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CHAPTER TWO - LITERATURE REVIEW

The material under investigation is a commercial purity aluminium alloy, AA1200,
containing 99-wt% Al with minor additions of Fe and Si. In order to assess the
microstructural evolution for a predetermined thermo-mechanical process it is necessary
to review the relevant literature on aluminium alloys and thermo-mechanical testing

techniques.

2.1 Material

2.1.1 General Overview of Aluminium

Aluminium is an extremely useful engineering material due to a number of physical,
chemical and mechanical properties. Aluminium is used extensively in applications of
transport, packaging and building primarily due to its low density and good corrosion
resistance. Pure aluminium has an ultimate tensile strength of approximately 90 MPa,
with the main method for strengthening purity aluminium by strain hardening, which

occurs during working operations'.

2.1.2 Commercial Purity Aluminium

AA1200 is a non-heat-treatable aluminium alloy whose mechanical properties are
determined by the process conditions associated with manufacture. AA1200 hasalow
tensile strength and good elongation in the annealed condition. Commercial purity
aluminium is used extensively for extrusions, sheet and foil products due to its good

workability and ductility’.

2.1.3 Rolling of Aluminium

The control of grain size and texture development is at the core of quality control
procedures in sheet metal production. A large grain size may be undesirable for reasons
relating to strength and ductility or texture effects, which is important in controlling

anisotropy’.

Hot working is defined as the deformation process carried out above the recrystallization
temperature of the metal, whilst cold working is performed below that temperature’.
With the increase in the size of aluminium sheet ingots combined with more powerful
mills, the tendency has been for higher temperatures to be retained during hot rolling and

for larger reductions to be taken. Despite the strong recovery effect in aluminium, there
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Results and Discussion 86

inhomogeneous recrystallization at elevated temperatures is a result of adiabatic heating
and not heat loss to the anvils. If heat loss to the anvils did occur it would result in the
material near the surface of the PSC specimen experiencing a lower temperature of
deformation with respect to the centre material, itrespective of the strain rate conditon.
A similar microstructure as illustrated in Figure 4.26 (b) and (c) would evolve during

subsequent annealing treatments.

Adiabadc heating leads to a continuous variation in the Zener-Hollomon parameter
through the thickness of the PSC specimen. The microstructural evolution during
subsequent annealing will therefore not be homogeneous through the thickness of the
specimen. In determining microstructural evolution during subsequent annealing and
fitting experimental data to analytical recrystallizaton models an accurate prediction of

the temperature of deformation is required.
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Results and Discussion §()

The Zener-Hollomon parameter is used to qualitatively determine the inhomogeneity of
recrystallization experienced at elevated temperature testing. Figures 4.34 and 4.35
cleatly show a variation in the Zener-Hollomon parameter through the thickness of the
PSC specimen. Figure 4.34 and 4.35 (a) show that the Zener-Hollomon parameter is
greatest near the surface of the specimen. Ignoring the inhomogeneity of the strain but
considering the strain rate distribution across the RD/ND plane in calculating the Zener-
Hollomon parameter, the inhomogeneity of recrystallization discussed in Section 4.3.1,
could be attributed to the variation in the Zener-Hollomon parameter through the
thickness of the specimen. The Zener-Hollomon parameter is greatest in the volume of
material near the surface of the PSC specimen and therefore likely to recrystallise before

the matenal at the centre.

However, Figure 4.35 (b) shows a decrease in the Zener-Hollomon parameter towards
the surface of the specimen, which is inconsistent with the partially recrystallized
microstructure in Figure 4.26 (b), which shows recrystallization initiating near the surface
of the PSC specimen. Furthermore, the FEM predicted strain at the centre is 1.2 and at
the surface (.6, therefore there is increased stored energy at the centre as a result of
higher strain. From the FEM prediction in Figure 4.35 (b) recrystallization should
initiate at the centre of the PSC specimen and material near the surface should require

longer annealing times to fully recrystallise, which has not been shown experimentally.

FEM simulations have shown that the average gradient of the Zener-Hollomon
parameter as a function of distance in the ND decreases and eventually becomes negative
(Figure 4.35 (b)) as the initial test temperature is increased. The Zener-Hollomon
parameter includes strain rate and temperature dependencies. The change in the Zener-
Hollomon parameter in the ND as the test temperature is increased is discussed with
reference to Figure 4.36, which shows the FEM prediction of temperature variatdon from
(a) initial test temperature and (b) strain rate distribution along node path in the ND
assuming homogeneous temperature distribution prior to testing for FEM simulation at
25, 250 and 440 °C. Figure 4.36 (a) shows a decrease in temperature variation from the
centre to the surface of the PSC specimen as the initial test temperature is increased. As
the temperature of deformation is increased the magnitude of the flow curves decreases,

therefore less heat evolves due to plastic work.
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At elevated temperatures lubrication breakdown occurs resulting in a change in the strain
distribution across the RD/ND plane of the PSC specimen. The vanation in strain
therefore increases the strain rate varnation between material at the centre and material
near the surface. This is shown in Figure 4.36 (b) for the deformation temperature of
440 °C, where the strain rate is approximately double that at the centre of the PSC
specimen relative to the material near the surface. It is also noted from Figure 4.36 (b)
that the strain rate at the centre of the PSC specimen for deformation at 250 and 440 °C

1s approximately 12 sec” for a simulated nominal strain rate of 10 sec™.

At deformation temperatures above approximately 325 °C a transition in the Zener-
Hollomon parameter in the ND occurs, with the Zener-Hollomon parameter becoming
greater at the centre than at the surface. At temperatures below 325 °C the Zener-
Hollomon parameter at the surface is greater than at the centre because the localized
adiabatic heating cffect outweighs the effect of strain rate. At temperatures above 325 °C
adiabatic heating becomes less significant in changing the Zener-Hollomon parameter
because of little variation in temperature from the centre to the surface of the PSC
specimen. The strain rate dependency of the Zener-Hollomon parameter becomes
dominant with increasing friction changing the strain rate distribution within the PSC

specimen.

4.3.6 The Ability to Predict Microstructural Evolution with the FEM Model

In Section 4.3.3 partially recrystallized microstructures are shown for spectmens
deformed at room temperature at strain rates of 0.1 (Figure 4.30 (b)) and 10 sec” (Figure
4.32 (b)), where the effects of heat loss to the anvil and environment are ignored. The
inhomogencity of the recrystallized structure in the RD/ND plane of the specimen
deformed at a strain rate of 10 sec”' is due to adiabatic heating. This results in a variation
in the Zener-Hollomon from the centre of the PSC specimen to the surface for
deformation at 25 °C at a strain rate of 10 sec' of approximately two orders of
magnitude, as shown in Figure 4.34. This is considered sufficient to cause an
inhomogeneous distribution of stored energy in the deformed microstructure, with the
stored energy being greater at the surface of the specimen than at the centre. With the
strain being preater at the centre than at the surface, the overall effect of a variation in
the Zener-Hollomon parameter and strain is such that the stored energy is greatest in the

volume of material near the surface. Recrystallization would therefore initiate in the
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volume of material near the surface of the PSC specimen, which 1s shown
experimentally. The FEM prediction of the Zencr-Hollomon parameter at 25 "C is

therefore valid in providing an explanation for the inhomogencity of recrystallization.

For the PSC specimen deformed at 250 °C the increase in the Zener-Hollomon
parameter from the centre of the PSC specimen to the surface is less than double. The
variation in the Zener-Hollomon parameter from the centre to the surface of the PSC
specimen in Figure 4.35 (a) is considered negligible in changing the recrystallization
kinetics. The strain distribudon through the thickness of the PSC specimen is
approximately 1 at the centre and (.72 at the surface. In the descrption of the
mechanical properties for AA1200 at 250 °C the matenal 1s still work hardening at a
strain of 0.72, therefore the stored energy of the deformed microstructure can still be
increased. With little variation in Zener-Hollomon parameter the stored energy of the
deformed microstructure would be greater at the centre of the PSC specimen and
therefore likely to rectystallise at the centre with longer anncaling times for the surface

material to fully recrystallise.

For the PSC specimen deformed at 440 °C at a strain rate of 10 sec’ a similar
recrystallization inhomogencity is observed as that of the 25 and 250 °C tests. The FEM
prediction of the Zener-Hollomon parameter for the simulation at 440 °C, Figure 4.35
(b), shows that recrystallization should initiate at the centre of the PSC specimen. FEM
and microstructural evidence, Figure 4.2G (c), therefore contradict one another in terms
of where recrystallization initiates and should initiate assuming homogeneous

temperature distnbution before deformation.

In view of the strain validation and consequent strain rate, by visioplastic analysis, the
disagreement between the observed recrystallization pattern and that suggested by the
FEM simulation based on stored energy arguments is most likely due to an
inhomogeneous temperature distribution. Although iemperature homogeneity has been
reported™, it is believed that there is sufficient microstructural evidence to suggest that
the material near the contact surface is at a lower temperature of deformation than the
centre of the specimen. The FEM model can therefore not reliably approximate the
thermal variables during elevated temperature PSC iesting. The inaccurate FEM

prediction of thermal variables is attributed to inhomogeneity of temperature distribution
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before and during deformation. The inhomogeneity of temperature distribution is
attributed to the specimen heating method, that of electrical resistance heating. Further
investigation is beyond the scope of the present study and therefore not investigated;

however, recommendations are made for future investigation.

It 1s noted that the heterogeneous recrystallization was not significant for PSC tests
performed at strain rates of 0.1 sec’. This is attributed to a more homogeneous
temperature distribution within the deformation zone of the specimen. For the direct
resistance heating method, as cross head movement of the anvil occurs the current
applied is removed. As cross head movement occurs heat from the specimen is lost to
the environment and to the anvils, which however results in a2 more homogeneous
temperature distribution as the specimen temperature drops. This occurs because the
high thermal conductivity of aluminium allows the specimen temperature to drop with a
relatively homogeneous temperature distribution, whereas the specimen heating method

results in a significant inhomogeneity of temperature distribution.

For metallurgical purposes the centre of the sectioned PSC specimen is investigated as
the microstructural properties and mechanical vanables of deformation are symmetnc
about the RD and ND centre planes. Since temperature distribution across the RD /ND
plane is not homogeneous, determination of the temperature at the centre of the PSC
specimen in the deformation zone is required. The true deformation temperature should
therefore be measured by placing the thermocouple at the centre of the PSC specimen in
the deformation zone. This would allow a more accurate measurement of the true

deformation temperature at the centre RD/ND plane of the PSC specimen.

4.3.7 Effect of Inhomogeneous Temperature Distribution on Strain Distribution
The inhomogeneity of temperature distribution would result in material at the centre of
the PSC specimen expenencing a higher temperature of deformation relative to the
material near the surface of the specimen. Material flow behaviour is dependent on the
temperature of deformation with the magnitude of the flow curve decreasing as the
temperature of deformation is increased. This is a result of dynamic recovety causing
dynamic softening as the temperature of deformation is increased. Within the PSC
specimen the material near the surface effectively requires a greater stress for

deformation than the material at the centre when an inhomogeneous temperature
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distribution occurs. The material at the centre of the PSC specimen will therefore
deform preferentially if the temperature distribution is significant in lowering the
magnitude of the flow curve at the centre relative to the surface. The inhomogeneity of
temperature distribution would therefore affect the strain distribution across the

RD/ND plane of the PSC specimen.

From the present study the inhomogeneity of temperature distribution through the
thickness of the PSC specimen is believed to increase with increasing deformation
temperature. This is attributed to greater temperature differential between the anvils and
the PSC specimen as the test temperature is increased. The increase in inhomogeneity is
a result of the increased heat loss to the environment at elevated temperatures and
equilibrium of temperature distribution between the anvils and the specimen is less likely

to occur.

The exact vanation 1n temperature distribution through the thickness of the PSC
specimen when electrical resistance heating is employed specimen has not been
investigated. However, if a significant temperature variation through the thickness of the
PSC specimen occurs, the strain distribution will change for a specific coefficient of
friction. Lubncation breakdown which was charactenised and discussed in Section 4.2.4,
may therefore be a combination of lubrication breakdown and a change in strain
distribution attributed to an inhomogeneous temperature distribution through the
thickness of the PSC specimen. If this does occur the charactenization of the friction
condition at elevated temperatures is not valid in describing the coefficient of friction.
However, the charactenization of coefficient of friction gives a good approximation of
lubrication breakdown and strain inhomogeneity attributed to vatiation in temperature
distribution through the thickness of the PSC. The characterization of the coefficient of
friction can therefore still be employed to approximate the strain distribution within the

PSC specimen using the FEM.
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4.4 Program Strain

From the results of the present investigation it has been found that the mechanical
variables during PSC testing at the University of Cape Town, can be predicted using the
FEM within a certain strain and strain rate range. A more accurate approximation of the
mechanical variables is obtained compared to nominal values. A program which
determines the mechanical vanables for a specific PSC thermo-mechanical process has

been developed, and the source code is included in Appendix B.

Program Strain v.1 uses FEM predictions of strain to obtain a more accurate
approximation of the strain and strain rate at the centre of the PSC specimen in the
RD/ND plane, for any applied nominal strain. In calculating the strain and strain rate
the program uses trendline polynomial functions, which have been fitted to FEM
predictions for varying coefficients of friction. If the nominal strain of deformaton 1s
known, the FEM approximations are used to obtain a FEM predicted strain at the centre
of the PSC specimen. The input temperature determines the coefficient of friction using
the equations derived in Section 4.2.4.4. The coefficient of friction 1s then used to

calculate the strain and strain rate at the centre of the deformed PSC specimen.

The input variables are: £ Strain rate (sec'l)
ho Initial specimen height (mm)
hf Final specimen height (mm)

T Temperature of deformation ("C)

Program Strain v.1 can then be used by the researcher to obtain a more accurate
prediction of the strain and strain rate at a specified deformation temperature at the
centre of the deformed PSC specimen in the RD/ND plane for AA1200. In order to
adapt Program Strain v.1 for other aluminium alloys a FEM study would be required to

be undertaken incorporating the respective flow curve data.



CHAPTER FIVE - SUMMARY

The objectives of the research thesis were to determine the mechanical and thermal
variables in an aluminium specimen during PSC testing over a range of thermo-
mechanical test variables. Nominal values of strain and strain rate do not approximate
the mechanical variables of deformation within the aluminium specimen during PSC
testing and the temperature distribution is not homogeneous across the RD/ND plane
of the PSC specimen. The mechanical and thermal variables during PSC testing were
therefore investigated in order to more accurately predict the true thermo-mechanical
parameters during PSC testing, which could then be incorporated into analytical

microstructural models.

5.1 Determination of Mechanical Variables during PSC Testing
The mechanical variables, namely strain and strain rate, were investigated using
visioplastic experiments, the FEM and a strain-hardness correlation. The visioplastic

study was used to verify and validate the FEM predictions.

5.1.2 Visioplasticity

Visioplastic experiments were able to provide the true state of deformation within the
PSC specimen for the range of thermo-mechanical test variables investigated. Deformed
visioplastic specimens showed a distinct transition in the strain distribution across the
RD/ND plane of the PSC specimen. A transition in strain distribution was found to
occur above 300 °C for a nominal strain rate of 10 sec’. The transition in strain
distribution is attributed to the graphite lubricant breaking down at elevated
temperatures. The increase in strain inhomogeneity at elevated temperatures may also be
a result of a temperature inhomogeneity within the PSC specimen when electrical

resistance heating 1s employed.

Visioplastic experiments also revealed that the lubrication condition appears to
breakdown in one test but not in another at elevated temperature testing. The change in
friction condition is significant in changing the strain and strain rate distribution across
the RD/ND plane of the PSC specimen. A range of coefficients of friction is therefore
used in predicting a strain and strain rate range that the PSC specimen is likely to have

received.
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5.1.2 The FEM

The FEM allowed for the determination of the friction condition between the anvil and
the specimen by comparison of visioplastic results and simulated coefficients of friction.
The FEM is able to approximate the true mechanical deformation variables within the
PSC specimen over the range of thermo-mechanical test variables investigated. The
FEM therefore provides a more accurate approximation to the true deformation

variables to be incorporated in analytical microstructural models.

The FEM has also shown that the strain and strain rate distribution is sensitive to small
variations in the coefficient of friction. This is attributed to the low work hardening rate
used in the description of the flow curve data used in the FEM model, which is

appropriate for commercial purity aluminium.

5.1.3 Strain-Hardness Correlation
The strain-hardness correlation was unsuccessful in determining the mechanical variables
within the PSC specimen because of the low work hardening of aluminium resulting in

little variation in hardness measurements for incremental variations in strain.

5.2 Determination of Thermal Variable during PSC Testing

The temperature distribution was investigated using the FEM. Microhardness
measurements were used to investigate the possible influence of variations in
temperature distribution across the RD/ND plane of the PSC specimen on the

inhomogeneity of recrystallization.

52,1 The FEM

The FEM was used to determine the temperature distribution across the RD/ND plane
at nominal strain rates of 10 sec” assuming homogeneous temperature distribution
before testing. At a strain rate of 10 sec” adiabatic heating occurs with the centre of the
PSC specimen being heated above the temperature of the material near the surface due
to the strain inhomogeneity. The FEM results are used to determine the Zener-
Hollomon parameter variation through the thickness of the PSC specimen. The
simulated Zener-Hollomon parameter is greater near the surface of the PSC specimen
than at the centre for temperatures below 325 °C. Above 325 °C the simulated Zener-
Hollomon is greater in the material at the centre of the PSC specimen than in the

material near the surface.
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Assuming homogeneous temperature distribution before testing the Zener-Hollomon
parameter variation represents a stored energy distribution through the thickness of the
PSC specimen. Ignoring the inhomogeneity of strain, but considering the strain rate
distnibution in calculation of the Zener-Hollomon parameter, at temperatures below 325
°C the FEM predicts that recrystallization should initiate in the material near the surface
of the PSC specimen and above 325 °C the FEM predicts that recrystallization should
initiate at the centre of the PSC specimen. Ths is a result of a change in strain rate
distribution as lubrication breakdown occurs and at elevated temperatures less plastic
work 1s converted into heat as a result of dynamic recovery reducing the flow curve stress

magnitude.

5.2.2 Microhardness Measurement

Microhardness measurements were used to qualitatively determine stored energy
distributions through the thickness of PSC specimens deformed at elevated temperatures
at a strain rate of 10 sec’. The microhardness measurements showed that the
microhardness at the surface of the PSC specimen was greater than that at the centre of
the PSC specimen. This represents a stored energy distribution within the PSC specimen
with recrystallization likely to initiate near the surface and the matenal at the centre
requinng longer annealing times to fully recrystallise. This consistently occurs at
deformation temperatures above 200 °C and is consistent with microstructural evidence
for partially recrystallized specimens deformed at initial deformation temperatures above

200 °C at a strain rate of 10 sec™.

5.2.3 Microstructural Investigation

Partially recrystallized microstructures across the RD/ND plane of PSC specimens were
produced to investigate the stored energy distribution though the thickness of the PSC
specimen. Partially recrystallized microstructures show recrystallization initiating in the
volume of material near the surface of the PSC specimen, with the centre requiring
longer annealing times to fully recrystallise, for specimen deformed at a strain rate of 10
sec" and when electrical resistance heating is employed. The inhomogeneity represents a
stored energy distnbution through the thickness of the PSC specimen, which is
consistent with microhardness measurements. The inhomogeneity of stored energy is,
however, inconsistent with FEM predictions and is attributed to inhomogeneous
temperature distribution through the thickness of the PSC specimen before and during

testing.



CHAPTER SIX - CONCLUSIONS

Based on the findings of this research thesis the following conclusions are drawn:

1. A FEM model simulating PSC testing of AA1200 at the University of Cape
Town has been successfully verified and validated by visioplastic experiments.
The FEM model can accurately approximate the mechanical variables during

PSC testing.

2. Metallographic investigation of deformed PSC specimens is undertaken at the
centre of sectioned PSC specimens to ensure symmetry of thermo-
mechanical variables. The strain distribution within the deformation zone of
a PSC test specimen is not homogeneous, and consequently the strain rate
distribution is not homogeneous. The strain and strain rate at the centre of
the sectioned PSC specimen cannot be accurately approximated by nominal
values of strain and strain rate. The FEM model gives a more accurate
approximation of the mechanical variables at the centre of the PSC specimen

when compared with nominal values.

3. The strain rate at the centre of the PSC specimen is linearly related to the
nominal strain, for temperatures between 25 and 440 °C but the slope of the
relationship varies in magnitude as the friction condition changes the strain
distribution at hot working temperatures. The strain rate at the centre of the
PSC specimen is determined by the material flow at the centre. At
temperatures above 300 °C lubrication breakdown occurs resulting in

increased material flow at the centre, therefore a higher strain rate.

4. Lubrication progressively breaks down leading to increased friction above
300°C. The variation in friction condition above 300 °C results in a variation

in strain and strain rate distribution within the PSC specimen.

5. Lubrication breakdown has been characterised to determine the coefficient of
friction for temperatures between 25 °C and 440 °C, for strain rates between

0.1 and 10 sec’. Assumed lubrication breakdown may, however, be a
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combination of lubrication breakdown and a variation in temperature
distribution through the thickness of the PSC specimen causing a strain

inhomogeneity.

Reliable determination of the strain and strain rate distribution is not possible
due to variations in coefficient of friction for constant deformation

temperature. A range of strain and strain rate is more applicable.

A true plane strain condition does not exist. The transverse strain is
approximately 0.1 of the nominal strain along the centre of the PSC specimen
in the TD. Subsequently a three-dimensional FEM model is required to

approximate deformation during PSC testing.

The material receiving approximate plane strain deformation during PSC

testing is the central (w-b) part of the PSC specimen.

The assumption of slip line field theory being independent of temperature
and stran rate is valid for temperatures above 180 °C assuming constant

coefficient of frction.

Inhomogeneous recrystallization in the RD/ND plane occurs for PSC
specimens deformed at temperatures above 200 °C and is attributed to

inhomogeneous temperature distribution before and during deformation.

The temperature distribution is not homogeneous within the deformation
zone of the PSC specimen before and during deformation when electrical
resistance heating is employed. Consequently the FEM model used in the

analysis cannot approximate the thermal variables dunng PSC testing,



CHAPTER SEVEN - RECOMMENDATIONS

Based on conclusions the following recommendations are made:

L. Jahajeeah® implemented a coupled thermal-electrical analysis, and concluded
that the temperature distribution within the PSC specimen was homogeneous
before deformation at elevated temperatures. The temperature distribution
has since been found not to be homogeneous from microstructural evidence
and is attributed to the specimen heating method and heat loss to the anvils.
It is therefore recommended that PSC tests be performed on a PSC rig that
does not use electrical resistance heating but uses a furnace containing the
anvils and specimen. This would allow the temperature of the anvil and the
specimen to be homogeneous before and during testing. Microstructural
investigation could be used to directly compare the deformed microstructures

for similar tests performed at the University of Cape Town.

If significant variation in microstructural evolution during subsequent
annealing treatments occurs between specimens deformed using electrical
resistance heating and a furnace type, it is recommended that either the
temperature distribution for electrical resistance heating be further
investigated or a suitable solution be found to ensure that the temperature
distribution is homogeneous. This could possibly mean the conversion of

the present PSC rig to a furnace type rig.

2. The theoretical temperature distribution for electrical resistance heating
combined with reliable and accurate experimental results should be
investigated to determine the inhomogeneity of temperature distribution
within the PSC specimen. This would allow investigation into the effect of
temperature inhomogeneity on the strain and strain rate distribution within

the PSC specimen.
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When performing PSC tests, the thermocouple should be situated at the
geometric centre of the PSC specimen within the deformation zone to ensure
that the test temperature is the test temperature of the material to be
analysed. This would result in a thermocouple being destroyed during each
test, but using the K-type wire thermocouple little costs would be incurred

and the thermocouples take little time to make.

For metallographic investigation the material receiving approximate PSC is
the central (w-b) part of the PSC specimen. It is therefore recommended
that w/2 of the PSC specimen be discarded from each end due to breakdown

in the approximate plane strain condition.

It is recommended that when using electrical resistance heating a ‘dummy’
specimen be deformed at or above the test temperature to be used before
testing. This would heat the anvils and therefore produce less of a
temperature inhomogeneity during subsequent elevated temperature PSC

testing.

When PSC testing of aluminium alloys other than AA1200 it would be
necessary to simulate the thermo-mechanical process using the FEM, by
employing constitutive equations that describe the mechanical properties of
the alloy being investigated. This is required since the work hardening
behaviour of other aluminium alloys may be significant in changing the strain
and strain rate distribution within the PSC specimen described in the present

study.
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APPENDIX A - PARAMETRIC STUDY

An optimal mesh in terms of computational time and acceptable convergence was
obtained by performing a parametric study. Mesh sensitivity was investigated in the
three co-ordinate axes directions. To obtain an optimal number of nodes in each co-
ordinate axis direction, the number of nodes in the specific co-ordinate direction was
varied keeping the number of nodes in the other two co-ordinate directions constant.
The meshes used to obtain an optimal mesh are given in Table A, for the (a) RD, (b) ND
and (c) TD.

ND TD
pi
< »d
2 1 RD 10 nodes
bias of 3
Figure A Eighth PSC specimen showing RD, ND and TD.

Other Axes Axis being Investigated

RD ND D

RD N/A 40 15

ND 20 N/A 10

TD 4 4 N/A

Table A Number of nodes to be used in other directions for parametric study.

Specimens were deformed to a nominal strain of 0.5 and 1 and the PEEQ plotted along

the node path in the specific direction to find an optimal mesh.












APPENDIX B
SOURCE CODE FOR PROGRAM STRAIN v.1



CONTAINS

| o o e - - " o = = T = T o T " - " 4 oo T . e -
'subroutine: intro

4

fpurpose: displays program information
]

targument description
i

tintro_qu answer to guestion
i

‘programmer: J.M. Buchanan
!language? Fortran 90

'date: 12 November 2001

IMPLICIT NONE
CHARACTER(len=L0)::intro_qusqu

‘program information

WRITE(*x.x)'

WRITE (*,%)" PROGRAM '

WRITE(®.%)? STRAIN v.1 °*

WRITE(*x,x)*

WRITE(x-%)' This Program (alculates the Strain and Strain Rate at the (entre o
f!

WRITE(x.%)' a PSC Specimen '

WRITE(x.x)"' *

WRITE(%x.%)"' Design and development '

WRITE(%,x)"' by'

WRITE (%x.%x)! J. Buchanan !

WRITE(x %)
WRITE(%x.%)!
WRITE(%x.%)!
WRITE(*x.x)"'

WRITE(%x.%)'The required program inputs are:!
URITE(x,x)' 7!

WRITE(%x.x)' (L) Initial specimen height (mm) !
WRITE(*,%)'(2) Final specimen height (mm)’
WRITE(*.%)'(3) Temperature of deformation (oC) '
WRITE(x.%x)'(L4) The nominal strain rate (sec-1l) ?
WRITE (x.%)' !

WRITE(%x,%)" !

tquestion - would user like to continue

qu='redo’
PO WHILE(gQu=='redo')

URITE(*.%)" Would you like to continue? (y/n)!
READ(x.®)intro_qu

IF(intro_gu=='y*) THEN
qu='done!

ELSE IF(intro_gu=='n") THEN

qu='done’
WRITE(x,x)' !

WURITE(*.%)'Program Strain is terminated'
STOP
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ELSE

WRITEC(*x,%)*' T
WRITE(*x.x)'A vaild answer was nat given'
WURITE(x-.x)" !

END IF
END DO
END SUBROUTINE intro
B s s - - - N " —— o~ V-7 - > - . - - - -
!subroutine: inputs
1
tpurpose: user enters PSC test variables

targument description
t

'ho (out) initial height of PSC specimen
thf (out) final height of PSC specimen
't (out) temperature of deformation
‘rate (out) strain rate of test

1

ipragrammer: J.M. Buchanan

tlanguage: Fortran 90

‘date: L2 November 200X

1 o e o e o v e e o - - > " - T _ — = " o A~ -

SUBROUTINE inputs(ho.hf.t.rate)
IMPLICIT NONE

REAL - INTENT (out)::ha-hf T rate
CHARACTER (len=10)::temp.s_rate.h_initial

tuser enters initial specimen height

h_initial="bad’
DO WHILE(h_initial=='bad')

WRITE (*.%)" ¥
WRITE(x.%)' (L) Enter initial height (mm)'
READ (*.%x)ho
IF (ho>=10-5) THEN
WRITE(x %) !
WRITE(x.%)'The initial height is not valid’

ELSE
h_initial=’good’

END IF
END DO
'user enters final specimen height
WRITE(x.%)r '
WRITE(*.%)'(2) Enter final height (mm)’
READ (%+x)hf

fuser enters the test temperature

temp='bad'
DO WHILE (temp=='bad')

WRITE (%.%)" ¢
WRITE(%.%)'(3) Enter test temperature (oC)'

Page 2



READ(x.x)t

IF (t<=450.and.t>=140) THEN
temp='good'

ELSE
WRITE(x.x)' !
WRITE(x.%)'The test temperature is not valid'
END IF
END DO

'user enters the strain rate used in the PS(C test

s_rate='bad'
DO WHILE(s_rate=='bad')

WRITE (% x)" !
WRITE(%x.%)’(4) Enter nominal strain rate (sec-1)'
READ(x.x)rate

IF (rate>=0.l.and-.-rate<=10) THEN
s_rate='good'

ELSE
WRITE(x.x)'The strain rate is not valid'

END IF
END DO

'subroutine: friction
I

'purpose: calculates the coefficients of friction
]

'argument description
1]

't (in) temperature of deformation
'mean (out) mean friction prediction
‘up (out) upper friction prediction
'low (out) lower friction predicting
]

'programmer: J.M. Buchanan

'language: Fortran 190

'date: 12 November 200Y

SUBROUTINE friction(t-mean.up.low)
IMPLICIT NONE

REAL. INTENT(in)::t
REAL. INTENT (out)::mean.up.low
REAL::error

error=0.1%

IF (t<250.and.t>=280) THEN 'if the temperature is between 250 and 1&0
'the coefficient of frictionis calculated

mean=(0.0L/L50)xt+0.0435

up=mean
low=mean
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http:error=0.15

ELSE IF (t>=250) THEN !if the temperature is greater than 250
'the coefficient of friction is calculated

mean=(2.8L/1.000000)*t*t~(k-33/1000)*t +0-2137
up=mean+(meanxerrar)
low=mean~{mean*error)

ELSE

END IF
END SUBROUTINE friction
B o s o o o ED o T M R A A NG e W e e o > . T = o Y - = - . . —
!subroutine: strains
i
‘purpose: calculates strain and strain rate values
1
Yargument description
1
‘rate (in) strain rate of test
‘mean (in) mean coefficient of friction
tup (inout) upper coefficient of friction
flow (inout) lower coefficient of friction
tnom_s (in) nominal strain
!'s_mean (out) mean strain value
's_up (out) upper strain value
's_low (out) lower strain value
's_rate_m (out) mean strain rate
's_rate_u (out) upper strain rate
's rate_1 (out) lower strain rate
]
!programmer: J.N. Buchanan
!language: Fortran 90
‘date: 12 November £001

B o o o - ] ] -] " - -] " —_ - . -

SUBROUTINE strains{rate.mean.up-low-nom_s-S_mean-S_upsS_low.s_rate_m+: &
s_rate_u.s_rate_l)

IMPLICIT NONE

REAL. INTENT(in)::mean-rate-nom_s
REAL- INTENT(out)::s_mean.s_up-s_low.s_rate_m.s_rate_u-s_rate_1l
REAL- INTENT(inout)::low.up

REAL::frictionss_h.s_l.mu_uw,strain.x
INTEGER: :mu

X=Nnom_S

mu=1

DO WHILE (mu<=3) 'do while loop for each friction value

IF (mu==1) THEN
friction=mean

ELSE IF (mu==2) THEN
friction=up

ELSE IF (mu==3) THEN
friction=1low

END IF
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s_h=0
s_1=0

‘the model has been developed for coefficients of friction between 0.05 and D-
22h
'if the coefficient is less than D-D5. D.D5 will be used

IF (friction<=D0.05) THEN
WRITE(*.x)'The lower frition value is 0.08!'
low=0.05
friction=0.05
'if the coefficient is greater than 0-.225. O0-225 will be used
ELSE IF (friction>=0.225) THEN
up=0.225
friction=0.225
WRITE (x-%)'The upper frition value is D.225'
ELSE
END IF
IF ((friction>=0.058)-and.(friction<0.0?75)) THEN
mu_w=(friction-D.05)/0.025 !coefficient of friction weighting

'0.05 fem prediction
s_h=(0-33103x(x%xx5) - L.50bl2x(x*%xYy) &

+ 2.507b8%x(x%x%x3) - 1.8098L%x(x*xx2) + 1.51245xx - D.00LDA)

'D.07?5 fem prediction
s_1=(-0.0L63%(x%xx5) - O0.2939%(x%xxYy) &

+ D.950lx(x%x%x3)=- D.9527%x(xxx2) + 1-389bxx - 0.001%)
ELSE IF ((friction>=0.D0758).and-(friction<0:.1)) THEN
mu_w=(friction-0.0?75)/0.025 !coefficient of friction weighting

'0.075 fem prediction
s_h=(-0.01b3*%(xxx5) - D.2939%x(x*xx4) &g
+ D.95DLx(xx%x3)= O0.9527%x(xx%x2) + 1.389Lxx -~ 0.0019)

'!0-1 fem prediction
s_1=(0-17383)x(xxx5) - (D.B85929) x(xxxYy) &

+ (L-5517L)x(xx%x3) - (Ll.257L8)%(xxx2) + 1.52L30%x - O0.00288
ELSE IF ((friction>=0.1).and-(friction<D.125)) THEN
mu_w=(friction-0.1)/0.025 !coefficient of friction weighting
!0.1 fem prediction
s_h=(0-17383)x(xxx5) - (D-85929)%x(x*xy) 8

+ (1-5517L)x(x%x%x3) - (1.-25715)%(xxx2) + 1.52630xx - 0.0D288
'0-125 fem prediction
s_1=(0.L5807)%x(x%x5) - (D.80422)%x(x%xxY) 8

+ (1.9695L) *(xxx3) - (L1.19708)%(x*x%x2) + L.5b34ybxx - 0.00288
ELSE IF ((friction>=0.125).and-(friction<D.15)) THEN

mu_w={(friction-D.125)/0.025 !coefficient of friction weighting
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http:friction>=0.125).and.(friction<0.15
http:friction=0.05
http:low=0.05
http:friction<=0.05

'D.125 fem prediction

s_h=(0.15807)%x(xxx5) = (0.80422) *x(xxxl4) &

+ (L.4695L)*x(xxx3) - (1.19708)*(x**2) + 1.5b34b*x - 0.00284
'0.15 fem prediction

s_1=(0-1b752)*x(x*%x5) - (0.8L957)*%(x*xl4) &

+ (L.43941)*(x*xx3) = (L.L5594)*x(xxx2) + 1l.b2l00%*x - 0.0025b
ELSE IF ((friction>=0.15)-and-(friction<D-175)) THEN
mu_w=(friction-0-15)/0.025 !coefficient of friction weighting
'D.15 fem prediction

s_h=(0.1b752) % (xxx5) - (0.8L957)*%(xxx4) &

+ (1.43941)*x(x*x%3) - (L.L5594)x(x*x*x2) + 1l.b2l00xx - O.0025b

'0D0.175 fem prediction
s_1=(0-11bB8A)x(xxx3) - (0-3I4993)*(x*x2) + 1-53L48xx + O0.00k3b

ELSE IF ((friction>=0.175).and.(friction<D.2)) THEN
mu_w=(friction-0.175)/0-0285 !coefficient of friction weighting

'D-17?5 fem prediction
s_h=(0.11bB8A)x(x*x3) - (0.34993)*x(x*xx2) + 1.53148xx + 0.-00L3b

'D.2 fem prediction

s_1=(0.17454)%x(xxx5) - (0.8720U)*x(x*x4) &

+ (L.48be25)x(xxx%x3) - (1-14357)*x(xxx2) + 1.7449Lxx - 0.0022b
ELSE IF ((friction>=D.2).and.(friction<=0.225)) THEN
mu_w=(friction-0.2)/0.0285 !coefficient of friction weighting
'D.2 fem prediction

s_h=(0-L7454)*x (x*x5) = (0-&8720U)*(x*xl4) &

+ (1-48k25)*(x*x*3) - (L.L4357)x(xx*x2) + 1.7449b*x - 0.0022b
'D.225 fem prediction

s_1=(0.0b197)* (x**x5) - (0.29929) *(x**x4) &

+ (O0.b4&72)*(x*%*3) « (0.49L72)*(xxxP) + 1.95707%x - 0.00074
END IF

strain=(l-mu_w)xs_h+mu_wxs_1

SELECT CASE(mu)

CASE(L)
s_mean=strain

CASE(2)
s_up=strain

CASE (D)
s_low=strain

END SELECT
mu=mu+1l
END DO

'calculate strain rates
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s_rate_m=(3.5303x (meanxx2)+1l.517?Lk*mean+0-94kLL) *rate
s_rate_u={(3.5303% (up*%2)+1.5L7?k*xup+0.94kLL) *rate
s_rate_1=(3-5303x(lowxx2)+1.517?1xlow+0.94kLl)xrate

" o - A A T R W S M G M e o A S o o - - - - e W e T W e e e e

!'subroutine: openfile
¥

!purpose: opens file with user filename
1

targument description
]

Ifilename user file name for results to be writen to

]

'programmer: J.M. Buchanan
!language: Fortran 90
!date: L2 November 200L

o e S - - - O - o T W T T

SUBROUTINE openfile(filename)
IMPLICIT NONE

CHARACTER(len=20) -INTENT(out) ::filename
CHARACTER(len=20) ::file_q
INTEGER::put.ios

file_qg='do'
DO WHILE (file_qg=='dao')

WRITE(*.%)! Enter a file name for the results '
READ(x.,x)filename

filename=TRIM(filename)//'.dat! !data file

oput=]
ios=0

'check whether file already exists
OPEN(UNIT=outFILE=filename .STATUS='0ld’'~I0STAT=i0s)

IF (ins/=0)THEN
file_qg='done'

ELSE
WRITE(*+%)'The file already exists'
WRITE (®x,%x)"' !

END IF
END DO

END SUBROUTINE openfile

VR o o o "o~ T~ - .- 0 " D M o T W U W o - - o o e W A e T T R A PR M e T W W T MR

!subroutine: savedata
]

!purpose: writes results to file
1

targument description

1

tfilename tin) file name

tho (in) initial height
thf (in) final height
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't (in) temperature of deformation

'rate (in) strain rate

'mean (in) mean coefficient of friction

'up (in) upper coefficient of friction
'‘low (in) lower coefficient of friction
'nom_s (in) nominal strain

I's_mean (in) mean strain

's_up (in) upper strain

's_low (in) lower strain

!s_rate_m (in) mean strain rate

's_rate_u (in) upper strain rate

's_rate_l1 (in) lower strain rate

|

!programmer: J:-M. Buchanan

tlanguage: Fortran 90

'date: 12 November 2001

SUBROUTINE savedata(filename-ho-hf.t.rate-mean-up-low.&
nom_s.S_mean.s_up.s_low.s_rate_m.s_rate_u-.s_rate_1)
IMPLICIT NONE

CHARACTER(len=20) . INTENT(in)::filename
REAL-INTENT(in)::ho-hf.t.rate.mean.up-low-nom_s.S_mean.S_up-s_low. &
s_rate_m.s_rate_u.s_rate_1

INTEGER: :gut.ios?

out=¢
ios2=0

OPEN(UNIT=out FILE=filename.I0STAT=ios2)
REWIND out

'writes results to file

WRITE (out.x)"' PROGRAM INPUTS !
WRITE(out.x)' = ecccecececcana—- '
WRITE(out. .x) ' !

WRITE(out.x)'Initial Height : ',ho
WRITE(out.*)'Final Height t 'yhf
WRITE(out.%)'Temperature HE A
WRITE(out.x)'Strain Rate : "srate
WRITE(out.x)" !

WRITE(out.*x)'Nominal Strain : '.nom_s
WRITE(out.x)'" !

WRITE(out %) Coefficients of Friction !
WRITE(Qgut %x)' = cecececcscmeccme—cceeccen '
WRITE(out.x)' '

WRITE(out %) 'Mean Value : "amean
WRITE(out.x)'Upper Estimate : '.up

WRITE (out+%)'Lower Estimate : '.low
WRITE(out. %) '

WRITE (out.x)' Predicted Strain by Program Strain !
WRITE(QUL 1%¥)'  —=mcemmcmcccmm e e e m e m e mm e = '
WRITE(out.x)' '

WRITE(out.x)'Mean Strain : ', s_mean

WRITE(out.x)'Upper Strain : ', s_up

WRITE(out.*)'Lower Strain : ', s_low

WRITE (out.x)' !

WRITE(out. %)’ Predicted Strain Rate by Program Strain !
WRITE(QUL 1%X)' ————eemcccc e m e e e !

WRITE (out.x)!"
WRITE(out.x)'Mean Strain Rate ! ',s_rate_m
WRITE (out.%)'Upper Strain Rate : '.s_rate_u
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WRITE(out.*)'Lower Strain Rate : f.s_rate_l
WRITE (out.x)? !

END SUBROUTINE savedata

- ED e = - Y e e D A e e N b S e e e S S e WS R N MR N e em e

'program: strain v-1
1

!purpose: calculates the the strain and strain rate
! range for a specific P3C test

I
'argument description
1

'prog_qu program status

'again program question status

'filename user file name

'ho initial specimen height

'hf final specimen height

't test temperature

'rate test strain rate

'mean mean prediction of coefficient of friction
tup upper prediction of coefficient of friction
"low low prediction of coefficient of friction
!'s_mean mean strain prediction

's_up upper strain prediction

's_low low strain prediction

'nom_s nominal strain of test

's_rate_m mean strain rate prediction

's_rate_u upper strain rate prediction

's_rate_l low strain rate prediction

i

'programmer: J.M. Buchanan

!language: Fortran 90

'date: 12 November 2001

PROGRAM strain
USE subs
IMPLICIT NONE

CHARACTER(len=58)::prog_qu-again

CHARACTER(len=g0)::filename
REAL::ho.hf.t.rate.mean-up-low.s_mean.s_up S_low-nom_s.s_rate_m. &
s_rate_u.s_rate_1

prog_qu='y'
D¢ WHILE (prog_qu=='y'") 'do loop for program
CALL intro !call subroutine intro

CALL inputs(ho-.hf.t.rate) 'call subroutine inputs
nom_s=~1.L55%log(hf/ho) 'nominal strain
CALL friction(t.meana.up.low) 'call subroutine friction

CALL strains(rate.mean-up-.low-nom_s.S_mean.s_up.S_low.s_rate_m. &
s_rate_u.s_rate_1) 'call subroutine strains

CALL openfile(filename) 'call subroutine openfile

CALL savedata(filename.ho.hf.t.rate.mean-.up.low-nom_s.s_mean.s_up-s_low. &
s_rate_ma.s_rate_u.s_rate_1) 'call subroutine savedata
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again='no!'
DO WHILE(again=='no")

WRITE(*.x)' Would you like to use Program Strain again (y/n)!
READ (x.x)prog_qu

IF(prog_qu=="'y') THEN
again='yes'
WRITE(%x,%x)" '

ELSE IF(prog_qu=='n') THEN
again='yes'

WRITE(x.x)'Thank you for using Program STRAIN v.L’'
STOP

ELSE
WRITE(*.x)'A vaild answer was not given’
WRITE(%x.x)" ¢

END IF
END DO

END DO

END PROGRAM strain
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