¢ present their tcmperature model.
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—=1 T £200°C (Equation 2.2.2.1a)
Oy

(o2

—~ =1-0.00178(T - 200) 200°C < T <700°C (Equation 2.2.2.1b)
Oy

o .
—2=0.133- 0.000388(T - 700) 700°C < T £1000°C (Equation 2.2.2.1¢)
Gy

Where o, is the yield stress at the given temperature whereas o, refers to the

uniaxial yield stress at room temperature.

Masui et al [20] also reported the Young’s Modulus ( E ) for steel as a function of

temperature:

E=(210x10° - 58.34x10°T)Pa (Equation 2.2.2.2a)
For T < 600°C

E=(3.1x10°(T -1100)" +97x10° )Pa (Equation 2.2.2.2.b)

For 600°C <T <1100°C

Figure 2.2.2.13 depicts a plot of the temperature model for steel proposed by Masui
et al [20].
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Figure 2.2.2.13 — Temperature Model for Steel by Masui et al [20]

More recent work investigating the temperature and strain rate effects on steel have
been carried out by Gilat and Wu [21]. Their work investigated the effects of
dynamic strain ageing on 1020 steel and they endeavoured to formulate a
constitutive equation that would adequately model this behaviour. They carried out
torsion tests on thin walled tubes of hot-rolled 1020 steel at temperatures of 25°C,
200°C, 400°C and 600°C, and strain rates of 5x10™*s7!, 25!, and 1000s™. Figures
2.2.2.14 — 2.2.2.20 extracted from reference [21] depict the results they obtained.
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Figure 2.2.2.14 — Variation of shear stress with temperature (strain rate: 5 x 10™*s™) [21]
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Figure 2.2.2.15 - Variation of shear stress with temperature (strain rate: 2s™) [21]
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Figure 2.2.2.16 — Variation of shear stress with temperature (strain rate: 1000s™) [21]
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Figure 2.2.2.17 - Variation of shear stress with strain rate (temperature: 25°C) [21]

30
| University of Cape Town — Department of Mechanical Engineering




Determination of Material Properties of Mild Steel at Different Temperatures and Strain Rates
~ Literature Review -

SHEAR STRESS [MPa]
g

u ' 1 i Y r ' " » ¢
166 1B4 1E3 182 151 16+0 1Ee1 1E32 16+3 1E+4
STRAIN RATE [s')

Figure 2.2.2.18 — Variation of shear stress with strain rate (temperature: 200°C) [21]
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Figure 2.2.2.19 — Variation of shear stress with strain rate (temperature: 400°C) [21]
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Figure 2.2.2.20 — Variation of shear stress with strain rate (temperature: 600°C) [21]

Note the curves presented with dashed lines in figures 2.2.2.14 — 2.2.2.20 are the
results of predictions made with constitutive relations and theory presented in
reference [21]. Figures 2.2.2.17 — 2.2.2.20 show the strain rate effect on 1020 steel
and regions of negative strain rate sensitivity are observed at temperatures of 25°C,
200°C and 400°C. However, at 600°C the shear stress was found to increase with

applied strain rate over the entire range of strain rates.

Figures 2.2.2.14 — 2.2.2.16 are summarised in figure 2.2.2.21 to show the regions of

dynamic strain ageing where the shear stress increases with increasing temperature.
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Figure 2.2.2.21 — Temperature Effect on the Shear Stress of 1020 Steel

For tests carried out at 3x 107" s~

. as shown in figure 2.2.2.21, the stress increases
from 25°C to 200°C. At a strain rate of 25™", dynamic strain ageing occurs at higher
temperatures (between 200°C ind 400°C). Conversely, at a strain rate of 1000s™ the
effects of dynamic sirain ageing are small, with the shear stress decrcasing with
ncreasing lemperature over the range of temperatures investigated by Gilat and Wu

[21].

These results show that temperature and strain rate significantly affect the material
response. Morcover, these results demonstrate that there exist different
combinations of temperature and sirain rate where the effects of dynamic strain
ageing arc significant, thus proving plastic deformation to be a complex process.
Gilal and Wu 121 noted the difficulty involved in modelling such plastic
deformation over a wide range of temperatures and stramn rates through constitutive
relations. They also noted thal matenal charactenstics were better represented when

dara from a wide range of loading conditions was avaitable. However, as the range
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of loading conditions increased, so too did the difficulty in developing constitutive
relations that could model the results of these loading conditions. The next section

presents a brief overview of some of the constitutive relations used in numerical

modelling.

2.3. Constitutive Models

Based on the need to come up with computationally effective ways of simulating
structural behaviour of various components without the need of expensive experimental
tests has prompted the development of constitutive material models. These constitutive
models can then be applied to finite element codes to simulate the behaviour of
components when subjected to different loading conditions at different temperatures.

Some of the more prominent and wide spread models are discussed here.
2.3.1. Cowper - Symonds Constitutive Equation

The Cowper — Symonds constitutive equation [22] accounts for the effect of strain

rate on material properties.
g°—=1+(i)" (Equation 2.3.1.1)

Where: o, is the dynamic flow stress at a uniaxial plastic strain rate &
o, is the associated static flow stress

D and g are constants for a particular material

Values for the constants for different materials [23] are presented in table 2.3.1.1.
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Table 2.3.1.1 — Material Constants for the Cowper — Symonds Equation

Material D (")
Mild Steel 40.4
Aluminium Alloy 6500
Aluminium 6061-T6 | 1288000
o-Titanium (Ti 50A) | 120
Stainless Steel 304 100 |10

O & &~ ] L

Alternative material constants for mild steel have been proposed in literature with
Abramowicz and Jones [24] defining D = 802s™ and q = 3.585 and Marais et al [25]
defining D = 844s™ and q = 2.207. Figure 2.3.1.1 extracted from reference [26]
shows the Cowper — Symonds equation plotted against a compilation of mild steel
test results carried out over a span of 30 years. The constants used to plot the curve
were D =40.4s" and q =5.

4 -
% Comper-Symoais wpsen o
Oy ) .  Whiffin (1948)
3 =
Smith; Pardue and Y
Fetiitihbrs . Taylor and
Vigness (1956) ' Quinney (1938)
2} Marsh and Campbetl (1963) o
(1956) @ Brown and Vincest Iron (1941)
. B Clark and Duwez (1930)
‘ __-‘c“ 5 e . - L Y - ; ‘ ' -l
10-4 10-2 1 10? 104

i (s7Y)

Figure 2.3.1.1 — Cowper — Symonds equation plotted with experimental results [26]

The Cowper — Symonds equation does not account for the effect of temperature
changes which occur at high strain rates due to adiabatic heating. However, this

equation has been used in conjunction with the temperature model for steel
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proposed by Masui et al [20] to form an effective constitutive model that accounts
for both temperature and strain rate effects on the material properties [27-28]. The
model was used in numerical simulations to successfully predict the deformation
and tearing of quadrangular stiffened plates of mild steel subjected to blast loading.

The form of this model is given in equation 2.3.1.2:

1
o(é,T)=0,|1+ (%)" 7(7) (Equation 2.3.1.2)
f(T)=1 T <200°C
F(T)=[1-0.00178(T - 200)] 200°C < T < 700°C

f(T)=[0.133-0.000388(T = 700)]  700°C < T <1000°C

Where a(.é, T ) is the flow stress as a function of strain rate and temperature and

f (T ) is the temperature model proposed by Masui et al [20].

2.3.2. Bodner — Partom Model

Bodner and Partom [29] formulated a set of constitutive equations to represent
elastic-viscoplastic strain-hardening material behaviour for large deformations and
arbitrary loading histories. An important feature of their formulation is that the total
deformation rate is considered to be separable into elastic and inelastic components
which are functions of state variables at all stages of loading and unloading.
Therefore, the formulation is independent of any yield criteria or loading and
unloading conditions. The deformation rate components are determinable from the
current state which allows an incremental formulation of problems. Strain
hardening is considered in the equations by introducing plastic work as the
representative state variable. It should be noted that the formulation assumes
isotropy and iéothermal conditions even though strain hardening induces

anisotropy.
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The general formulation is based upon separation of the total deformation rate d,

into elastic (reversible) and plastic (irreversible) components at all stages of

deformation:
d;,=d; +d; (Equation 2.3.2.1)

Where d;; is the symmetric part of the velocity gradient:

1 .
dy=> (v, +v,) (Equation 2.3.2.2)
The elastic deformation rate, d, can be related to the stress rate through a strain

energy function. Liang and Khan [30] reported this relationship as a generalised

form of Hooke’s Law:

i £,
[ N R (Equation 2.3.2.3)
G 2G(y +2G)

Where: t',.j is the stress rate tensor

o, is the Kronecker delta

y is an elastic Lamé constant

G is the elastic shear modulus

The plastic deformation rate, d;/, is assumed to be related to the stress though the

flow rule of classical plasticity. The flow rule is expressed as:

d; = 45 =40, (Equation 2.3.2.4)
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Where: d ; is the plastic deformation rate deviator (the bar symbol indicates the

deviator)

o is the stress deviator

A is a proportional factor
Squaring equation 2.3.2.4 gives:

_D;

A==
Jy

(Equation 2.3.2.5)

Where: D/ is the second invariant of the plastic deformation rate deviator

J, is the second invariant of the stress deviator

1

D7 = 545 d’ (Equation 2.3.2.6)
1 .
J, = Eg i O i (Equation 2.3.2.7)

Viscoplastic theory considers D} as a function of J,, that is:

D = £f(J,) (Equation 2.3.2.8)

Bodner and Partom [29] suggest that equation 2.3.2.8 can be expressed as:

2\ |
D =D} expl:— (ﬂ)[%_) } (Equation 2.3.2.9)
n 2
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Where: D¢ is a material constant influencing the strain rate sensitivity; Liang and
Khan [30] report D, as the limiting or maximum strain rate

n is a material constant governing the strain rate sensitivity

Z is aloading history dependent internal variable

The internal variable, Z, in equation 2.3.2.9 is assumed to be a function of the

plastic work (W, ) and is expressed as:

0

-mW
Z=Z,+(Z, —Zl)exp( Z p] (Equation 2.3.2.10)

Where Z, and Z, are initial and saturation values of Z, and m is another material

constant.

Bodner and Partom [29] stated that the preferred functional form for equation
2.3.2.8 for a particular material would be essentially empirically based and any

monotonically increasing function of D} with J, was allowable.
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2.3.3. Johnson - Cook Constitutive Model

Johnson and Cook [31] developed and presented in 1983, a constitutive model for
the flow stress, 6, of a material. The model was primarily intended for
computational purposes. It was developed from a series of experiments ranging
from torsion tests over a wide range of strain rates to dynamic Hopkinson bar
tensile tests over a range of temperatures. Static tensile test data also contributed to

the development of the model. The final equation took the form:
o=[4+Be i+ Ccmé [1-1] (Equation 2.3.3.1)

Where: o is the von Mises flow stress;

¢ is the equivalent plastic strain;

&' =— = dimensionless plastic strain rate for §, =1.0s';
&

T—TROOM

T" is the homologous temperature and is given by T"* =
I, MELT — T, ROOM

The material constants are represented by 4, B,n,C and m where:

A is the yield stress;

B and n represent the effects of strain hardening;
C is the strain rate constant and;

m is the thermal softening fraction.

Equation 2.3.3.1 is set up such that the first set of brackets gives the stress as a
function of strain while the second and third sets of brackets represent the effects of
strain rate and temperature respectively. It should be noted that to use the model
effectively for any given material, the material constants need to be determined

experimentally or obtained from literature. Some of the material constants are
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presented in table 2.3.3.1. The constants were extracted from reference [31] with

the exception of mild steel where the constants were assembled from references

[32-33].

Table 2.3.3.1 — Material Constants for the Johnson — Cook Constitutive Model

Material Constitutive Constants
A (MPa) | B(MPa) n C m
OFHC Copper 90 292 031 | 0.025 | 1.09
Cartridge Brass 112 505 042 | 0.009 | 1.68
Nickel 200 163 648 033 | 0.006 | 1.44
Armco Iron 175 380 032 | 0.060 | 0.55
Carpenter Electrical Iron 290 339 040 | 0.055 | 055
1006 Steel 350 275 036 | 0.022 | 1.00
2024-T351 Aluminium 265 426 034 | 0.015 | 1.00
7039 Aluminium 337 343 0.41 | 0.010 | 1.00
4340 Steel 792 510 026 | 0.014 | 1.03
S-7 Tool Steel 1539 477 0.18 | 0.012 | 1.00
Tungsten Alloy (0.07Ni, 0.03Fe) 1506 177 0.12 | 0.016 | 1.00
DU - 0.75Ti 1079 1120 0.25 | 0.007 | 1.00
Mild Steel 250 275 036 | 0.079 | 0.55

Liang and Khan [30] noted that one of the characteristics of the Johnson — Cook

equation is that for two different strain rates (where &, > &,), when the strain

increases, the magnitude of the change in flow stress always increases

(Ao, > Ao,)). This is depicted in figure 2.3.3.1:
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Figure 2.3.3.1 — Hardening Characteristic of the Johnson — Cook Equation

Thus it is appropriate for modelling the hardening behaviour of metals such as
OFHC (oxygen free high conductivity) copper and nickel where the general trend is
an increase in the change in flow stress (Ao ) with increasing strain rates. However,
it is inappropriate for modelling metals such as tantalum whereby the hardening

decreases (Ao, < Ao,) with an increase in strain rate.

2.3.4. Zerilli - Armstrong Constitutive Models

Zerilli and Armstrong [34] noted that the crystal structure of a material (i.e. body
centred cubic — BCC or face centred cubic — FCC) determined the type of
constitutive behaviour the material would experience based on the dislocation
characteristics for that particular structure. Thus, they proposed two constitutive
models, one for BCC materials and the other for FCC materials.

The BCC material constitutive equation is given by:

o=c, +B,e” +Ke" (Equation 2.3.4.1)
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The FCC material constitutive equation is given by:

o=c,+B,c"%e” (Equation 2.3.4.2)

Where B=8, - B,Iné and ¢, =0, + k™"

For these constitutive relations,

o is the equivalent von Mises stress
€ is the equivalent strain

£ is the strain rate

T is the absolute temperature

[ is the average grain diameter

o ; is the athermal stress attributed to the initial dislocation density and the effect of

solutes in the microstructure

The parameters B, B, §,,5,,K,k,n and o are considered to be constant for a

given material.

The Zerilli — Armstrong model for BCC metals presumes that the work hardening

rate is independent of the temperature and strain rate [30]. However, this is not the
case for most metals as the work hardening rate does depend to some extent on the
temperature and strain rate. Thus the Zerilli — Armstrong model for BCC materials
is not appropriate for modelling the work hardening behaviour of materials such as

mild steel which have strong temperature and strain rate dependencies.
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2.4. Concluding Remarks

The background information presented in this chapter highlights several important
aspects of material behaviour when subjected to different loading conditions. Results
are presented on various experiments that have been carried out and empirical and
constitutive models developed are discussed. The complexities in developing such
constitutive material models are also highlighted. Furthermore, the importance of the
knowledge of relationships between the microstructure and chemical composition and
material behaviour is acknowledged. Simplified empirical models vastly aid in
numerical modelling of tests where physical experiments are not feasible. And with the
need of quantifying the material response of mild steel at elevated temperatures and

differing strain rates, it is necessary to carry out physical experiments.

The following chapters describe the processes used to measure the material response of
mild steel at elevated temperatures and different strain rates in the quasi-static range.
This is done with the aim of developing an empirical relationship of the yield stress of

mild steel with temperature.
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3. PROCEDURE AND DEVELOPMENT

The ohjective of this project was 1o deternine the variation of the materlal properties of
mild steel, with specilic regard 1o its vicld stress, when exposed to diflering temperatures
and strain rates, To achieve that end, high temperature tensile tests were camied out at
different strain rates using the ESH 100N Universal Tester pictured m figure 3.1. The

tester 18 located in the Centre for Matemals Engineering at UCT,

The ESH 100kN Universal Tester is a
- servohydraulic machine and has an
attached furnace capanie of
temperatures up to 1080°C. “ne mach:ne
is operaled via the controi setup

| consisting of the compuler, analogue
cantrolier and Eurotherm 2408 controlier.

.....

Analogue
Controller

Figure 3.1 — ESH 100kN Universal Tester
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Dag bone specimens of mild steel were used and tested at temperatures ranging from
room tempierature to a maximum of 600°C, The specimens had a gauge length of 60mm

and Nigure 3.2 depicts a specumen and its dimensions.
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Figure 3.2 — Doy Bone Specimen Dimensions

The specific chemical composition of the specimens is presented in table 3.1, This shows
that the specimens are a low carhbon content mild steel. The analysis report for the

chemical composition of the specimens is presented in Appendix A3,
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Table 3.1 — Chemical Composition of Mild Steel Tensile Specimens

Chemical | Carbon (C) | Manganese (Mnj  Silicon (81} | Phosphorous (P} | Sulphur (S}

%Gm/m | 0.06~007] 014-~015 | <003 0.005 ~ 0.006 0.002

| Note: The balance of the composition s made up of Iron (Fe)]

Specific details pertaining to the adaptation of the ESH 100kN Universal Tester to carry
out high temperature lensile tests may be found in Appendix Al It should be noted that
Appendix Al is writlen as an informal mannal to use the ESII machme to carry out high
tempergture tensile tests. This is done to present a methodology lor carrying out such
tests, Furthermore, no specific manuals were present lor the machine with respect to high
temperature tengile testing: therefore Appendix Al serves as a detailed source of
miormation on the particulars of how the high wmperatare tensile tests were carried out,

A brief overview of the experimental procedure 15 presented next,

3.1. Experimental Procedure

Due o the versatility of the tests possible with the ESH 100kN Tester, 1t had to be
specifically adapted to carry oul the high temperature tensile tests required for this
project. This involved the use of special prips designed expressly for use within the
fumace as well as programming the ESH machine to carry out tensile tests at specified
rates based on the velocity of the hydraulic actuator. Details pertaining o the grips uscd

and the programming of the ESH machine can be found in Appendix Al,

Four different programs were usced to carry out tensile tests at different sirain rates
based on repulating the velocity of the hydraulic actuator. The velocities selected were
0.025mms . 0.2mms !, lims ' and 10mms™ as they provided a sufficient range of

sirain rates within the quasi-static region. However, tests attempted at 10mms™ were
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inconclusive as the test data was oot being captured accurately at that velocity,
Thercfore an upper limit of the hydraulic actuator velocilies, where the test data could
be captured with reasonable repeatability and accuracy, needed o be determined. This

velocity was found to be 6mms | and was then used in place of the 10mms ' tests.

Tests wore carricd our at six different temperatures {room temperature. 100°C, 200°C,

3007C. 4507C and &)°C) at the following slrain rates:

- 417x10 %5 ' corresponding 1o a hydraulic actuator velocity of 0.025mms '
- 3.33x10 s ! corresponding to a hydraulic actualor velocity of 0. 2mms™
- L&TX10 "5 T corresponding to a hydraulic actuator velocity of Imms™

- 1x107's7 corresponding to a hydraulic acluator velocity of Groms
3.1.1. Executing the Tensile Tests
Firstly, the appropriate program was selected to carry ot the tensile test depending

on what the required strain rate was. The specimen was then mounted onto the high

temperature grips with a K-Type thermocouple attached to its midpoint.
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Bk R L —

| preteasoaed. & K-tyoe
| thermocouple is allache: y
. oits midpoint. The olher
¥ e ot the ther metoupie

Meaunied tensile speamen
ignad with 1he axis of
the grips and

is connected ta the
Furmihanm contrellas
which enabiss the
1emperature of the
spacimean ta be montaraed
during 1he test.

Figure 3.1.1.1 — Mounted Tensile Specimen with attached Thermocouple

After the specimen had heen ahgned vertically with the axis of the grips and pre-

tensioned shightly, the furnace was enclosed over it. Then the fumace was insulated

to prevent any heat damage to the load cell and cooling water was supplied to

couling coils attached to the high temperature grips,
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Furnace closed over the
spacimean.

Top end of fumace insulated
with Fibre Fax material,
(Fibre Fax is a mabariai

normally used in kiins for
insulation purposes)

Inlet far the K-typa
Thermocou e

Figure 3.1.1.2 — Specimen Enclosed in the Furnace

Thereafter, the fiunace temperature was set and heated up while the temperature of
the specimen was monitored via the K-type thermocouple and the Eurotherm® 2408
controller. Figure 3.1.1.3 depicts the fumace temperature set at 300°C. The
specimen temperature, as measured by the K-type thermocouple, is at 156°C and

rising to the set temperature of 300°C.

Once the specimen reached the required temperature, that is the measured
temperature via the K-type thermocouple coineided with the set fumace
temperature. the test was carried oul. Room lemperature 108t were carriced out ina

similar manner. cxeept without using the furnace.
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Tempersture in “C measured
/ by the K-type themmocouple

Temperature in °C o
J =" yihich the fumace i3 set.

Control krobs for the heating 2omes in
the fumace. For the purposes of the
high femperatura tanaile tests, all zones
ware set to heat up at a maximum rafe

Figure 3.1.1.3 — Furnace Temperature Control (Eurotherm®™ 2408 Controller)

The farce measured by the load cell and the stroke of the hvdraulic actuator, which
correspontds 1o the extension of the specimen, was logged in a result file for cach
test, This file was then imnported into a spreadshect program [or the test results (o be
processed. This is discussed in more detail in chapter 4. Additional information
about the results {ile and explicit details pertaining 1o the testing procedure may be
found in Appendix Al. The following section indicates the tensile tests dane for

this project.
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3.2, Tests Carried Out

A total of 71 effective tests were carried oul and table 3,2.1 indicates the distribution of

the test specimens, The specimen names consist of random letter-number combinations

and no specific nomenelature was applied. In every inslance a specimen name is used in
this report, the test conditions (i.c. the temperature and strain rate al which the specimen
was tested) are also supplied for clarity. The results of these tests are presented in

chapter 4, and the individual test results are provided in Appendix A2,
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Table 3.2.1 — Specimens and Test Conditions

Specimen Namocs

{18 Specimens)

Temperators: (°C)

Strain Rate (/4)

Al A2 81 Eoom 417 =107
NAIL, NAZ, NA3 e e |
BINEW, B2, 52 200 4.17x107*

el e 300 L I |
D1, 54, Ti 430 417x107
U1, U2, U3 A 417x10™
(19 Specimens)
F1, F2, MN1 Room 3.33%10°
NE1, NB2, NB3 100 3.33x107°
G1, GINEW, G2, MNZ 200 3.33x107°
H1, H2, MN3 300 3.33x107°
V1, V2, V3 450 3.33x107°
W1, W2, W3 600 3.33x107°

(18 Specimens}
Ki, K2, XZ1 Roon 1.67x107°
NC1, NC2, NC3 100 1.67 107
L1, LINEW, L2, FN2 200 La7x107?
M1, M2, FN3 300 LT
X1.%2,.253 450 1.a7x107
Y1,Y2, Y3 A0 1.67%107

(15 Specimens)

SA2, SA6 Room 1x10™
SB2, XE2, FD3 100 1x10™
SC1, 8C2, SC3 200 5 o

SD2, XB2 300 Lo
SE1, XCl1, XC2 450 1% 10™

SF3, XD2 600 1x10
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3.3. Analysis of the Microstructure

Froan the tensile specimens lested, 24 were selected as samples for examination under
an optical microscope. This was done so as to ohserve the deformation where the
specimen failed on a microscopic scale. Fach sclected specimen had been tested at a
unique temperature and strain rate combination. An additional sample was selected
froen an unlested specimen, giving o todal ol 235 samples. Table 3.3.1 indicates the

selecled specimens.

lable 3.3.1  Microstructure Analysis Samples

Specimens Test Temperatures and Strain Rate

UﬂtEStﬂﬂ N N/A

Al NAT, BINEW, Cl, Dl and U2 | 25°C 1o 600°C respectivel v 4.'IT><1D'J'.';'T_

I'l, NB3, G1, H2, ¥2 and W2 25°C to 600°C respectively, 3.33x10 “y !

 K2,NC3,12,MI1,X2and Y1 | 25°C 10 600°C respectively; 1.67x10 25~

SA2, 812, 8CI. XB2, SC1 and SF3 | 25°C to 600°C respectively; 1x10 15 !

For each ol the tested specimens. one end was selected and cul as indicated in figure
3.3.1, The vntested specimen was [irst cut in hall then peces were ¢ut {rom the gauge

section ina similar manner to that of the tested specimens.
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Selected Pieces =

Figure 3.3.1 — Selected Pieces for Microstructure Analysis

The selected pieces were then cold mounted in a polymer resin. Figure 3.3 .2 depicts 4
sketch of the op view of the orientation of the cut pieces as they were mounted per
sample. This enabled the study of the microstructure rom two different planes, one
through the middle of the gauge length and the other along the flat portion of the cauge

length.

Cut piaca lying along its rmiddis —

Cut pieca Lying flat

Folymer Hesin ———-

Figure 3.3.2 — Orientation of Mounted Pieces in a Typical Sample

The samples were then ground using 500, 800 and 1200 grit paper. Thercafier, they
were polished to 3um and then Tum using a slurry of diamond paste on polishing pads.
Omee this was accomplished, the specimens were etched in g 3% nital solution (nitric

acid dissolved in ethanol) for approximately 25 seconds. The specimens were then
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viewed under an optical microscope and photographs were taken at 500 times
magnification. Four photographs were taken for each sample [rom the tested specimens,
with the regions of interest depicted in figure 3.3.3, Only two photographs were
required from the untested specimen, one from the pece lying along its nuddle and the

other from the piece lying (latl.

The green circles indicate the regions where the
micragraphs were taken.

Fractured
End/ Tip

(LEFT]

Back End
[RIGHT)

Figure 3.3.3 — General Micrograph Regions

The micrographs arc provided in Appendix A4, Obscrvations from the nucrographs arc

presented in chapter 4.
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4. EXPERIMENTAL RESULTS

This scction outlines the results obtained from the tensile tests carried out. For each test
cairied out, a tesult file was creared that logged the load measured by the load cell of the
ESIT machine and the corresponding stroke of the hvdraulic actuator. The cxtension of
the specimen was taken Lo be this measared stroke value, These result files were then
intported inte a spreadsheel program, in this case Microsoldt Excel®, and the graphs of the
engineering siress verses the engineering strain were plotted hased on the recorded load

and stroke values. Equations 4.1 and 4.2 were osed 1o achieve this:

7. =- {Equauon 4.1)

Where o, =cngincering stress; F = measured load; A4, = initial cross-sectional area of

the gauge length of the specimen.

£ =—— {Equation 4.2)

Where £, =engineering strain; L, = length of the gange section at any point in time alter

the load has been applied; £, =vriginal gauge length of the specimen.

The 0.2% offset yield was then obtained from the engincering stress vs. engineering
strain graphs. A least squates it was used Lo generate a line {rom the linear elastic porlion
of the engineering stress — strain curve. Thereafter, this line was offset parallel to the
elastic region by a strain of 0,002 and nterpolation was used o determine where it

crossed the original stress — strain curve to obtain the vield point,

57
University of Cape Town — Department of Mechanical Engineering



Determination of Material Properties of Miid Steel at Different Temperatures and Strain Rates

— Experimental Results -

An example i shown in figure 4.1, which depicts the results of 4 test carried out at room

temperature and a strain rate of 4.17 %107 s, The detailed results of each individual test

may be found in Appendix A2.
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Al - Stress vs. Strain Graph

\

Engineering strass - stran curve

Thie lisht arer line is offset from the linear elastic portion of
the snginesring stre<s - strain curve by a strain of 0.002.
The [1L.2% offset yield point is determined by whare the ling
crosses the ariginal curve,
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The 0.2% offset method of determining the vield point was applied consistently for all

Figure 4.1 — Obtaining the Yield Point

the test results. This was especially necessary for tests at elevated lemperatures where the

change [rom the elastic 1o plastic region was not easily discemible through a specific

point. This is depicted in figure 4.2, where the engineering stress — stram curve of a test

carried out at a temperature of 450°C and a strain rate of 3.33 %1075 7 is shown, The

test results are presented in the section following figure 4.2.
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4.1. Tables of Resuits

Tables 4.1.1 — 4.1.4 present a summary of the results of the tests carried out at the four

different strain rates. The yield stress, ultimate tensile stress and strain at failure are

reported. The ultimate tensile stress refers to the maximum stress recorded on the

engineering stress — strain curve.

Table 4.1.1 — Test Results at a Strain Rate of 4.17x10™s™!

Specimen | Temperature | Yield Stress Ultimate Tensile Strain at
(°C) (MPa) Stress (MPa) Failure (%)

Al 25 247.89 328.08 38.33
A2 25 243.47 327.24 40.67
S1 25 261.16 336.09 36.33
NAl 100 208.90 319.42 23.00
NA2 100 204.16 306.32 20.83
NA3 100 190.93 305.29 24.17
BINEW 200 206.61 388.58 18.50
B2 200 207.86 395.41 19.17
S2 200 208.73 401.69 17.83
Cl1 300 190.81 361.51 27.00
C2 300 190.30 362.69 28.50
S3 300 183.10 334.41 25.67
D1 450 164.82 229.32 32.67
S4 450 159.29 216.96 29.67
Tl 450 163.10 217.78 30.50
Ul 600 93.90 103.90 32.00
U2 600 76.80 94.28 35.33
U3 600 90.06 99.65 34.33
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Table 4.1.2 — Test Results at a Strain Rate of 3.33x107%s™

Specimen | Temperature | Yield Stress Ultimate Tensile Strain at
(°C) (MPa) Stress (MPa) Failure (%)

F1 25 266.92 335.23 35.50
F2 25 275.62 348.32 36.17
MN1 25 260.12 323.63 36.33
NB1 100 199.23 282.72 29.00
NB2 100 214.19 299.13 30.67
NB3 100 213.74 292.97 28.50
Gl 200 213.90 375.49 18.17
GINEW 200 200.99 388.51 17.83
G2 200 213.19 385.35 19.33
MN2 200 213.81 391.59 16.67
H1 300 188.33 370.01 25.33
H2 300 186.08 371.32 25.17
MN3 300 195.19 371.58 24.17
V1 450 172.59 246.05 32.83
V2 450 170.96 249.97 33.50
V3 450 168.97 246.42 32.33
w1 600 102.62 123.09 33.00
w2 600 101.38 123.59 34.67
w3 600 96.35 121.75 33.17

University of Cape Town — Department of Mechanical Engineering

61



Determination of Material Properties of Mild Steel at Different Temperatures and Strain Rates

- Experimental Results ~

Table 4.1.3 — Test Results at a Strain Rate of 1.67 x1072s™"

Specimen | Temperature | Yield Stress Ultimate Tensile Strain at
(°C) (MPa) Stress (MPa) Failure (%)
K1 25 272.99 338.91 33.67
K2 25 276.71 343.29 35.50
X71 25 279.11 319.54 34.67
NC1 100 216.20 292.84 29.17
NC2 100 208.04 293.53 32.50
NC3 100 209.69 284.59 30.50
L1 200 210.72 348.65 16.83
LINEW 200 205.46 361.14 18.67
L2 200 210.94 348.09 16.33
FN2 200 201.74 322.84 14.00
M1 300 186.97 379.23 22.50
M2 300 189.90 384.91 25.83
FN3 300 194.39 383.07 22.33
X1 450 17436 272.75 31.33
X2 450 173.55 278.17 31.67
X3 450 174.16 270.53 33.00
Y1 600 112.15 136.89 35.83
Y2 600 115.87 142.94 36.67
Y3 600 114.00 140.72 36.17
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Table 4.1.4 — Test Results at a Strain Rate of 1x107's™!

Specimen | Temperature Yield Stress Ultimate Tensile Strain at
(°0) (MPa) Stress (MPa) Failure (%)
SA2 25 282.26 315.27 38.83
SA6 25 283.62 324.47 38.50
SB2 100 248.64 306.69 32.83
XE2 100 227.63 300.71 32.17
FD3 100 221.63 299.68 33.33
SC1 200 216.66 314.45 21.33
SC2 200 211.32 317.62 17.33
SC3 200 206.00 333.54 21.50
SD2 300 191.83 371.32 19.67
XB2 300 202.97 367.80 22.83
SE1 450 195.07 307.17 33.00
XC1 450 192.11 296.77 32.67
XC2 450 188.62 310.94 33.17
SF3 600 144.85 175.00 39.67
XD2 600 141.04 161.91 39.33
63
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4.2. Graphs of Results

Figures 4.2.1 — 4.2.4 depict the distribution of the yield stresses with respect to

temperature at the four different strain rates.

Figure 4.2.5, whic;h is a combined plot of figures 4.2.1 — 4.2.4 on the same set of axes,
displays the overall effect of temperature on the yield stress of mild steel over the range
of strain rates utilised.

The effect of strain rate on the yield stress is shown in figure 4.2.6.

Figure 4.2.7 displays the strains recorded at failure for each test and the temperatures at

which they occurred.
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4.3, General Observations from the Test Resulls

Bricf observations from the test results are presented next. Further analysis of the

results 1s carried out m chapter 5.

- The measured vicld points all deercased with liereasing temperature. The amount
by which the vicld points decrcased was found to be lowest between lemperatures
of 100°C and 450¢C.

- Increasmy the strain ratc gencrally caused an increase in the recorded yield stress;
however the effect was not as substantial as that of temperature over the range of
strain rates eniployed. Furthermore, the strain rate effect on the yield pomt was
observed to be neghgible at 200°C and 300°C.

- The strain rate had no noticeable effect on the clonganons cxperienced by the

specimens and the lowest failure strains generally occurred at 200°C. A possible

reason for this observarion s the onsct of dynamic strain ageing al this ermperature.

[rom the test results of mild steel at 200°C by Mamoine [16], it is cvident that
dynamic strain ageing is significant at this temperature. Therelore. the loss of
ductility as a result of dynamic strain ageing can be attributed to the low strains at
failurc expericnced at this temperature, Once the temperatures increased beyond

200°C. the fatlure strains increased In magnitude.
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4.4. Observations from Micrographs

All the micrographs are presented in Appendix A4, Micrographs laken from the mid tip

regions displayed the highest magnitudes of deformation on the granular level,

Fractured
End/Tip
Fegions

Figure 4.4.1 —'Mid Tig’ and ‘Mid Flat' Regions on the Microstructure Samples

The strain rate did not appear to impact vpon the amount of deformation
experienced, however the temperatore was observed to do se significantly.
Moreover, the trend in the failure strains was reflected in the trend observed for
the granular deformation. That is, the grain elongativn in the direction of the applicd
stress appeared to decrease from room temperature to 200°C. Therealier, the amount of

deformation increased with temperature. This is highlighted in figures 4.4.2 — 4.4.5.

Figure 4.4.2 is g micrograph of an antested specimen along the mid region showing the

undeformed grains.
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Figure 4.4.2 — Micrograph of an Untested Specimen along the Mid Region

Figures 4.4.3 —4.4.5 are micrographs taken al the mid tip regiony of specunens which
were (ested at the same strain rate (4,17x10 5 '), The amount of aranular
teformation at failure 15 less in the specimen tested at 200°C (figure 4.4.4) than it 15 n
the one tested at room temperature (figure 4.4.3), This is consistent with the
observations made with the failure strains where the elongalion of the specimens at
failure decreased rom room temperature 1o 200°C, regardless of the strain rates
employed (figure 4.2.7). Forthermaore, the grains appeared (o beeome less angular in

form as the temperaiure increascd.
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Figure 4.4.3 — Micrograph of Specimar A1 (Tested at 25°C and 4.17 x 107s™")

Specime: B INEW - ML - TIF
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Figure 4.4.4 — Micrograph ol Spacimer BINEW (Tested at 200°C and 417 x 10%s ")
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Fractured End

Figure 4.4.5 — Micrograph of Specimen D1 (Tested at 450°C and 4.17 x 10™7s™)

At temperatures beyond 200°C, the amount of deformation increases significantly. For
teniperatures of 450°C and 600°C the magnitude ol granular deformation was such that

the grains appeared as clongated bands mn the direction of the applicd stress (figure
4.4.5).
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5. ANALYSIS OF EXPERIMENTAL RESULTS

Chapter 4 presented the results from the wensile tests carried out, This chapter attempts 1o
draw meaningful information out of these results through further examination. Moreover,
comparisons are made with published results and predicied resulis through the use of

constilutive cquations.

The results are summuarised as 4 3 — dimensional plot of the vicld stress of mild steel as a
function of temperature and strain rate in figure 5.1, The average values of the yicld
stresses at cach strain rate and temperature combination were used as data points and

plotted using MATLAB®.

Every point on the surface presented in figure 3.1 elicetivel y describes the vicld stress of
mild sieel for a unique combination of temperature and strain rate within the following

TANZCS,

- Temperature:  23°C =T 2600°C
O

- Strain Rate: 4 17 =1
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Between temperatures of 100°C and 430°C., the surface in figure 5.1 appears almaost level
indicating that the strain rate effect 15 minimal in this temperature range. However, the
strain rate effects are more pronounced at room teraperature and at 600°C where the yield

stresses increase more significantly with applied strain rate than at the other temperatures.

From figure 5.1, it 15 also evident that the temperature effect is more dominant that the
strain rate effect on the yield stress over quasi-static strain rates. Significant drops in the
yield stress occur between room temperature and 100°C as well as between 450°C and
600°C. The amount by which the yield stress decreases with increasing temperature is
observed to be lowest between 100°C and 450°C, regardless of the applied strain rate.

The following section looks sl compuarisoms of the test results with the published results
of Manjoine [16].
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A comparison of the test results with those reported by Manjoine [16] 15 presented 1n

this section and is used as a verification of the observations presented thus far. The rest

results were converted to the same scale used by Manjoine [16] and superimposad over

his results, Figures 5.1.1 — 5.1.4 depict these comparisons.
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Figure 5.1.1 — Comparison of Test Results at Room Temperature
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Figure 5.1.3 — Comparison of Test Results at 400°C and 450°C

Note that in figure 3.1.3, the results indicated with the red data points were of tests
carried our d4t a temperature of 450°C whereas the tests by Munjoine [ 16] were carried

aut at 4O00°C,

E University of Cape Town — Department of Mechanical Engineering



Determination of Material Properties of Mild Steel at Different Tamperatures and Strain Rates
— Analygis of Experimental Resulis —

i}

BC : | A— L

L

H ; 7 . / ; = 600°C
: i : o 1

Stress in 10001b/in?

2 mamC

- ] L e
: i = 7 | : !| |
[ : ’ i !
14— = 1 - i
L 28 1rre Il (el | 1.Ce00 " E+C1  1.E-07  Fer=

I Strain Rate {37

ke s a5

Figure 3.1.4 — Comparisan of Test Results at 600°C

From figures 5.1.1 — 5.1.4, there is a good correlation with the results reported by
Manjoine [16]. At all temperatures, the trends in the variation of the yield point stresses
are similar in both cases. The minor variations in the values can be attmibuted to the
different types of mild steel tested. It should be noted that the yield stresses reperted by
Manjoine | 16] at 400°C are similar in value to those he reported at room temperature.
This was not the case with the results obtained in this project. However, despite the
large difference in values observed in the comparison at 400°C and 450°C temperatures

(figure 5.1.3), the trends of the yield point stresses increasing with strain rate are alike.

The next section compares the results obtained in this project with predictions made
with the temperature term of the Johnson — Cook constitutive equation [31] and with
the lemperature maodel for steel proposed by Masui et al [20].
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5.2. Comparison of Resulis with Material Models

The temperature term of the Johnson — Cook equation [31] is given by cquation 5.2.1.

{Eguation 5.2.1)

Where ¢, 1% the normahised flow stress, i the thermal softening fraction, T is the
temperature {in Kelvin) at which the flow stress needs to be determined. 7, and

Ty arc the room temperature and melting temperature of the material respectively.

The variation of the normalised yield stress of steel with temperature as proposed by

Masui et al [20] for steel is given by equations 5.2.2a - 5.2.2c.

.

— =1 T < 200°C (Equation 5.2,2a)
UI:I

o ; i

— =1- 0001781 — 200) 20 2 T L7007 {(Equation 5.2.2b)
JIZI

. y

—L =033 - 0.000388(F - 700]  FOUPC < T <1000°C {Equation 5.2.2¢)
Ul.’:

To enable a comparison with these material models, the test results at each strain rate
were normalised using the average yield stress at ambient temperature for that
particular strain rate. Figure 5.2.] presents the comparison. Three different values of m
were used for the Johnson — Cook model in an attempt to encompass all the test data

poinis. The values selected were 0.35, 0.70 and .85 respectively.
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Figure 5.2.1 — Comparison of Test Results with Material Madels

From figure 5.2.1, the prediction given by the temperature term of the Johnson — Cook
cguation |31] marches closely with a mapority of the test data points when the thermal
softening fraction, #1 . has value in the nelghbourhood of 0.7, Iowever at temperatures
clase to 600°C, the prediction bepins to deviate from the test results, The temperature
maodal proposed by Masui et al [20] shows a poor correlation with the test results for
temperatures ranging from room temperature to 300°C. A closer match with the test
results s achieved between 430°C 1o 600°C., The comparison makes it apparent thar
neither the prediction of the temperature eflect given by the Johnson — Cook equation
[31] nor the model proposed by Masui ¢t al |20] adequately models the yield stress of
mild steel over the entire range of temperatures. Therelote an alternative 1o these
maodels is destred that suiliciently matches the test results over the 23%C ta 600°C

temperature range. Fhe next section deals with this matter.
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5.3. Formuiation of an Empirical Temperature Model

The flow stress ( & ) of a material can be considered 1o be a function of strain ( £),

strain rate ( £ ) and temperature { T ). Therefore,
c=0l(£,&T) {(Equation 3.3.1)

Assume this stress function is of the form:

cle. &) =0, fle) el (T (Equation 3.3.2)

This assumption is consistent with the postulation used for the form of the Johnson —

Cook constitutive equation [31]. The symbols used in equation 5.3.2 are defined below:

¢, 1 an assurned static flow stress
f(£) is a strain effect modification functien
2{&) is a strain rate effect modification function

MT) is a temperature effect modification function

At constant strains, the flow stress can be assumed to depend on the applied strain rate

and temperature only. Therefore, equation 5.3.2 can be rewritten as:
c=0cl&,T)=0c,  gl&) kT) (£ constant} (Egquation 5.3.3)

The form of equation 5.3.3 is consistent with the material model used in references [27-
28| where the Cowper — Symonds equation [22] 15 used in conjunction with the
equations for the temperaiure effect on the yield stress of steel proposed by Masui et al
[20].
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Thus the strain rate effect modification function, g(£), can be taken as the Cowper —

Symonds equation [22] and equation 5.3.3 can be rewritten as:

2 & :
ole.Tl=o, ‘ |+ - | hT) (Equation 5.3.4)
Where: o{£,T) is the flow stress at a given strain rate and temperature (with €

constant)

o, is the associated static flow stress

D) and g are material constants

I'rorn the Cowper — Symonds eguation [22],

gl = L+ {Equation 5.3.5)

Where: &, is the dynamic flow stress at room temperature

Thus, the temperature modification function, h{T}, can be obtained by equation 5.3.6,

given test data of the flow stress at elevated temperatures.

. gleT)

- {Equation 5.3.6)
Oy

hT)

Hence, the temperature tnodification function is derived from the test results by first
normalising the test data. That is, for each strain rate used. the average vield stress at

room temperature 1s calculated, The test results for a given strain rate are then divided
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by the average yield stress at room temperature for that strain rate 1o oblain the
normalised yield stresses. This is done for the different strain rates used and 15 depicied

in figure 3.3.1.

1.2 1
" w = -0 0028 + 1 0681
i E
" .‘
" S
[ Tw 3 y =-0.0017%+ 1.3813
& D& q-- 3
| - SR 2

x + £
= 2 -
b i s ;
> 08 i
& o
] . |
= y = -0 0004x + 0.848 3
E 041 1 ;
e i i
= i

0.2 - )

D T T T T T T ]
] oo 200 s00 400 500 ] Foa
Temperature [*C)

Figure 5.3.1 — Normalised Yield Stresses

From figure 5.3.1. it is possible to [i linear [unctiony between the temperatlure ranges of
25°C to 100°C, 100°C 1o 430°C, and 450°C to 600°C. The least squares fit for linear
eguations in the three regions are indicated in figure 5.3.1. These equations were then
manipulated algebraically Lo ensure that the values at the boundaries of the threc
temperature regions coincided and that the value of the cquation at room temperature

corresponded w 1. The forms of these adjusted equations were determined to be:

¥ =1.05—0.0025x (25°C to 100°C) (Equation 5.3.7a)
¥ =084 — 0.0004x (100°C 1o 450°C) (Equation 5.3.7h)
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v=1425 00017y (450°C to 600°C}) (Equation 5.3.7¢c}

Conscquently, these modified equations (equations 5.3.7a - 5.3.7¢) represcnt the

temperature modification function k(T}, and can be cxpressed as:

o, =1-2.67x10 (T —25) 25°C < T=100°C  (Equation 5.3.8a)
o, =08 -1x107 (T - 100) 100°C < T £450°C  (Equation 5,3.8b)
., =0.66—17%10 T —430) 430°C <« T<600°C  (Equation 5.3.8¢)
W here: @, 1s the normalised yield stress as a function of temperature only

T isthe temperature in *C

I'isure 5.3.2 portrays a plot of equations 5.3.8a — 5.3.8c over the normalised yield stress

data points.
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Figure 5.3.2 — Empirical Temperature Model for Mild Steel
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6. CONCLUSIONS

The results of tensile sty camied ool on mild steel specimens have been presenied. Tn
carrying out these 085, a esting methodology was sel up for carrying out high
lemiperatire ensile lests at customisable stratn rates using the ESIT 100kN Universal
Tester. This process has been detaled wn Appendix Al Conclusions drawn [rom (these

lesly are prescated next

The material response of mild steel loaded over quasi-stalic strain rates (4.17 ®107 s,

33310 57, 167x107 57 and 1x107 57"} at temperatures ranging from 25°C o

6007 was derermined. A major observation made was that the temperature effect on

the yield stress was more dominant than the strain rate effect over the range of

strain rates investigpated. However, from figure 4.2.6, there were varialions observed in

the yield siress due (o the sirain rate al room lemperatare, 100%C, 450°C and 600°C. In
these inslances, the yicld stresses were found to increase when the applied strain rate

imereased. The stain rate offect was found to be minimal at 200%C and 300°C,

Furthermeore, the applied strain rate was found to have no effect on the tensile elongations

and the effect of dynamic sirain ageing was noliced on the [atture siraing al 200°C. As
expected [rom hierature. the yicld stresses were found w decrcase in magnitude with

TICreasing empetrate.,

Samples were selected from the tested specimens for a micro-structural analysis. This
was done lo observe the delormation of the grams at the [raclured end of the specimens
duc 1o the test conditions. The strain rate did not appear to impact upon the granular
deformation over the range of quasi-stalic stramm rates used. However, the temperalure
was observed to affect the granular deformation significantly. It was also observed that
the trend of granular deformation in close proximity 1o the (raciured end was similar 1o

ihe trend of the global strains at failure. At higher temperatuces (&= 450°C), the overall
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granular deformation was observed to be substantial, with the grains appearing as

elongated bands in the direction of the applied stress.

The results of the tensile tests were then compared to published work and found to be
consistent with similar work done on mild steel by Manjoine [16]. These results were
also compared to predictions given by the empirical temperature model for steel by
Masui et al [20] and the Johnsen — Cook constimutive equation [31]. It was found that
both these material models showed a good correlation with the test results over certain

regions only. A thermal softening fraction (m) value of 0.7 for the Johnson — Cook

equation |31 was found to give an acceptable match with the test results for temperatures

up to 430°C, whereas the temperature model given by Masui et al [20] corresponded
better with the test results at higher temperatures (450°C to 600°C).

Finally, an empirical temperature model for the vanation of the yield stress of mild steel

with temperature was formulated vsing the test results, This was done using assumptions

consistent in literature and a temperature model similar in manner to that proposed by

Masui et al [20] was presented.
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7. RECOMMENDATIONS

The following recommendations arc made based on the work carried out in this project:

- The displacement transducer on the hydraulic acluator of the ESIT 100kN Universal
Tester was used 0 obrain the extension of the tensile specimen as the tesls were
carmed out, For more gecurate strain megsurenients, the use of extensometers
artached directly to the specimen 1s advised. High temperature alloys are
recommended for the extensometer parts that will have to be placed within the
furnace when clevated remperature tensile tests are being carried out. The design of
such extensometers will also have to account for the limited space available within
the closed furnace.

- The test temperatures were limited to a maximum of 800°C for this project as the
erips used for lhe lensile tesls were manufaclured from slainless sleel 316, In order
to investigate the material properties al higher lemperatures, it 15 recoimmended that
the grips be designed from high temperature alloys {for example, the IIuym&:sE 230°%
Allov),

- Tensile testing is adequate for covering the quasi-static strain rate ranges. However,
to obtain a berter represcentation of the marerial characteristics, tosts ar clevated
temperatures should be carried out over the intermediate to high strain rate range
(i.e. strain rales of the order 105%™ ~ 10%1, Testing methods coupling high
temperatures with high strain rales have been investigated by Lennen and Ramesh
[11] and Macdougali [12]. These methods, which involve the use of the split-
Hopkinson pressure bar, can be implemented Lo achieve results at higher strain rates
than those possible by tensile testing.

- The empirical model formulated 1 this project for the variation of the yield stress
of mild sleel wilh temperalure should be utilised m numerical models of
experiments where physical test data is available for comparison. The results

obtained from the numerical simulalion van then be compared 1o the physical tesl
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results and the proposed temperature model can be validated as a useful wol in

numerical simulations mvolving mild steel.
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USING THE ESH MACHINE FOR TENSILE TESTS

The ESH 100KN Universal Tester used to carry out the tensile teats for this project 1s a
servo-hycraulic machine capable of 2 wide range of tests such as fatigue and fracture

mechanics tests. FigureAl 1l shows the machine with its control setup:

Figure A1.1 — ESH 100kN Universal Tester and Control Setup

This appeadix describes how the machine was adapted to carry out high temperature

lensile lesls.
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Al.1. Grips for High Temperature Tensile Tests

As the high emperature tensile tests Involve heating the specunen with the attached

furnace. a set of grips was specifically designed to withstand the high ltemperatures and

protect the ESII machine. The urips are brielly described below:

Figure A1.1.1 — High Temperature Grip Assembly

The grips. one of which is shown in figure A1.1.1, consist of three scparatc picces
mterconmected with pins 1o [orm the grip assembly. The first piece is the adapter which
screws inte the ESH machine; the connector is the second piece and has two copper
coils brazed onto it for cooling purposes and {mally the grip itsclf. All components of
the grip assembly, with the exception of the coils, were made from stainless steel 316,
Details pertaining to the design of the grips may be found in reference | 1. The grips
hold dog bone specimens of mild steel with a gauge length of 60mm. The other

dimensions are depicted in [igure AT.1.2:
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Figure A1.1.2 — Tensile Test Specimen Dimensicns

Al1.2. Setting Up a Custom Tensile Test

This section outlines how to set up a custormiacd tenaile test. A Block Program for the
tensile tests is created using the EST! soflware loaded on the control setup computer, as

shown beliw:

- I'rom the Start menu selecl Programs = ESH Programs = Block and LCF Editor
- The window shown in fimue Al.2.1 will then pop up:

Figure A1.2.1 — Creating a Block Program
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- Select 'No' to proceed to the Block Editor as depicted in figure AL.2.2:

ok EoH Block and LCF Edito

|IM1HH E

Target Level 7y

Lhagy cdnom

TR IR |J-.!f.. ;

27 Graph

Figure A1.2.2 — The Black Editor

- To set up the customised tensile test. select the following options from the Block

Lditor screen:
o Sct Mode to = Stroke
o Set Target Leve to = {distance m mm either relalive 1o the position of the
crosshead e REL: or from the O position 1.e. ABS} This sets the distance
the hydraulic acuator will move in total [rom its reference posinon.
o Sct Ramp Rate to =2 (any value between 0L.0025 to 400 nm/s, mni/m or
mun‘h). This sets the rate at which the hydraulic actuator will move for the

tensile Lest.
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o Set Acquire Datalo 2 Yes
o Set XY Graph to = LvS

o Leave the other options blank

- Certaln points need to be noted about the selection of the options above. Firstly, the
target level is dependent on the dimensions of the grips used, the position of the
crosshead and the distance required to strain a specimen Lo failure. Therefore care
must be taken (o choose a suitable value here. Secondly, the units will need Lo be
specified when selecting the ramp rate, Figure 41.2.3 depicts the values used to

cary oul the Tmm/s tensile tesls usmyg the grips described in §A1.1:

Ja £5H Block and LCF Editor

| M i de : 'ri -

Target Level e

Foamp Hats

Nuration

Acquue Dald

= Lwaph

Figure A1.2.3 — Block Program for carrying out imms™' Tensile Tests
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- A password is required before the program can be saved. Select the Password

option trom the main menu and enter ESH as the password.

] ESH Block and LCF Edibos

Figure A1.2.4 - Entering the Password
- Then select File - Save Program from the main menu 1o save the program into a
suitable direciory, The Block Program will then be retrieved from this directory

when cartying out the tensile rest.

T 2 ESH Block and LCF E détor

Figure A1.2.5 — Saving the Block Program

A1.3. Executing the Tensile Test

Once the custom tensile test is set up as shown in the previous section, the ESH 100kN
Universal Tester can be used to carry out the tensile tests. The following steps outline

the process:

A6
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- Ensure that the tester and all the components of the control sctup (i.e. the
Eurotherm® 2408 controller, the analogue controller and the computer) are switched
on and the mterlocks have been cleared. It 15 assumned at this pomt that the
crosshead of the tester has been suitably positioned to cnsure that the grips are
accommodated and the furnace can frecly move to enclose the specimen when in
place. Note that the position of the crosshead is controtled by the valve and the
‘Raise’ and ‘Lower’ buttons found on the [ront panel of the tester itself and
furthermaore, onee the crosshead has been positioned, no further adjustiments are
required using the front panel.

- Switch the analogue controller to remole (turn the key at the back of the conwroller

to remote).

‘ontrol Setup For The ESH IU_U' Tst__-'-w
jie==- ¢ ¥

ﬁ

\nalogue
‘ontrolle

Eumthc:d-{}S
Controller” "= %

Figure A1.3.1 — Control Setup for the ESH™ 100kN Universal Tester
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- From the Start menu scleet Programs = ESH Programs = Virlual Control Panel.

Once the connection with the computer is cstablished, the screen in figure A1.3.2

should appear:

Figure A1.3.2 = The Virtual Contrel Fanel

- Note: with the set of grips described in §AL.1, the optimal position of the crosshead
is such that when the stroke command value is set to zero, the specimen can he
positioned in the grips with minimal adjustment and the furnace can enclose the
specimen centrally. As the customised rensile tests are all set up with a larget level
that maoves relative o the ininal position of the crosshead, it 1s necessary to ensure

that the stroke command value is sel te zero prior to each and every test.

A8
University of Cape Town — Department of Mechanical Engineering



Determination of Material Properties of Mlld Stesl at Different Temperatures and Strain Rates

Appendix A1 — Using the ESH Machine for Tensiie Tests

- Once the Virtual Control Panel has successfully started up, the Block Run Program
can be initiated. From the Start menu select Programs = ESH Programs = Block
Run Program, and the screen in figure A1.3.3 should pop up:

ELESH Block Frogram

i.ﬁu;glam Settings

Program Mame

‘ Spemmen Del.-all..

| C5A mn? ]
|

Figurze 41.3.2 = The Blocs Run Program

- With reference to the Block Program screen as shown in figure Al.3.3, select the
following options:
¢ In the Machine Settings block, select the appropriate stroke, strain and load
ranges. For the purposes of the tensile tests described here, the ranges
selected were 50mm for the stroke, 100mm for the strain and 20kN for the
load.
o In the Program Settings block, click the “Reftrieve Program 1° button and

select the customised block program from the directory it was saved in. It i3
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also possible to name the speeimen being tested by Olling oul the ‘Part No
aption.

o Inthe Results blogk. select an appropriate file nanie for the test being
carried oul. The result hile wall be stored 0 the defaull divectory
(esheshiresalis); however the Nle can be slored elsewhere by selectng the
"Change File Path’ button.

o Inthe Specimen Details block, fill in cither the diameter in mm for circnlar
cross-scction specimens or the width and depth in mm for rectangular cross-

Section Speeimens.

Once all the relevant details have been filled out, the test can be started by clicking
the *Run Test” button, The screen in figure A1.3.4 should appear once the button

has been clicked:

Part Number: |

Tust Reference: |

Description; |

Guantity-

Oyder No.: i __"__-.-———l

M atenal Specification.

Heat Treatment: |

Lode Mark. |

Hemarks:
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- Filling out the details on the References screen i5 optional. thoush recommended as
the information will be stored in the results file. To continue with the test elick the

*OK’ button. The Specimen Setup screcn should appear then, as shown in figure
Al35:

Specamen Selup

Piease hl spectmen

~Actuator

Rate mm/s

T T i o s

Inching box enabled

Figure A1.3.5 — Specimen Setup Screen

- Whilc the speciimen setup screen is displayed, it the specimen into the enps and
use the Tnching Box. depicled in figure A1.3.6. to pretension the specimen slightly
prior to coninencing the test. If carrying out a high temperature test, please refer o

§A1.4 belore continuing,
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Figure A1.3.6 — Inching Box

- Once the speeimen s in place, click the *Tare Load® button, which effectively
brings the load on the specimen as close to zero as possible. Then click the *OKR?
button o continue. The Ready screen should then appear accompanicd with the

Feedbacks window. ay shown in figure A1.3.7:

Al12
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Acquire LY aka

=7 Graph

Bleck Count: Falal Cowunt:

it eedbacks
Stroke mm Steain mm Load kN Temp. C

[ 785 | [ issas | [ ooess | [ izes |

Figure A1.3.7 — Ready Screen and Feedbacks Window

- The Feedbacks window gives the absolute position of the hydraulic actuator, the
measurcd strain, applied load and temperature, To commence the test, click on the
‘Start Test” button. Once this is done, the test will begin and the proaress of the test

will be depicted as shown in figure AL3.8:

Al13
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| Runming

5
i

i
i
J

50,0
Stoke mm

&5 the test progresses, the load
5. stroke graph is plotted

Figure A1.3.8 — Tensile Test in Progress

- Once the specimen breaks, the final graph can be zoomed and viewed and thercafier
an option is available (o print the graph 1o an attached printer if any is present. The

specimen can then be removed and the process repeated (o carry out another tesl.

Al.4. Using the Furnace

This section owlines using the [umace when carrying oul high temperature tensile (ests.
As per §A L3, once the Specimen Selup screen depicted in figure A1.3.5 is reached, the

following should be done:

- A K-type thermaocouple should be attached o the midpoint of the test specimen.

The thermocouple should also be attached to the Eurotherm™ 2408 controller.

Al4
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- Fil the specimen inlo the grips and use the inching box 1o pretension the specimen.
- Ensure that the specimen 15 aligned vertically with the axis of the grnips. Ongee the
specimen is aligned and pre-tensioned, tare the load using the Specimen Setup

screen (figure A1.3.5). Figure Al.4.1 shows the specimen positicned in place:

Load Cell

Furpace

Test specimen

positioned in the
grips with a K-tvpe
Thermocouple
attaced to its

midpoint

Figure A1.4.1 — Positionad Tensile Specimen
- Close the [umace over the specimen and insulate the top end of the furnace with

Fibre Fax, Note; Fibre Fax 15 a material normally used in kilns [or insulation

purposcs. This step is essential to protect the load cell of the ESH machine,

Al5
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Load Cell

Fibre Fax insulating
matenal

Furnace closed over the
test specimen

Figure A1.4.2 — Furnace Insulated with Fibre Fax

- Ensure that the cooling water is running prior to starting the furnace.

- Once the cooling water 15 runmning through the coils, use the Eurotherm® 2408
controller to set the desived temperature to which the specimen must be heated.
Mgure Al.4.3. shows the measured temperatire at 18°C and the est temperature set

at 300°C:

A6
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¢ HUROTHERM 24086

-

Temperature measured

by the K-tvpe
l l thermacouple
{
- . Temperature to which
!' :-; :-: the specimen is to be
i e heated

Buttons used to set the
desired temperature

Figure A1,4.3 — Setting the Test Temperature

- Onee the desired temperature has been sct, use the control knobs (as shown in
figure Al.4.4) to start the heating process. Heating in the fumace is divided into
three zones namely top. centre and bottom and each is controlled with a4 separate
control knob. For the purposes of the high temperature tensile tests, all control

knobs should be murned up (o maximum,

A17
University of Cape Town — Department of Mechanical Engineering



Determination of Material Properties of Mild Steel at Different Temperatures and Straln Rates
Appendix A1 - Using the ESH Machine for Tensile Tests

Controls for

the three

heating zones
in the furmace

Figure A1.4.4 — Furnace Temperature Controls

- Wair t1ll the specimen reaches the desired temperature (i.e. the measured
temnperature value comeides with the set temperature value). Onec the spoeimen 18
at temperature, click the "OK” button on the Specimen Setup screen (figure AL3.5).
If necessary, tare the load onee more prior to clicking the *OK’ button. Thereafter,
click the “Start Test’ button on the Ready screen {figure A1.3.7} 1o conunence the
test.

- Omnee the test 1s completed, care should be taken when handling the specimen as i
will still be very hot.

- When the high temperature lests are concluded. wait till the grips cool down to at
least 30°C before tuming the cooling waler oll. {Tse the K-type thermocouple and
Curotherm® 2408 controller to monitor the erip temperature during the cooling

down process)

Al8
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A2, TEST RESULTS

Tensile tests were carried out at temperatures ranging from room temperature to 600°C
using the following sitain Tates:

417x107

3.33%10% s

1.67x1072 7

= I
This appendix presents the lensile test results in the [orm of cngincering stress verses
engineering sirain curves. The curves were obtained via processing the result files ina
spreadsheet program. In this case, Microsofl Excel® was used. The engineering siress

VEISes engneering strain curves are presented as depicled in figure A2.1:

Specimen narme —.. Stress vs. Straln Graph

‘\\

250 -+ : : - - == ~
. Yield pont obtarmed wa Stram rate and \
%'. SN il i s wterpolation witn the 029 | ltemperature smployed
w offset line The 3 2% for the tenaile tast
£ 150 - “|offset line is plowed in light
&
100 - AEEL
Strain Rate: 4.17x (0% 57 )
&0 4 S AT e
%mperuuu: Room Temperature
U T T T T T T Y T
0 [.05 0.1 015 0.2 0.35 0. : 4 D.45

Straln

Figure A2.1 — Generic Test Rasult

Al9
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A2.1. Test Results at a Strain Rate of; 4.17 x 103"

A tota] of 18 tesls were carried oul al a strain rate ol 4.17x107s™'. Table A2.1.1

outlines the tests carried out and the graphed results follow the table.

Table A2.1.1 — Tensile Tests Carried Cutat 4.17 <1074y ™!

Specimen Name Cross Seetion Details of Gauge Length Temperature (°C)
Width (mm) | Thickness (mm) | Area (mm”) |

Al 1256 3.00 37.68 i S
A2 12,70 3.00 38.10 25
S1 12.58 3.00 3774 25
NAT T 2 3.00 3816 | 100
NAZ - 1266 3.00 37.98 100
NA3 1222 3.00 36.66 100
BINEW 12.40 3.00 37.20 200
B2 12.56 3.00 © 3768 | 200
S2 b 12.64 3.00 3792 200

CI 12.66 3.00 . 3798 1
B R e 1 3.00 37.6% 300
83 12.6% 3.00 3804 | 300
D1 12.70 3.00 38.10 450
S4 - 1268 300 38.04 450
Ti T 12.54 3.00 37.62 350
Ul 1238 3.00 37.14 6010
Uz 12.58 3.00 37.74 600
L3 12.56 3.00 37.68 600

= University of Cape Town — Department of Mechanical Engineering



Determination of Materlal Properties of Miid Steel st (ifferent Temperatures and Strain Rates
Appendix A2 - Tast Rasulls

A1 - Stress vs. Strain Graph

330

300

—q

250 14

STl

Stress {MPa)

Strain Rate: 4.17x10% 57 |

Temper ature: Room Temperathue

D : T T T T 1 k L 1
0 0.05 0 015 0.2 .25 0.3 0.35 0.4 0.45
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Figure A2.1.1 — Test Result for Specimen A1

Table A2.1.1 — Yield Stress and Failure Strain for Specimen Al

Yield Stress (MPa) 247 89
Ultimate Tensile Stress (MPa) 32808
Gaupe Length at Failure (mm) 830

Elongation of Gauge Length at Tailure (mum) | 23.0
Strain al failure (%) 3833

Nee: ‘The ultimate tensile stress reported here refers to the maximum siress recorded as
per the enpinecring stress va, engineering strain graph, [1 does not refer to the true stress

experienced at failure, This applies Lo all the lest resulls al a sirain rate of
417x10 %5 .
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A2 - Stress vs. Strain Graph

300 WP racun st N e, |
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Figure A2 1.2 - Test Result for Specimen A2

Table A2.1.2 — Yield Siress and Failure Strain [or Specimen A2

Yield Stress (MPa) e 243.47 !
LNtimate Tensile Siress {MPa) 327.24 ¢
Gauge Length at lailure {mm) 84.4 I
Elongation of Gauvge Length at Failure (mm) ! 24.4

Strain at filure (%) 4067 |

% Univarsity of Cape Town — Departiment of Mechanical Engineering
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51 - Stress vs. Strain Graph
L i
300 ~
= 250
=
» 200
g .-
T ALl st s e e o
- Strain Rate: 4.17=107 57
1 Temper ature: Foom Temperafurs
D : T T L T T T T T
0 0.05 01 015 0.2 0.25 0.3 0.35 0.4 .45
Steain
F
Figure A42.1.3 - Test Result for Specimen 51
Table A2.1.3 —Yield Stress and Failure Steain for Specimen 51
Yicld Stress (MPa) 251 Lo
Ultimate Tensile Stress (MPa) 336,00
Gauge Length at Failure (mm) ETE: I
Elongation of Gauge Length at Iailure {mm) : 218
strain at fatlure (%) | 36.33
________________________________________________________________ o
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Appendix A2 —~ Test Results

NA1 - Stress vs. Strain Graph

% University of Cape Town — Department of Mechanical Engingering
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Figure AZ 1.4 — Test Result for Specimean NA1
Table A2 1.4 Yicld Stress and 1'ailure Strain for Speciimmen NA 1
Yield Stress (MPa) ' 208.90
Ultimate Tensile Stress (MPa) - 31942
Gauge Length at Failure (mm) 73.8
Elongation of Gauge Length at Failure (mm) | 13.8
Stratn at failure (%) 23.00
SO . s
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Stress (MF aj

NA2 - Stress vs. Strain Graph

Jad

300
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200
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Strain Rater 417107 s |
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Temperature; 100
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Figure A2.1.5 — Test Result for Specimean NAZ

Table AZ.1.5 — Yield Siress und Fatlure Sivamn lor Specimen NAZ

Yield Stress (MPa) ' 204.16
L ltimate Tensile Stress (MPa) 30632
Gauge T,.e_ﬁglh al Failure {_mm) Vil

Elongation of Gauge Leng'lh al Farlure (mm) = 12.5

Strain at failare (%) . 2083
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Figure A2.1.6 - Test Result for Specimen NA3

Table A2.1.6— Yield Stress and Fatlure Strain for Specimen NA3

Yicld Stress (MPa) 190.93
Ultimate Tensile Stress (MPa) 3{()5.29
Gauge Lenuth at Failure (mm) 745

Elongation (-J'f'G'auge Length at Failure {(mm) | 4.5 S

Strain at failure (o) 24.17 |

A6
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B1NEW - Stress vs. Strain Graph
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Figure AZ2.1.7 — Test Result for Specimen B1NEW

‘Table A2.1.7 — Yicld Stress and [aikure Strain for Specimen BINLEW

| Yield Stress (MPa) 206.61

| Ultimate 'Tensile Stress (MPa) 388.58

| Gauge Length at Failure (mm) i 711
Elongation of Gahge Length at Fajlure (mm) | 11.1

Strain at failure (%) 18.50

A27
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B2 - Stress vs, Strain Graph

Stress (MPa)

Strain Fate: 4 17=x10% 57!
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Figure AZ2.1.8 — Test Result for Specimen BZ

Table A2.1.8 — Yield Stress and Failure Straim for Specimen 52

Yicld Stress (MPa) ] 207.86
Liimate Tensile Stress (MPa) 39541

-__Elmga.tiun of Gauge Length at Farlure (mm) | 1125

Strain at failure (%) i

] A28
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52 - 5tress vs. Strain Graph

Stress (MPaj

StrainRate 4.17x107% s

Temperature: 200°C
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0.25

Figure A2.1.9 — Test Resuit for Specimen S2

Table A2.1.9 — Yield Stress and Fatlure Strain for Speeimen 52

Yicld Stress (MPa) h 208.73
- Ultimate Tensile Stress (MPa) [ 40169
Gauge Length at Failure (mni) | HET

Elongation of Gauge Length at Failure (mm) | 10.7

Strain at failure {%6) 17.83

% Liniversity of Cape Town — Department of Mechanical Engineering
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C1 - Stress vs. Strain Graph
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Figure A2.1.10 — Test Result for Specimen C1

Table A2.1.10 — Yield Stress and Failure Strain for Specimen C1

Yield Stress (MPa) 19081
Ultimate Tensile Stress (I";t[_Pz_a_) 361.51
Gauge Length at Failure (mm) 762

Elongation of Gauge Length at Failure (mm) | 16.2

Strain at failure (%) | 27.00

A30
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C2 - Stress vs. Strain Graph
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Figure A2 1.11 — Test Result for Specimen C2

Table A2.1.11 - Yicld Stress and Failure Strain for Specimen C2

| Yield Stress (MPa) 119030
Hltimate Tensile Stress (MDPa) ' _ 3n2.6%
Gauge Length at Failure (mm}) o TH1

Elongation of Gauge Tength ut Failure (mm} | 17.1
Strain at failure (%) 2830

A3
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53 - 5tress vs. 5traln Graph

400 B S e EO A SR = S

T R RS S

Stiain

T

=8

=

= . pilo o e gt
g

E 100 ol

Strain Rate: 4.1?x1ﬂ"‘5"
Temp-era‘t.ullre: Ja0eg
0.1 G145 0.z N.25 0.3 0.3a

Figure A2 1.12 — Test Result for Specimen 53

Table A2.1.12  Yield Stress and Failure Strain for Specimen §3

~ Strain al lailure (%)

Yield Stress (MPa) 183.10
Ultumaic Tensate Stress (MPa) 33441
Crauge Tength at Failure (nmm) 73.4
Flongation of Gauge Length al Failure (mm) | 154 |
2567
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Figure A2.1.13 — Test Result for Specimen 1

Table A2.1.13 — Yield Siress and Failure Strain (or Specimen 21

Yield Stress (MPa) e 164.82‘
UHlimate Tensile Stress (MPa) 229.32
Gauge Length at Failure (mm) | 796 |

Llongation of Gauge Length at Failure l[':rniﬁ'}' 196 !
Sirain at failure (%) 3267
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Figurz AZ2.1.14 — Test Result for Specimen 5S4

Tahle A2.1.14 — Yield Stress and Failure Straimn for Specimen 54

Yield Stress (MPa) 156.29
[Numate Tensile Stress (WMPa) 21694
Gauge ength at Failure {mm) 77.8

Elongation of Ctauge Length al Failure (mm) | 17.8
29.67

Strain at failure (%)

% University of Cape Town — Departnant of Mechanical Engineering
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T1 - Stress vs. Strain Graph
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Figure AZ2.1.15 — Test Result for Specimen T1

Table A2.1.15 — Yield Stress and Fatlure Straan for Specimen T1

Yicld Stress (MPa) 163.10) .
 Ultimate Tensile Stress (MPa) 217.78
Gauge Length al Failure {(mm) [ 783

!
Elongation of Gauge Length al Failure fmm) © 18.3

Strain at failure {%} 30.50

A35
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Figure A2.1,18 — Test Rasult for Specimen WM
Table AZ.]. 16 — Yield Stress and Fature Straimn for Specimen Ul
| Yield Stress (MPa) 93 60
| Ultimate Tensile Stress (MPa) . 103.90
Gauge Length at l'ailure (mm) 742
Llongation of Gauge Length at Failure (mm) | 19.2
| Strain at failure (%) 32.00
A38
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U2 - Stress vs. Strain Graph
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Figure A2.1,17 — Test Result for Specimen U2

Takle AZ.1.17 - Yicld Stress and Failure Strain for

Specimen U2

Yicld Btress (MPa)

Ultimate Tensile Stress (MPa)

76.80
94,28

Gauge Lenpth at Tailure (mimn)

Elongation of Gauge Tength al Failure {mm}

Strain at failure (%)

81.2
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U3 - Stress vs. Strain Graph
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Figure A2.1.18 — Test Result for 5pecimen U3

Table A2 1.18 — Yicld Stress and Iailure Strain for Specimen 113

Yicld Swess (MPa) 90.06
| Ultimate Tensile Stress (MPa) 99.65
Gauge Length at Failu?relmm)ﬂ 80.6 |

Llongation of Gauge T.éﬁglh at Failure (tnm) | 20.6

Strain at failure (%) 34.33

 A38
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A2.2. Test Results at a Strain Rate of: 3.33 x 10%s™

A total of 19 tests were carried out at a strain rate of 3.33%10 5 ', Tahlc A2.2.1

gutlines the tests carried oul and the graphed results follow the table.

Table A2.2.1

‘Tensile Tests Carried Out at 3.33= 107 s

Specimen Name C'ross Section Details of Gauge Length Temperature (°C)
Width (mm} | Thickness (mm) | Area (mm®)
- F1 12.48 100 C37.44 75
F2 12.48 3.00 37.44 25
MN | 1268 | 3.00 38.04 25
NBI 1240 3.00 37.20 100
NB2 1260 3.00 37.80 100
. NB3 12.80 3.00 38.40 100
Gl 1266 3.00 T 3798 200
GINEW PR 37.68 200 i
(2 12,56 3.00 37.68 20 |
MN2 1256 | 3.00 37.68 200 s
HI 12.66 3.00 37.98 300
2 12.46 3.00 37.38 300
N3 12.56 3.00 37.68 300
V1 1248 3.00 e asq
V2 12.56 3.00 37.68 450
V3 1246 | 3.00 37.38 450
W1 1250 3.00 37.50 600
w2 12.56 3.00 37.68 600
W3 12,58 T 3.00 37.74 600

University of Cape Town — Bepartment of Mechanical Engineering
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Stress (MPa)

Strain Rate: 3.33x 10757 |

B W |

Temperature: Room Temperature
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Figure AZ2.2.1 — Test Result for Specimen F1

Table A2.2.1 — Yield Stress and Failure Strain for Specimen b1

| Yield Stress (MPa) 26692
" Ultimate Tensile Stress (MPa) 33523
CGiauge Length at Failure {mm) | 813

F.ldngali:m ol Gauge Length at Failure {mm) | 213

‘ 35.50

Strain at failure {%)

Nole; The ultimate tensile stress reported here refors to the maximurm stress recorded as
per the cnginccring stress va. cnginecring strain graph. It docs not refer to the true stress

experienced at fatlure, This applies to all the test results at a strain rate of

33310 s ',

% University of Cape Town - Department of Mechanical Enginoering
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F2 - Stress vs. Strain Graph
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Figure A2.2.2 — Test Result for Specimen F2

Table A2.2.2 — Yield Stress and Failure Strain for Specimen ['2

I Yield Stress (MPa) 275.62
I Ultimate Tensile Stress (MPa) 34832
. Gauge Length at Failure (mm) 81.7

Elongation of Gauge Length at Failure (mm} | 217

Strain at failure (%) 36.17

Ad1
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Appendix A2 - Test Resiilts

MN1 - Stress vs. Strain Graph
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Figure AZ 2.3 — Test Result for Specimen MN1

Tabie A2.2.3 — Yield Stress and Fatlure Strain for Specimen MNI

Yicld Stress (MPa) 260012
Ultimate Tensile Stress (MDPa) ' "szﬁi
{fauge Length at Failure (num) 81.8 |
| Elongation of Gauge Length at Failure (mm) | 21.8
[ Strain at failure (%) B i 7y

% University of Cape Town — Department of Mechanical BEagineering



Determination of Material Properties of Mild Steel at Different Temperatures and Strain Rates

Appendix A2 — Test Results

MNB1 - Stress vs. Strain Graph
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Figure A2 2.4 — Test Result for Specimen NE1
Table A2.2.4  Yicld Stress and [ailure Strain for Specimen NB1
Yield Stress (MPa) 199.23
Ultimate Tensile Stress (MPa) 282.72
CGauge Length at Failure {mm) . | 774
Elongation of Gauge Iength at Failure (mm) | 17.4
Strain at failure (%) | 26.00
I

- University of Cape Town —~ Department of Mechanical Engineering
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Appendix A2 -~ Test Results

NB2 - Stress vs. Strain Graph
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Figure A2 2 5 — Test Result for Specimen NBZ

Table A2,2.5 — Yield Stress and Failure Strain {or Specimen NB2

[ Yield Stress (MPa) 214.19
Ultimate Tensile Stress (MPa) 29013

| Guauge Length at Failure (mm) 78.4
Elongation of Gauge Length at Failure (mm) | 18.4
Strain al Tailure (%) 30.67

Loiversily of Gape Town ~ Department of Mechanical Engineering
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Appendix A2 - Test Results
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Figure AZ2.2.6 — Test Result for Specimen NB3

Table A2.2.6 - Yicld Stress and Failure Suain for Speeimen NB3

Yield Stress (MPa) 213.74
I/ltimate Tensile Stress (MPa] 292.97
Crange Length at Failure (mm) o

_Eluﬁéatiﬂn of Gauge Length at Failure {mm)-' 28|

Strain at failure (%) 28.50

 A45
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Appendix A2 - Test Results

G1 - Stress vs. Smain Graph
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Figure A2.2 7 — Test Result for Specimen G1

Table A2.2.7 — Yield Stress und Failure Strain for Specimen G1

Yicld Stress (MPa) 213.90
Tlumate Tensile Stress (MPa) T 137549
Gauge T,éﬁglh at Fallure (mm) 70.9

Eluﬁgﬁﬁun of Gauge Length at Failure (mm) | 10.9

Strain at failure (54) 18.17

' - A4B
% University of Cape Town — Department of Mechanical Enginearing
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Appendix A2 — Test Resulis
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Figure AZ.2 8 — Test Result for Specimen GTNEW

Table A2.2 8 — Yield Stress and Failure Strain for Specimen GINEW

Yicld Stress (MI'a) 200.99
Liltimate Lensile Stress (MPa) 388.51
Gauge Lenyth at Failure (mm) 70.7

Elmngatiuri ol Gauge Léﬁgth al Failure (mm) | 10.7

Strain at failure (% ' 17.83

University of Cape Town — Department of Mechanical Engineering
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Appendix A2 - Test Results

G2 - Stress vs. Strain Graph
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Figure A2.2 9 — Test Result for Specimen G2

Table A2.2.9 — Yield Stress and Lailure Strain for Specimen G2

Yicld Stress (MPa) 213.19
Ulumate Tensile Stress (MPa) T | 38535
Gauge Length at Failure (mm) 71.6

Elongation of Gauge Length at Failure (_ﬁun} 11.6
Strain at failure (%) ' 1 19.33

A48
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Appendix AZ .- Test Resiults

MNZ - Stress vs. Strain Graph
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Figure A2 2 10 — Test Result for Specimen MN2

Table A2.2.10 — Yield Stress and Failure Strain [or Specimen MN2

Yield Stress (MPa) I | 213.81
Ullimate Tensile Stress (MPa) 391,59
Gauge Length at Failure {mm) - 70.0

Elongation of Gauge Length at Failure (mm) | 10.0 i

Strain at failure (%) 1667

- A4g
Driversity of Gapse Town - Department of Mechanical Engineering
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Appendix A2 - Test Resulls
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Figure A2.2.11 - Test Result for Specimen H1

Table A2.2.11 — Yield Stress and Farlure Siran [or Specimen HI

~ Yicld Stress (MPa) . [ 18833
é—LTh:_fiﬁate Tensile Stress (MDPa) 370.01

Gauge Length at Iailure (mm) L 752
i Llongation of Gauge Length at Failure (_rﬁm) 152

‘ Strain at failure (%) 2333

AS0
University of Cape Town ~ Department of Mechanical Engineering




Determination of Material Properties of Mild Steel af Different Yemperatures and Strain Astes

Appendix A2 - Test Rasgults
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Figure A2 2 12 — Test Result for Specimen H2

Table A2.2.12 — Yield Stress and Faiture Strain for Specimen FH2

Yicld Stress (MPa) 18608
" Ultimate Tensite Stress (MPa) 37132
{raupe Length at Failure {ﬁam} 751

Elongation of Gauge Léﬁgfh al Fanlure (mm) | 15.1

© Sirain at failure (%) B [ .

@ University of Cape Town - Department of Mechanical Engineering
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Appendix AZ — Test Results

MN3 - Stress vs. Strain Graph
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Figure A2.2.13 — Test Result for Specimen MN3

Table A2.2.13 — Yicld Stress and Failure Strain for Specimen MN3

Yield Stross (MPa) 195,19
Ultimate Tensile Stress (MPa) 371 38
(rauge Length at Faiture (mm) | 745

Clongation of Gauge Length at Failure {mum) | 14.5

Strain at failure (%) 24.17

% University of Cape Town — Departmant of Mechanical Engineering
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Appendix A2 - Test Resufés

V1 - Stress vs. Strain Graph
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Figure A2 2 14 — Test Result for Specimen W1

Table A2.2.14 — Yield Stress and Failure Strain for Specimen V1

Yield Stress (MPa} 172.59
Ultimate Tensile Stress (MPa) 24605
Gauge Lenpth at Failure (mimn) T9.7

Elongation of Gauge Length al Failure (mm} | 19.7

Strain af [ailure (%) 32.83




Retermination of Matertal Properties of Mild Stec! 4 Bifferent Temperatures and Strain Rates
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Figure A2.2.15 — Test Result for Specimen V2

Tuble A2.2.15 — Yicld Siress and Failwre Strain for Specimen V2

Yield Stress (MPa) 170,96
Ultimate Tensile Stress (MPa) 249497
* Gauge Length at Failure (mm) 80.1

Elongation of Gauge Length at Failure {mm) | 20.1

' Strain at Failure (%) ‘ 3350

g Littivarsity of Cape Towse — Department of Mechanical Engineering
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Appendix AZ - Test Results

V3 - Stress vs. Strain Graph
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Figure A2 2.16 - Test Result for Specimen V3

Table A2.2.16 -- Yicld Stress and Failure Strain lor Specimen V3

Yield Stress (MPa} © | 168.97]
Cltimate Tensile Stress (MPa) 246.42
(auge Length at l'ailure (mm) 79.4
Elongation of Gauge Lenpth at Failure (mm} | 19.4

Strain at failure (%} 32.33

% University of Cape Town — Department of Mechanical Engineering
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Appendix A2 — Test Resulis

W1 - Stress vs. Strain Graph
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Figure A2 217 — Test Result for Specimen W/

Table A2.2.17 — Yicld Stress and Failure Strain for Specimen W

‘ Yield Stress (MPa) ) 102.62
| Lltimate ‘lensile Stress (MPa) 123.09
. Guuge Tength at Failure (mm) 79.8
Elongation of Grauge Length at Failure (mm) | 198
Strain al failure (95) 33.00

% University of Cape Town ~ Department of Mechanical Engineering
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Appendix A2 — Test Results

W2 - Stress vs. Straln Graph
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Figure A2.2 18 — Test Result for Specimen W2

‘Table A2.2.18 - Yield Stress and Fatlure Stram for Specimen W2

Yield Stress (MPa) o [ 101.38
Ultimate Tensile Stress (MPa) 123.59
Grauge Length at Failure (mm) 80.8

Elongation of Gauge Length at Failure (mm) | 20.8
Strain at Failure (%) 34.67

 AST
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Appendix AZ - Test Results
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Figure AZ 7 18 — Test Result for Specimen W3

Table A2.2.19 — Yield Stress and Fallure Strain lur Specimen W3

Yield Stress (MPa) T 9635
Ultimate Tensile Stress (3MPa) 2L
Gauge Length al Failure {mm) . 799
Elongation of Gauge Length at Failure (mm) | 19.9

" Strain at failure (%) o i

EM) University of Cape Town — Department of Mechanical Engineering
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Appendix AZ -- Test Results

A2.3. TestResults at a Strain Rate of: 1.67 x 10%s™

A tatal of 19 tests were carried out at a strain rate of | 67 =10 %5 ', Tahle A2.3.1

outlmes the tests camied oul and the graphed resulls [ollow the able.

Table A2.3.1 — Tensile Tests Carried Oul at 1.67x10% 57"

Spe;::imen Name Cross Section Details of Gauge Length 'I‘empgrai.:ﬁré.{‘:‘C) l
Wi{lth_:{_l_l_lm) Thickness (mmj___:i-f:ea {rﬁmz} |
KI | 1262 3.00 3786 25
K2 1276 | 300 38.28 25
XZ1 | EsTTY 3000 | 3762 25
NCi T 1280 3.00 3840 100
T ONCZ . 1226 1 3400 36.78 100
NC3 1270 300 | 3810 woe
N 3.00 37.68 200
LINEW . 1254 3,00 37.62 | 200
1.2 1256 300 | 37.68 200
N2 C s 3.00 37.56 200
= o T 1268 3.00 37.98 300
M2 1266 3.00 37.98 300
FN3 1266 3.00 37.98 300
: %E 1238 3.00 37.14 450
X 12.66 3.00 37.98 450
%3 12.44 300 37.32 450
Y1 1266 | 3.00 - 3798 ! 600
Y2 12,60 3.00 T3780 T 600
Y3 12.64 3.00 3792 600

% Uriversify of Sage Vows - Donarbment of 8lschanical Enginesring
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Anpendix AZ — Test Results

K1 - Stress vs. Straln Graph
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Figure A2.3.1 — Test Result for Specimen K1

Table A2.3.1 - Yield Stress and Failure Stram {or Specimen K

[ Yield Stress (MIa) T 27299
Ultimate lensile Stress (MPa) 338.91
* Gauge Length at Failure {mm) 80.2

: Elomgation of Gauge Length at Failure (n11ﬁj 202 |

Strain at failure (%) 33.67

Mote: The ultimate tensile stress reported here refers to the maximum stress recorded as
per the enginesting siress vs. engineering sirain graph, Tt does not refer to the true stress
gxperienced gt tailure, This applies to all the test results at a strain rate of

1.67x107%:77,

: g0
% University of Cape Town - Department of Machanical Engineering
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Appendiz A2 - Test Resulls

K2 - Stress vs. Smaln Graph
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Figure AZ2.3.2 — Test Result for Specimen K2

Table A2.3.2 — Yield Siress and Failure Strain for Specimen K2

Yield Stress (MPa) ©276.71 |
Ultimate Tensile Stress (MPa) 34329
! Gauge Length at Failure (mm) 81.3

Clongation of Gauge Length at Failure (mm) | a3

Strain at failure (%)

| 35.50

% University of Cape Town -~ Department of Mechanical Engineering
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Appendix AZ - Test Results
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Figure AZ.3.3 — Test Result for Specimen XZ1

Table A2.3.3 - Yield Stress and Failure Strain for Specimen XZ1

Vield Stress (MPa) 279.11
Liltimate 'L'ensile Stress (MPa) 319.54 |
Gauge Length at Failure (min) 8.8
Elongation of Gauge Length at Pailure (mm) | 20.8

" Strain at failure (%) 34.67

- A2
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Appendix A2 - Tost Results
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Figure A2 3.4 — Test Result for Specimen NC1

Table A2.3.4 — Yield Stress and Failure Strain for Specimen NCI

_ Yield Stress (MPa) "216.20
: Lliimate Tensile Stress (MDPa) _ 292 84
. Gauge Lenpth at Tailure {mm}) o TS

Elongation of Gauge Length at Failure (mm)  17.5

Strain at failure (%) 2017

3

Universiy of Cape Tows: — Department of Mechanical Engineering
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Determination of Material Properties of Mild Steel at Different Temperatures and Strain Rates

Appendix A2 - Tesi Results

MC2 - Stress vs. Straln Graph
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Figure A2.3.5 — Test Result for Specimen NC2

Table A2.3.5 — Yield Stress and Fanlure Sirain [or Specimen NC2

Yield Stress (MPa} . 208.04
lumate Tensile Stress {MPa) 20355
e

Crauge Lenglh al Failure {rnm)

Elongation of Gauge Length at Failure (mm) | 19.5
32.50

" Styain al failure (%)

% University of Cape Tows: — Department of Mechanical Engineering
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Appendix A2 - Test Results

MC3 - Stress vs. Strain Graph
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Figure A2.3.6 — Test Result for Specimen NC3

Table A2.3.6 — Yield Stress and [ailure Strain for Specimen KC3

Yicld Stress (MPa) 200,69
Ultimate Tensile Stress (MPa) | 28459
Gauge Lengih al Failure (mm) . 8.3

tilongation of Gauge Length at Failure {mm) 183

Strain al falure (%) 30.50

% University of Cape Town — Department of Mechanical Engineening
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Appendix A2 — Test Results

L1 - Stress vs. Strain Graph
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Figure A2 3.7 — Test Result for Specimen L1
Table A2.3.7 — Yield Stress and Failure Strain fur Specimen 1.1
Yicld Stress (MPa) AL
Ultimate Tensile Stress (MPa) ' 348.65
Gauge Tength at Failure {mm) s L
* Flongation of Gauge Length at Failure (mm) | 10.1
Strain at failure (%) 16.83
 AGB

% University of Cape Town — Department of Mechanical Engineering
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Appendix A2 - Test Results

L1MNEW - Stress vs. Strain Graph
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Figure A2, 3.8 — Test Result for Specimen L1NEW

Table A2.3.8 - Yicld Stress and Failure Strain for Specimen LINEW

Yield Stress (MPa) 205.46
Ultimate Tensile Stress (M) 361,14
Gauge Length at Failure {mum) 1.2
Elongation of Gauge Length at lailure {mun) | 11.2

" Strain al failurc (%) 18.67 |

University of Cape Town — Department of Mechanicat Enginegting
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Appendix A2 — Test Results

L2 - Stress vs. Strain Graph
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Figure AZ2.3.9 — Test Result for Specimen L2

Table A2.3.9 — Yield Siress and Failure Strain for Specimmen L2

Yield Stress (MPa) 210.94
Ultimate Tensile Siress (MPa) | 34809
Gauge Length at Failure (imim) 09.8

Elongation of Gauge Length at Failure imm) | 9.8
Strain at failure (%0) 16.33

| ~ A68
'g University of Cape Town - Department of Mechanical Engineering
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Appendix A2 - Test Results

FNZ - Stress vs, Strain Graph
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Figure AZ2.3.10 — Test Result for Specimen FN2

Table A2.3.10 — Yield Stress :and Failure Strain for Specimen FIN2

Yicld Stress (MPa) 201.74
Ultimate Tensile Stress {MPa} 322.84
Gauge Length al Failure (mimn) 68.4

Flongation of Gauge Length af Failure (mm) | 8.4

Strain at tailure (%) 14.00

- AB9

- University of Cape Town — Department of Mechanical Engineering
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Appendix A2 — Test Results

M1 - Stress vs. Strain Graph
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Figure A2.3. 11 — Test Result for Specimen M1

Table A2.3.11 — Yield Stress and Failure Strain for Specimen M1

Yicld Stress (MPa) 186.97
Ultimate Tensile Stress (MPa) 379.23
Gauge Length at lailure (mim) 735
Elongation of Gauge Length at Failure {mm) | 13.5

| Strain at failure (%) 22.50

University of Cape Town — Depantment of Mechanical Engineearing
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Appendix AZ - Test Results
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Frigure AZ.3.12 — Test Result for Specimen M2

Table A2.3.12 - Yield Stress and Failure Strain for Specimen M2

Yicld Stress (MPa) 18990
Lltimate Tensile Stress (MPa) 38491
Gauge Length at Failure {mm). . a5

Elongation of Gauge Length at Failure (mm) | 155 |

Siruin al failure (%) 25.83

% University of Cape Town — Depariment of Mechanical Engineering
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Appendix A2 - Test Resulis

FMN3 - Stress vs. Strain Graph
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Figure A2 3.13 — Test Result for Specimen FN3

Tahle A2.2.13  Yicld Stress and Iailure Strain for Specimen FIN3

" Yield Stress (MPa) 194.36 |
Ultimate I'ensile Stress (MPa) 383.07
Gauge Length at Failure (mm) 73.4
Elongation of Gauge Length at Failure (imm) | 13,4

Strain al failure (%) 22.33

University of Cape Town — Department of Mechanical Engineering

A72



Dotesnination of Material Propeviies of Rild Steal ot Different Temperatures and Strain Ratea

Appendix AZ - Test Resulis

X1 - Stress vs. Strain Graph

Stress (WP a)

Sirain Rate: 1.@?|xm-=s-1
1" = 1

Temperatare: 4507

0+ : T T T T T
0.05 0.1 D15 02 0.25 013 035 0.4

Staln

Figure A2 3 14 - Test Result for Specimen X1

Table A2.3.14 — Yield Stress and Failure Strain for Specimen X1

Yield Stress (MPa) 17436
Uliimate Tensile Stress (MPa) 127275
78.8

CGauge length at Failure (mm)

Elongation of Gauge Length at Failure fmm) | 188
31.33

Strain at tailure (%)

% University of Cape Towr - Department of Mechanical Engineering
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Appendix A2 -- Test Results

X2 - Stress vs. Strain Graph
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Figure A2 315 — Test Result for Specimean X2

Tahle A2.3.15 — Yield Stress and l"ailure Sirain for Specimen X2

Yicld Stress (MPa) 17585
Ultimate Tensile Stress (?ﬂf‘;t) 278.17
79.0

Gauge Length at Failure {nm)
Elongation of Gauge Length at Failure (mm) | 19.0

 Struin af failure (%) 31.67

AT4
University of Cape Towst - Departnient of Mechanical Enginaering
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Appendix AZ - Test Resulis

X3 - Stress vs_ 3traln Graph
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Figure A2.3 18 — Test Result for Specimen X3
Table A2.3.16 — Yield Stress and Failure Strain for Specimen X3
Yield Stress (MPa) 174.16
 Ullimate Tensile Stress {MPa) 270.33
Gauge Lenglﬁ at Failure {rmm} 9.8
Elongation of Gange Length at Failure {mm} - 19.8
Strain at lailure (%) 33.00
________________________________________________________________________________________________________________________ s

Unlversity of Cape Town — Department of Mochanical Enginearing



Oetermination of Material Propertics of Mild Stoel at Different Temperatures and Strain Rates

Appendix A2 - Test Results

Y1 - Stress vs. Strain Graph
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Figure AZ2.3.17 — Test Result for Spacimen Y1
Table A2.3,17 — Yield Stress and Failure Strain for Specimen Y1
Yicld Stress (MPa) T
Ultimate Tensile Stress (MPa) 136.89
Gange Length al Failure {mim) 81.5
Elongation of Gange Length at Failure fmm) | 21.5
Strain at fanlure (%) 35.83
_______________________________________________________________________________________________________________________ o

% University of Cape Town — Department of Mechanical Engineering
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Appendix A2 — Tast Results

Y2 - Stress vs, Strain Graph
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Figure AZ.3.18 — Test Result for Specimen Y2

Table A2.3.18 — Yield Stress and Failure Strann lor Specimen Y2

Yield Suess (MPa)
* Ultimate Tensile Stress {MPa)

115.87
s

Gaupe Length at Failure (mm)

520

Elongation of Gauge Length at

Strain at failure (%)

Failure {mm}

220
36.67

Wniversity of Cane &0 - Defaariment anfoal Fnaingeiing
Mniversity of Cape Town - Depariment of Mechani £ e ing
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Appendix A2 - Test Results

3 - Stress vs. 5train Graph
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Figure A2.3.18 — Test Rasult for Spacimen Y3

Table A2.3.19 - Yicld Stress and Lailure Strain for Specimen Y3

Yield Stress (MPa) [ 114.00
Ultimate Tensile Stress (MPa) | 140.72
Grauge Tength at I'ailure {mm) | 817

i e e e (e, 317

Strain at failure (%) . 36.17

- a8
% University of Cape Town — Department of Mechanical Engineering
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Appendix A2 - Test Results

AZ2.4. Test Results at a Strain Rate of: 1 x 107's™

A total of 15 lests were carried out at a strain rate of Ex 10 5 ' Tabte A2.4.1 outlines

the tests carried oul and the graphed results follow the table.

Table A2.4.1 — Tensile Tests Carried OQut at 1=<107" 5™

Specimen Name Cross Scetion Details of Gauge Length . Temperature ("Ci
Widih {mm) | Thickness (mm) | Area (mmz]

SA2 12.68 3.00 38.04 25
SAG 12.56 3.00 37.68 75
SH2 12.66 300 | 37.98 100
X2 T 1282 3.00 37.86 100
- FD3 1260 3.00 37.80 100
SC1 R 3.00 37.92 200
SC2 1236 |36 A7.68 | 200
s e |0 30T | 3142 200
SD2 . 1260 3.00 37.80 300
XB2 12.66 3.00 3798 300
SEI 12.46 3.00 37.38 450
X<l 1238 3.00 37.74 450
T X 12.58 3.00 W ar 450)
SF3 | 1240 300 37.20 600
XD2 12.62 3.00 37.68 600

AT9
% University of Cape Town ~ Department of Mechanica! Engineering
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Appendix A2 — Test Results

Stress {MPa)

SAZ - Strass vs. Strain Graph
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Figure A2.4.1 — Test Besult for Specimen SAZ

Table AZ.4.1 —¥ield Stress and [ailure Strain for Specimen SAZ

Yield Stress {(MPa) S 282.26
Liltimate Tensile Stress (MPa) CB152T
Gauge Length at Failure {mm) 833

Elongation of Gauge Length at Failure (mm) | 23.3

Strain at [ailure (%) 38.83

Mote: The ultimate tensile stress reported here refers to the maximum stress recorded as

per the engincening stress vs. engineering strain graph. [t does not refer to the true stress

expetienced at failure. This applies to all the test results at a strain rate of 1x10 's ',

A0

University of Cape Town -- Department of Mechanical Enginsering
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Appendix A2 — Test Results

SAG - Stress vs, Strain Graph
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Figure A2.4.2 — Test Result for Specimen SAG

Table A2 4.2 — Yield Stress and Failure Strain for Specimen SA6

Yicld Stress (MPa) ' 783.62
" Ultimate Tensile Stress (MPa) 324 47
Gauge Length at Failure (mm) 83.1

Clongation ol G.;mge Length at Failure (mm) | 23.1

Strain at failure (%) 38.50

University of Cape Town ~ Department of Mechanical Engineering
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Appendix A2 - Test Results

Stiess (MPa)

SB2 - Stress vs. Strain Graph
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Figure A2.4.3 - Test Result for Specimen SB2

Table A2 4.3 — Yield Stress and Failure Strain for Specimen SB2

Yield Stress (MPa) 248.64
Ultimate Tensile Stress (MPa} 306,69 |
Gau_,g,_ré_iength al Failure (imm) 797
Elongation (:I'G-Emge Length at Failure (mm) | 19.7

. Strain at faillure (%) 32.83

el iy

 AB2



Determination of Material Properties of Milg Steel at Different Temperatures and Sirain Rates

Appendix AZ - Test Results
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Figure A2.4.4 — Test Result for Specimen XE2

Table A2 4.4 - Yield Stress and Failure Strain lor Specimen XFE2

Yield Stress (MTPa) 227.63
Ultimate lensile Stress (MPa) 300.71
Gauge Length at Failure (num) 793

Elongation ol Gauge Tength at Failure (mm) | 19.3
Strain at failure (%) 32.17

- AB3
University of Cape Town — Department of Mechanical Engineering
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Appendix A2 - Test Results

FDZ - Stress vs. Strain Graph
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Figure A2 4.5 — Test Result for Specimen FD3

Table A2.4.5 — Yield Stress and Failure Strain for Specimen FII3

Yield Stress (MPa) 22163
Ultimate ‘Tensile Stress (WPa) 2499 68
Gauge Length at Failure (mm) $0.0

Elongation of Gauge Length at l'ailure {mm) | 20.0

Strain at faifure (%a) 33.33

" A84
@ University of Cape Town — Department of Mechanical Enginsering
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Appendix AZ - Test Results

£C1 - Stress vs. Strain Graph
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Figure A2 4 6 — Test Result for Specimen SC1

Table A2.4.6 - Yield Stress and Failure Strain for Spectinen 5C1

Yield Stress (MPa) o | 216.66
Llumate Tensile Stress (MPa) I 314.45 |
Gauge Length at Faflure (imm) L T2.8

Elongation of Gauge Length at awlure (mm) i 12.8
Strain at failure (%) . 21.33

AES
% Univaersity of Cape Town - Department of Mechanical Enginegring
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Appendix AZ - Test Resul{s

SC2 - Stress vs. Strain Graph
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Figure AZ.4.7 — Test Result for Specimen SC2

Table A2.4.7 — Yaeld Stress and Failure Strain for Specimen 8C2

" Yield Stress (MPa) B
Llemale Tensile Stress (MPa) 317.62
Ciauge Length at Failure (mm) 70.4

Flongation of Gauge Tength at Failure (mm) | 10.4
Strain at failure (%) 17.33
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Appendix AZ ~ Test Resuils

5C3 - Stress vs. Strain Graph
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Figure AZ 4.8 — Test Result for Specimen SC3

Table A2.4.8 . Yield Stress and Failure Strain for Specumen 503

Yield Siress (MPa) 206,00
Ultimate Tensile Stress (MPa) 333.54
Gauge Length at Failure (num) 72.9
Elongation of Gauge Lengih al Falure (mm) | 12.9
Strain at failure (%) 21.50

@ University of Cape Town — Department of Mechanical Engineering
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Appendix A2 — Test Resulls
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Figure A2 4.9 — Test Result for Specimen 502

Table A2.4.9 — Yield Stress und Failure Strain lor Specimen 502

Yield Stress (MPa) 191.83
Ultimate Tensile Stress (MPa) 37132
Gauge Length at [Failure (mm) 1.8

Elengation of Gange Length at Failure {mm) | 11,8
Strain at failure (%) 19.67

- A88
University of Cape Town - Gepartmsit of Mechanical Engineering
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Appendix AZ — Test Resulls

XB2 - stress vs. Strain Graph
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Figure AZ2.4.10 — Test Result for Specimen XB2

Table A2.4.10  Yicld Stress and Failure Strain for Specimen XB2

Yicld Stress (MPa} 20297
Ultimate Tensile Stress (MPa) 36780
Gauge Length at Failure (mim) T

Elongation of Gauge Length at Failure (mm) | 137

Strain al (ailure (%) 22.83

~ ABY
University of Cape Town - Department of Mechanical Enginearing
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Arpterthin A2~ Test Resuits

SE1 - Stress vs. Strain Graph
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Figure AZ.4.11 — Test Result for Specimen SE]

Table A2.4 11 — Yield Stress and Failure Strain for Specimen 5151

Yield Stress (MPa) 165,07
Ultimate Tensile Stress (MPa) 0717
Gauge Length at Failure (mm) 798|
Elongation of Gauge [engih at Failure (mm) | 19.8
Strain al failure (%) 33.00
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Appendix AZ - Test Results

¥C1 - Stress vs. Strain Graph
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Figure A2.4.12 — Test Result for Specimen XC1

Table A2.4.12 — Yield Siress and Farlure Strain for Specimen XC'1

Yicld Stress (MPa) 192,11
TItimate Tensile Stress (MPa) | 296.77
Gauge Length at Failure (mm) 79.6

Elongation of Gauge Length at Failure (mm) | 19.6

Strain at failure (%) 32.67

AR
University of Cape Towrn — Bepariment of Machanical Engineering
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Appendix A2 — Test Results
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Figurz A2 4 13 — Test Result for Spacimen XC2

Table A2.4.13 — Yield Stress and Failure Strain for Specinen X2

Yield Stress (MPa} ' 188.62
Ultimate Tensile Stress (MPa) 110,04 :
Grauge Length at Failure (mm) - 74.9

Elongation of Gauge Length at Failure (mm) 199 |
Strain at failure (%) 3317

%: University of Cape Town — Depariment of Mechanical Engineering
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Figure AZ.4.14 - Test Result for Specimen SF3

Table A2.4.14 — Yield Stress and Failure Strain for Specimen SF3

Yicld Stress (MPa) 144 85

Ultimate Tensile Stress (MPa) 175.00

Gauge I.ength at Failure (mm) 838 |
|

' 'Ei_cmgulicm of Gauge Length at Failure (mm) | 23 8
| 3067
1

Strain at {ailure (%)

University of Cape Town — Department of Mechanical Engineering
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Anpendix A2 - Test Results

XD2 - 8trass vs. Strain Graph
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Figure AZ2.4.15 — Test Result for Specimen XD2

Table A2.4.15 — Yield Siress and Failure Sirain for Specimen XD2

Yield Stress (MPa) 141.04
Uliimate Tensile Stress (MPa) 161.91
Gauge Length at lailure (mim} 836

Elomgation of Gauge Length al Failure (mm) 236
Strain al failure (%) | 39.33

AD4
% tniversity of Tape Town — Departrhent of Mechanical BEnginesring
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Appendix A3 - Chemical Compasition Analysis Report

A3. CHEMICAL COMPOSITION ANALYSIS REPORT
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Figurs A3 1 — Chemical Composition Analysis Report

................................... grex
University of Cape Town ~ Department of Mechanical Engineering




Determination of Material Propertios of ild Stee! at Differsnt Temperatures and Strain Rates

Appendix A3 - Chemica! Camiposition Analysis Report

The specimens used for the tests carried out in this project were cut from the same sheel
ol stcel. Samples of these specimens were then sent for an exlernal chemical composition
analysis. The samples marked as specimen A2 and speciimen 12 in figure A3.1 represent
the test specimens used in this project. Note that the samples marked as specimen R and
specimen N were used in the tests found in reference [1] and were cul [rom a differem
sheet of steel. A summary of the chermeal composition of the specimens used in this

project is presented in table A3.1.

Table A3.1 — Chemical Composition of Mild Steel Tensile Specimens

Chemical | Carbon {C) | Manganese (Mn) | Silicon (Si) | Phosphorous (P} | Sulphur (5}

vomim | 0.06~0.07 | 0.14~015 | <005 | 0.005~0.006 | 0002

A6
% University of Cape Town — Department of Mechanical Engineering
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Appendix Ad — Micrographs

A4, MICROGRAPHS

25 samples were selected [or analysis under an optical microscope. Table Ad.1 indicates
the selected specimens. Picees were cut from one of the fractured cods of the tested
specimens and mounted in polymer resin as shown in fipure Ad.1; micrographs were
taken from the regions within the green circles. The micrographs, taken at = 500)

magnification, follow figure Ad.1,

Table Ad.1 — Microstructure Analysis Samples

Specimens . Test Temperatures and Strain Rate

Unitested L

AL NAL BINEW, C1.D1 and U2 | 25°C 10 600°C respectively: 4.17x10~ 5~

F1, NB3, (1. H2, V2 and W2 25°C to 600°C respectively; 3.33x10 75

K2, NC3, L2, M. X2 and Y1 25°C to 600°C respectively: 1.67 % 105

SAZ. SB2, SC1, XB2, SE1 and SF3 | 25°C 10 600°C respectively: 1x107 5~

The green circles indicate the regions where the
micrographs were taken.

Fractured
EBnd/Tip
(LEFT)

Back End
(RIGHT)

Figure A4.1 — Micrograph Bagions

AQ7
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Appendix A4 — Micrographs

Untested Specimen - FLAT

Untested Specimen - MID
Figure A4.2 — Micrographs of an Untested Specimen along its Gauge Length

Note: In all micrographs of the tested specimens, the fractured end is located on the left,
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Figure A4.3 — Micregraphs of Specimen A1 (Tested at 26°C and 4.17 x 107"
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Soccinen AT - WL - BACK
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aarirner WA -

Figure Ad.4 — Micrographs of Specimen NAT (Tested at 100°C and 4.17 x 107's™}
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Micrographs of Specitmen BINEW {Tested at 200°C and 4.17 x 107s™}
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roimen 21 - MID - BACK
sSpeciimen 1 - FLAT - BACk

| cpeudtoen C1-FLAT TP
Figure A4.6 — Micrographs of Specimen G1 {1ested al 300°C and 4.17 x 1075 )
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acimen D1 - MID . BACK
acimsn D1 . FLAT - EACK

Specimen D1 - FLAT -TIP

Figure A4.7 — Micrographs of Specimen D1 (Tested at 450°C and 4.17 x 107%™}
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Figure A4.8 — Micrographs of Specimen U2 {Tested at 600°C and 4.17 x 107's™")
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Figure A4.9 — Micrographs of Specimen F1 {Tested at 25°C and 3.33 x 107
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Figure A4.10 — Micrographs of Specimen NB3 (Tested at 100°C and 3.33 x 107's™)
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Specimen H? FLAT - BACK
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pacimen H? o ML - TIF

Soecim

Figure A4.12 — Micrographs of Specimen H2 (Tested at 300°C and 3.33 x 107s )
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Specimen VZ - FLAT - BACK
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Specimen V2 - MID - TIP
Figure A4.13 — Micrographs of Specimen V2 (Tested at 450°C and 3.33 x 107%™}
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Micrographs of Specimen W2 (Tested at 600" and 3.33 x 107s™)
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Figure A4.15 — Micrographs of Specimen K2 {Tested at 25°C and 1.67 x 10s™)
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Figure A4,16 — Micrographs of Specimen NC3 (Tested at 100°C and 1.67 x 10%s )
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Figure A4.17 - Micragraphs of Specimen L2 (Tested at 200°C and 1.67 x 107%™
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Figure A4 18 — Micrographs of Spociman M1 (Tested at 300°C and 1.67 x 10%7)
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Figure A4,18 — Micrographs of Specimen X2 (Tested at 450°C and 1.67 x 107}
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Figure A4.20 — Micrographs of Specimen Y1 (Tested at 800°C and 1,67 x 107s™)
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Figure A4.22 — Micrographs of Specimen SB2 (Tested at 100°C and 1 x 107s )
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Figure A4.23  Micrographs of Specimen SC1 (Tesled at 200°C and 1 x 107s ")
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Appendix A4 - Micrographs
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Figure A4.25 - Micrographs of Specimen SE1 (Tested at 450°C and 1 x 107's™)
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Figure A4.26 — Micrographs of Specimen SF3 (Tested at 600°C and 1 x 10"'s™")
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