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Deformation of a material is considered plane strain when there is no deformation
in one axis, that is, when the deformation is biaxial. The extent of lateral spread of
material during deformation is determined by the ratio of the workpiece width to the
platen breadth (w/b). If the ratio is = 5, then the material spread in the width
(transverse) direction is negligible and this deformation is considered plane strain
243233 The other crucial geometric factor is the ratio of the platen breadth (b) to
the specimen thickness (h), that is (b/h). This factor determines the strain

distribution in the material. A typical PSC testing configuration is illustrated in

Figure 2-3.

In the plane strain deformation process, strain localisation is not dependent on
material properties but is constrained to regions that follow the theoretical slip line
field. The field in turn depends on the geometry of the process. The slip line field
changes instantaneously in line with the ever-changing ratio of the platen breadth
to the specimen height (b/h)**¢. Figure 2-4 illustrates this concept. At high strains
the number of crosses that indicate the slip line increases (i.e. b/h ratio increases)
because of the specimen thinning. This results in a more homogeneous

deformation being realised. This slip line approach generally holds at low friction

levels.
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Plane strain compression testing allows the stress-strain behaviour of materials at
elevated temperatures to be determined under controlled strain and strain rate.
Figure 2-5 illustrates the schematic diagram of a PSC rig constructed by
Duckham®, at the University of Cape Town. The force limit of the rig is 250 KN
under perfect working conditions. This allows the stress limit to be calculated from
the Equation 2-4. From the formula, the dependence of the stress limit on the

specimen as well as the platen geometry is clearly visible.

Stress limit = (250 kN ) / (Contact Area)
Equation 2-4

The maximum strain rate of the equipment is determined by the crosshead speed

of the equipment and the gauge length (or initial thickness) of the specimen; and is

calculated according to Equation 2-5.

Strain rate = (Cross-head speed) / (Gauge length)
Equation 2-5

The maximum cross head speed for the specific rig is, nominally, 100ms™.
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as shown in Figure 3-3. Prior to the PSC testing, the samples were ground to a
smooth surface finish, using a 1200 grit SiC paper, and coated with a layer of
graphite lubricant. The lubrication method was reported by Shi et al*® to be
effective in reducing the coefficient of friction between the work-piece and the

platens.

Original RD

Simulated direction 4

P5C specimen

Figure 3-3. PSC specimen orientation relative to actual RD*.

The PSC rig is coupled to a computer, which has a program that prompts the
operator to enter the deformation test parameters: contact area, initial thickness of
the specimen (h,), reduction distance, strain rate, temperature, number of passes
and interpass time. When deformation is finished, the platens automatically
separate, enabling manual gripping (using tongs} and quenching of the specimen
in cold water. Figure 3-4 shows a schematic diagram of the deformed specimen.

During deformation the load, temperature and displacement data are collected by
the computer in form of voltage signals and then processed to generate outputs in

more usable forms, such as true stress [MPa], temperature [°C] and true strain.
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The PSC simulations were mainly confined to single-pass schedules to minimise or

eliminate complexities (or ambiguities) associated with multi-pass simulations,

such as, inter-pass time and varying conditions for each pass. A few two-pass

simulations were included though. During two-pass deformation the specimens

are heated to the specified first deformation temperature, deformed and then

allowed to cool to the second deformation temperature while held by the platens,

followed by deformation and then quenching to room temperature. Details of the

experimental matrices used in the PSC tests are as shown in Table 3-3 to Table

3-6. The variable matrices were carefully selected to incorporate some currently

practised industrial rolling schedules and proposed potential schedules.

Test No. e £fs] T[°C] FACH]

1 0.8 10 211 2.0E+16

2 0.8 10 246 1.9E+15
3 - 0.8 10 271 o 4.2E+14 |
4 08 10 303 7 BE+13 T
5 0.8 10 - 344 11E+13 i
B Lo.e """"""" 10 368 S 4.0E+12

Table 3-3. PSC matrix for investigating effects of Tor 2

.

1passPSC Simulations: @ Varying ¢; and Constant €, T and Z.

! Test No. £ £ [s] T[°C] Z[s"]
. 0.2 7.5 365 2.9E+12
2 - 0.2 75 365 © 28E+12
3 0.6 75 365 2.9E+12
4 0.8 7.5 365 “2.9E+12
5 1.0 7.5 365 B 2.9E+12

Table 3-4. PSC matrix for investigating effects of strain (g)
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The transfer (26 mm thick) plate, Figure 4-2, does not exhibit significant variation in
through-thickness grain structure. The grain structure could safely be regarded as
uniform from the surface to the centre. However, the transfer plate shows a
coarser grain structure (overall mean Dy = 76 um) as compared to the finished

plate, (overall mean Dy = 60 um, for industrial heat treated specimens)

The finished plate microstructure shows a through-thickness grain size gradient,
with grain size being largest at the surface and progressively decreasing towards
the centre. The mean short-transverse grain size for the surface structure was
determined to be approximately 1.3 times that of the centre structure. There are
numerous possible metallurgical and/or mechanical processing factors that may be
responsible for these grain size gradients in the material. Among them are,
inhomogeneities in dislocation density (or stored energy) and second phase
particle distribution effect. The pinning effect of particles has already been
elucidated above; suffice to say grains are likely to be finer in regions with a higher
concentration of particles, when the overall particle distribution is uneven. The
uneven distribution of particles, among other things, tends to exacerbate the
deformation inhomogeneities, which in turn may cause disparities in the stored
energy within the deformed material.  This usually results in microstructure

evolving differently within the same material.

5.1.2 Through-thickness Particle Distribution

An investigation of the particle distribution through the plate thickness by optical
microscopy, Figure 4-7 and Figure 4-8, did not reveal any particle distribution
gradients. However, these results, on their own, cannot be considered adequately
conclusive. The distribution gradients may be present on such a finer scale, which
could not be detected by optical microscopy. A further check using other
techniques that are capable of offering better resolution might allow more
conclusive deductions to be made. However, hardness measurements through the
thickness of the plates, as discussed in detail hereafter, section 5.1.3, do not
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(D7 = 50 pm), Figure 4-26. The grain size trend could be readily inferred by just
considering the FEM predicted variable distributions, Table 4-4, and the effects of
these individual parameters on the grain size structure, which have already been
discussed quite extensively, in the preceding sections. The grains, generally

exhibit a flat and elongated structure, with aspect ratios = 3.



80

Chapter 6

6 CONCLUSIONS

This work has extensively explored the qualitative and quantitative effects of the

three critical thermomechanical variables — temperature, strain and strain rate — on

the grain structure and hardness of AAG061. On the basis of these investigations

the following key conclusions can be drawn:

Grain size is sensitive to thermomechanical variables — temperature, strain

and strain rate.

Grain refinement can be achieved by deforming at relatively low

temperatures, high strains, and high strain rates.

Grain size has no significant influence on the material strength in heat-
treated AAB061 alloy. The strengthening is predominantly by solid solution
and precipitation hardening.

FEM predicts that during hot rolling the temperature is lowest at the surface
and maximum at the centre of the work-piece, while strain, strain rate and
the Zener-Hollomon parameter are highest at the surface and lowest at the

centre of the work-piece.

On the basis of the FEM temperature, strain and strain rate distributions, the
final plate should always have a finer grain structure on the surface relative

to the grain size at the centre.

There was no evidence, therefore, that the coarser surface grain structure
observed in some commercial finished plates, could be attributable to any
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one or combination of the investigated deformation variables ~ temperature,
strain and strain rate. Other factors could be responsible for this

inconsistent grain size trend.

No definitive through-thickness particle distribution patterns are observed by
optical microscopy. It is not possible, however, to conclusively rule out the
presence of such particle concenfration gradients through the plate
thickness, which might probably help to explain the grain size trends.
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through the work-piece. In addition, investigation of the influence of friction
on microstructural evolution is also suggested.
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9 APPENDICES

9.1 Appendix 1: Input Deck for simulation

*HEADING Rolling simulation *ELSET, ELSET=MIDELS, GEN

a 21, 185, 41

"RESTART WRITE NUM=3 *ELSET, ELSET=LSIDELS, GEN
41,205,41

** BILLET DEF. 203,

- S "ELSET, ELSET=RSIDELS, GEN

*NODE 1,165,41

1,-0.090, 0.00 il Mk R AR,
** PHYSICAL CONSTANTS

42,-0.180, 0.00

421,-0.090, 0.013 P ——
462, -0.180, 0.013 PHYSICAL CONSTANTS, ABSOLUTE ZERO=-

s 273.15,
STEFAN BOLTZMANN=5 669E-8

*ar

R

*NGEN,NSET=BOTNDS

1.42.1
"NGEN.NSET=TORNDS * BILLET MAT PROPS

14621 T e

- *SOLID SECTION,ELSET=BILELS,

BOTNDS, TOPNDS 5,84 1.30

N *SECTION CONTROLS,

HOURGLASS5=COMBINED, NAME=COMB

ks

*NSET, NSET=LSIDNDS, GEN

1,421,84
*NSET, NSET=RSIDNDS, GEN *MATERIAL, RTOL=1.0, NAME=AAB061
42,462 84 ELASTIC
R e 6.9E10,.33
“ELEMENT TYPE & GEN Je e S R ve Reve R S e v f fe dev R de
- e *PLASTIC, HARDENING=ISOTROPIC, RATE=0.0
*ELEMENT, TYPE=CPE4RT 62.00E086,0
1,1, 85,86,2 72.00E08,0.1
- 78.00E086,0.2
*ELGEN,ELSET=BILELS 85.00E06,0.3
1, 41,1,1, 5,84,41 90.00E06,0.4
*ELSET, ELSET=TOPELS, GEN 92.00E06,0.5
93.00E06,0.8

165, 205, 1



94.00E06,0.7
95.00E06,0.8
95.50E06,0.9
96.00E06,1.0
*DENSITY
2.70E3,
*INELASTIC HEAT FRACTION
0.5

*SPECIFIC HEAT
800
*CONDUCTIVITY
180.0
*EXPANSION
2.36.E5

dete
St e s iy e e e RV el S e e vk e e e e e ek ek ek

** ROLLER DEFINITION

£33

*NODE, NSET=ROLLND

10000, 0.06896 , 0.3580

*SURFACE, TYPE=SEGMENTS, NAME=ROLL
START, 0.068850, 0.00800

CIRCL, -.281080, 0.35800, 0.068950, 0.3580
**CIRCL .068850, 0.70800, 0.068850, 0.3580
“*CIRCL, 418900, 0.35800C , 0.068950 |,
0.3580

*CIRCL, .0889500,  0.008000 , 0.068950 ,
0.3580

*SURFACE, TYPE=ELEMENT, NAME=TOPSURF
TOPELS, 82

LSIDELS, 83

RSIDELS, 81

*RIGID BODY, REF NODE=10000,

ANALYTICAL
SURFACE=ROLL,ISOTHERMAL=YES

Esd

HRERH RRAHERRR AR RRIRE R ARL XA RRXARE RRAW TR EARRSHE

** INITIAL CONDITIONS

wk

89

*INITIAL CONDITIONS, TYPE=TEMPERATURE
BILNDS, 288
10000, 180.0

ek
FRREWRRRRERFRBTI RS LI EERFRFIEXAERARHERLRRIRR RS RAE R

** 8TEP 1. COOLING TiIME 1H11HIN

ek

*STEP

*DYNAMIC  TEMPERATURE-DISPLAGCEMENT,
EXPLICIT

1.0

*FIXED  MASS  SCALING, FACTOR=1ES,
ELSET=BILELS

&

**BOUNDARY CONDITIONS

[23

*BOUNDARY

BOTNDS YSYMM

10000,1,2

10000,11,11,150

*BOUNDARY, TYPE=VELOCITY
10000,6,6, 4.2230

xR

*HEAT TRANSFER

e d

*FILM, OP=NEW
TOPELS, F2, 1580.0,7.5

*RADIATION, OP=NEW

TOPELS, Rz, 1500, 0.8

R

“SURFACE CONTACT

L

"CONTACT
CONSTRAINT=PENALTY,
INTERACTION=ROLL_TO_AAB061

TOPSURF ROLL

*SURFACE

INTERACTION NAME=ROLL_TO_AAB061
*"CONTACT DAMPING, DEFINITION=CRITICAL
DAMPING FRACTION

.09

PAIR, MECHANICAL



R

*GAP CONDUCTANCE
15.0E3, 0.0

8.0E3, 0.001

15.0E2, 0.01

*GAP CONDUCTANCE, PRESSURE
30.0E3, 0.0

50.0E3, 1.0E86

80.0E3, 20.0E6

*GAP RADIATION

08 08

0.85 00

0.5, 0.0001

0.1, 0.001

0.01, 0.01

*GAP HEAT GENERATION
1.0, 0.5

Rk

*SURFACE BEHAVIOR, PRESSURE-
OVERCLOSURE=EXPONENTIAL

2.3E-3, 100.0E6, 200.0E9

*FRICTION, TAUMAX=35.8E6

3,

L2

“REQUIRED OUTPUT

L2

*OUTPUT FIELD NUMBER
INTERVAL=8 TIMEMARKS=YES
*ELEMENT OUTPUT

PEEQ MISES PE TEMP,

*NODE QUTPUT

u,

*OUTPUT HISTORY, FREQUENCY=100
*ELEMENT QUTPUT, ELSET=MIDELS
SP,PEP.ERV, TEMP PEEQ

*ENERGY OUTPUT

ALLIE ALLKE

*END STEP

**LOOPING END 1t

e

90

=k

*STEP
*DYNAMIC  TEMPERATURE-DISPLACEMENT,
EXPLICIT
,0.000001

*%

*FIXED  MASS  SCALING, FACTOR=100.,
ELSET=BILELS

K

"BOUNDARY CONDITIONS

R

*BOUNDARY, TYPE=VELOCITY
BILNDS, 1,1, 1.45734
10000,6,6, 4.2230

ke

*HEAT TRANSFER

Rl

*FILM, OP=NEW
TOPELS, F2, 100.0,7.5
*RADIATE, OP=NEW
TOPELS, R2, 100.0,06
*OUTPUT FIELD NUMBER
INTERVAL=3, TIMEMARKS=YES
*ELEMENT OQUTPUT
PEEQ,MISES,PE TEMP,
*NODE OUTPUT
U,
*QUTPUT HISTORY, FREQUENCY=20
*NODE CUTPUT, NSET=ROLLND
RF2,
*ELEMENT OUTPUT, ELSET=MIDELS
SP,PE.ERV,TEMP
*ENERGY OUTPUT
ALLIE ALLKE
*END STEP
** LOOPING END g

ok

Sedesede dedr Fede e dede deede st fedede oo et St el g e e St SRl Yok fok R de de e dede

*STEP 3: 18T PASS i














