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LITERATURE REVIEW 

Figure s. A deep-drawn pot with ridging on the inside and rims. The ridging has 

been buffed away on the outer surfaces. 

As the material is strained at different angles to the RO, the ridging still develops 

parallel to the RO but the severity decreases as the direction of tensile straining 

deviates away from the R013,14. 

With closer inspection of the ridged profile, smaller elongated undulations have been 

observed superimposed on the large visible ridges1S
,16,17. These smaller ridges are on 

a micrometer scale but are still too large to be attributed to the effects of single 

grains16
• They may be due to collections of grains in the material that act together 

during deformation to form a single micro-ridge. The macro-ridges may be the 

observed net effect of a multitude of such collections of grains distributed in the bulk 

material17
, or an entirely different cause altogther16

. 

1 mm 

Figure 6. Schematic showing the superposition of different frequencies of undulations 

observed. 
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EXPERIMENTAL METHODS 

enabled samples that were completely within either the columnar or equiaxed region 

to be selectively cut out. Figure 17 shows a macroetched view of a section of the 

slab showing the chill zone at the surface, the columnar region below that and the 

equiaxed region in the centre of the slab, the latter being the last to solidify. 

Chill 

Columnar Region 

Equiaxed Region 

70 mm 

Figure 17. Macro-etched structure of cast slab showing different structure regions. 

Eight samples were then cut from each of the two different structural regions. The 

following schematic )utlines how the 16 samples were cut with respect to the 

original cast slab piece. 

Cut section of cast slab 

/ +- 133Smm ~ ~ 
300mm , ----

, 200mm --- ----------

~-t ~~ --- £: --------f-/ L ____ -f 

------

p;Olling 
Direction 

Columnar 
Samples 

Figure 18. Shematic illustrating the orientation of samples w.r.t cast slab. 

30mm 

t 
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a) 

C) 

EXPERIMENTAL METHODS 

b) 

Figure 20. Electron channelling contrast 

images of resultant microstructures after 

experimental annealing treatments: a) Exp.1, 

no recrystallization, b) Exp.3, bands of 

recovered regions indicated by arrows, c) 

ExpA fully recystaI lised microstructure. 

Images of sample E800q (a) and E800s (b,c). 

The schematic below, Figure 21, shows the TtJlP employed. 

Homogenisation 

3hrs 

Hot Rolling 

90% Red. 

~
. 

; , ' ,,, ' ~ 

~. \ . \ 
. \ \ \ 

\ \ \ 
. \ \ 

4 HRFT's 

treatments 

Time 

Cold Rolling Final Anneal 

70% Red. 10m in 

Figure 21. Schematic showing the experimental TIVIP used in this investigation. 
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EXPERIMENTAL METHODS 

These specimens were elongated to 20% strain (if failure did not occur before) on a 

Zwick universal tensometer. This machine is a uniaxial tensometer equipped with a 

200kN load cell. The strain rate used was 10-3 
S-1 and extensometer arms were used 

to stop the test once 20% elongation had been reached. 

3.3.2 Ridging measurements 

The topography of the samples was mapped using a MAHR Perthometer 'Concept'. 

This machine is a very sensitive surface prafiler that stores spatial co-ordinates of 

points along a line scan into a digital file. Spatial information fram adjacent line 

scans can be stored in a single file as ASCII numbers and used to plot a three 

dimensional surface in suitable software. The 'Perthometer' uses a stylus on a stiff 

ceramic arm to traverse the surface of the specimen and records spatial variation in 

the vertical (z) direction as it moves in the x direction. After it traverses one line it 

moves in the y direction, by a prescribed amount, and traverses the next line. It has 

a vertical resolution of O.01!lm, and to obtain this accuracy the instrument can be 

floated on an air table to dampen the effect of background vibrations. 

Figure 22. Photo of the Mahr perthometer with stylus over a specimen. 

Two types of maps were measured on each specimen. Areas were mapped of 14mm 

(TO) by 17mm (RO) on the surface of the specimens to capture a large 

representation of the ridging effect. Smaller areas of 6mm (RO) by 4mm (TO) were 
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EXPERIMENTAL METHODS 

A fully recrystallized microstructure, where each grain has a single, undistorted 

orientation, would be revealed by contrast between grains. Each grain would have 

one particular shade in the greyscale. Within a deformed grain, there would be 

patterns of shades because as the orientation differs slightly across the strained 

grain, the number of electrons that escape from the surface differs. This 

recognisable pattern of deformation on an ECC image is termed a 'mottled' contrast 

and is the result of a high dislocation density with very little regular arrangement of 

dislocations. A recovered grain appears to have a segmented 'mottled' contrast that 

corresponds to the substructure of the grain. Depending on the degree of recovery 

in the specimen the subgrains can be distinguished from each other by contrast 

differences across their low misorientation boundary. A highly dislocated region, 

such as a highly deformed grain or martensite, appears as a single grainy shade 

without any distinguishable features. Figure 23. shows three micrographs showing 

the regions described above. 

a) b) 

c) 

Figure 23. ECC images showing: a) a recrystallized microstructure with clear contrast in 

each grain; b) a deformed and partially recovered structure showing 'mottled' contrast and 

martensite stringers running horizontally; c) a recovered substructure with moderately 

developed subgrain structure and martensite stringers. 
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Electroo beam SEM 

Image processor 

PC with HKL software 

EXPERI MENTAL METHODS 

TV monitor 

Raw Kikuchi pattern from camera. Monitor 

subtracts averaged backg-o • .Jf1d signal. 

Software detects the lighter bands. 

(background subtracted) 

Indexed pattern, using Fe BCe 
aystallog'ap,ic data. A set of Euler angles e.g. CPl=30° 

Cl>= 67° 1ri<>lfinirVl the nri,,0nf7tinn 

Figure 24. Flow chart of the data acquisition process. 

An orientation map can be measured automatically if either the beam or the 

specimen is shifted and the orientation measured at a stipulated number of points in 

the X and Y direction. The resolution on the map is dependent on the step size 

between points and this is chosen by the user together with the number of points in 

the 'x' and 'y' direction. The software can assign to each set of Euler angles a 

certain colour and thus a strain free grain with a single orientation will have a single 

colour. In such a way, the microstructure can be revealed through colour distinction 

between grains. 
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RESULTS 

observable difference in surface quality between the samples had been quenched 

rather than slow cooled. Therefore, the slow cooled samples, as the simpler of the 

cooling methods, were predominantly used to analyse the influence of other 

variables on ridging behaviour. Thus, by eliminating the highest HRFT samples and 

neglecting the quenched samples, the initially large experimental matrix was reduced 

from 16 to 6 samples to be considered for analysis. The reduced matrix included 

C900s, E990s, C800s, E800s, C700s and E700s. 

The graph below shows the results of the tensile tests on four specimens. These 

tests were carried out in order to find typical yield strengths of this material. These 

yield pOints were used as a guide for calculations involving grain size and Taylor 

factors in sections 4.2.1 and 4.2.2 respectively. A typical yield value of 340 MPa was 

used for these calculations. 

Tensile Curves 
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III 350 t& ..... ~'Q',r----------------------

QI ... .. 
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Figure 26. Tensile curves that were used to measure a typical yield strength of this 

material. 
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Figure 29. Two samples, E700s and C800s 

with both their surfaces showing the corrugated 

ridging. 

4.1.3 Roughness 

RESULTS 

C800s 

ND(llm) 

RD (mm) 

- __ ~TD(mm) 

The roughness measurements serve to give a reasonable summary of ridging 

severity of the different samples. Although the ridging frequency was very low for 

roughness measurements, a long cut-off wavelength of 2.5mm was selected. This 

cut-off spanned the wavelength of the observed ridges. The trend towards less 

severe ridging is observed as the HRFT increases. A second, somewhat weaker 

trend is shown where the columnar samples consistently show more severe ridging 

than the corresponding equiaxed samples. 
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Figure 30. Roughness measurements measured by a profilometer. 
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4.2 Identifying ridging constituents in the microstructure 

The microstructural analysis results are presented here in the same chronological 

order as the progressive study. Firstly, identifying the constituents in the structure 

that cause ridging in the final annealed structures. Secondly, they present an 

explanation, from the microstructures, of the differences in ridging severity between 

the samples. This section of results examines the microstructural evolution of the 

samples, starting at the final annealed stage and then the samples after the hot 

rolled stage. The 700s samples displayed the greatest ridging severity of all the 

samples, therefore they were used to identify the constituents in the microstructure 

which, according to previous models, could have lead to ridging. The samples were 

examined using EBSD giving orientation information as well as grain structure. They 

were examined in their final annealed state, as this was the state that they displayed 

ridging after being elongated. The maps Figures 31 and 32 below, represent 

material from the surface to the centre of the two 700s specimens. Each orientation 

(defined by Euler angles) on the map is represented by a colour, thus each grain is 

revealed with a single colour since it has a single orientation. A unique colour is 

associated with each set of Euler angles, thus microstructure is revealed. Grain 

boundaries with misorientation> is' are also plotted as black lines. 

LND 
Figure 31. Spliced map of C700s sample, conSisting of two overlapping maps that 

span material from the surface to 0.47 of the thickness of the final annealed sheet. 
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Figure 32. Spliced map of final annealed E700s sample, from surface to 0.51 of the 

thickness. 

4.2.1 Grain size banding analysis in cold-rolled annealed material 

From the two spliced maps above, the most noticeable feature in both 

microstructures is the grain size banding that is extended in the rolling direction. It 

is especially noticeable in the C700s specimen. Since grain size is related to yield 

strength by the Hall-Petch relationship, the yield strength was compared for bands of 

different grain size. This was done by selectively isolating different grain size bands 

and calculating the average grain size for each band. The grain size was calculated 

using the EBSD analysis software, which calculates the area of each grain. The 

average grain size is quoted as the diameter of a circle that has an equivalent area. 

An example of this method is shown in Figure 33 below using the map measured 

from the C700s specimen, which showed the most severe grain size banding. 
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Histogram of Grain sizes in C700s Map 
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Figure 33. Calculating relative yield strengths in different grain size bands. Achieved by 

isolating grain size bands, measuring their grain size and calculating yield strength from Hall­

Petch relation. 
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The example above for the C700s sample shows that bands of different grain sizes, 

which can be adjacent to each other, can have significantly different yield strengths. 

This difference, calculated in the preceding example to be as great as 22MPa, may 

be significant in terms of the recent model proposed by Wittridge and Knutsen14
,24. 

This model requires bands, elongated in the rolling direction, of different yield 

properties to develop differential transverse strains during deformation, which, in 

turn, lead to strain-induced bending. 

To relate the extent of grain size banding in the samples to their corresponding 

ridging severity, a number of qualities of the banding have to be considered in terms 

of the above ridging model. According to this model, the difference in average grain 

size between bands, the variation of grain size within each band as well as how 

coarsely the bands are distributed in the material are all important. Consequently, 

for this reason, a visual examination of the maps is the best method of comparing 

banding between the maps and then relating this to the samples ridging severity. 

The maps of the 700s and 800s samples can be viewed in Appendix 2.a. To show 

the variation in average grain size in the different samples, the histograms of grain 

size in the samples, using data from both maps for each sample, are shown below. 

Histgrams of Grain Size 
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O ~------~--------~~~~~--~~~--~~~~ 
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Figure 34. Histograms of grain sizes. Data combined from both maps of each sample after 

final anneal. 
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ECC was used to examine the general grain structure of the annealed material. The 

images obtained displayed a clear correlation between the distribution density of the 

precipitates and the grain size banding in the microstructure. EBSD is not able to 

identify precipitates in the microstructure, thus ECC had advantages over the digital 

technique in this regard. Below are two of the images from the sample that give a 

clear indication that a fine grain size band is associated with a dense precipitation 

distribution. 

fD 
~ 

Figure 35. ECC images from E700s sample. Arrows indicating bands, elongated in the 

rolling direction, of small grain size. These bands are associated with high precipitation 

density. The precipitate sites appear as dark spots. 
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Taylor Factor Histogram for C700s 
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Figure 36. Calculating the difference in relative yield strengths between bands of different 

average Taylor factors. The bands are isolated into subsets of the map and their average 
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Taylor factors, M, are calculated. This figure was used to calculate the yield strength via the 

Taylor relation. 

Since the Taylor factor is dependent on orientation, the bands of different Taylor 

factors were investigated to find the types and extents of preferred orientations 

present in each. This was done for the C700s map by plotting the pole figures of the 

subsets selected in Figure 37 above, and finding the intensities and types of textures 

in each. The pole figures of data were plotted for the {l1l}, {110} and {100} sets 

of planes relative to the rolling geometry. 
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Figure 38. Pole figures for the C700s sample showing data of a) the complete map, b) the 

light band of high values of M, and c) the dark band with lower M values. 

These pole figures show that while the light band has fewer data points than the 

dark band subset, as well as a higher number of grains, the points are more 

clustered. This suggests that it is more textured than the dark band. The a.-fibre 
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and y-fibre textures were identified as being predominant in this sample. The light 

band shares the same predominant textures in intensity, while the dark band has a 

more random orientation distribution. 

A similar examination of the orientation distributions in the Taylor bands of the 

E700s sample is displayed below. The bands that are examined are found in the 

map closest to the surface where the textures were influenced by the shear rolling 

texture of the TJ-fibre. From these and other similar examinations of the texturing in 

the Taylor bands, it is generally observed that a band of high average M has strong 

a-fibre and y-fibre, or a-fibre and TJ-fibre components. Whereas, a band of low M 
values has more random orientations. 
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Figure 39. Pole figures from the sample E700s of a) the entire surface map, b) a band of 

high M values with strong Goss and {111}<110> textures, and c) a band of lower M values 

with more random orientation distribution. 
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a) 

RD 

ND 

Surface Centre 

b) 

Figure 40. Spliced EBSD maps of a) E800s and b) (800s samples in their hot rolled 

condition. 

Since the 700s specimens could not be mapped using EBSD, the E900s sample was 

used to compare maps of different HRFT. The specimen used for EBSD mapping 

was also stressed relieved at 6000
( for an hour before being mapped. 
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Figure 41. Spliced EBSD maps of the E900s sample from its surface to centre. 

The 900s maps, when compared to those of the 800s samples, show a greater 

average grain size in the higher HRFT samples. The grain size also varies within the 

specimen probably due to the distribution of austenite during rolling. The unindexed 

areas are largely contained in bands extending in the rolling direction that 

correspond to highly dislocated martensite. There is a higher percentage of 

martensitic bands in the 900s sample, Figure 41, compared to the 800s samples, 

Figure 40. 

4.3.2 Electron Channelling Contrast 

The images obtained using ECC were, like EBSD, very sensitive to deformation. The 

images obtained from the 700s samples did not reveal any distinguishable features 

due to their high degree of deformation. However, the 800s samples had recovered 

suffidently to be useful ECC specimens. These images, Figures 42 and 43, were 
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used to identify and explain features that were observed under a light microscope 

after electroetching the same samples. These light micrographs are displayed in the 

section 4.3.3. 

fD 
~ 

Figure 42. Two ECC images of sample C800s. The small arrows point to some martensite 

stringers that are elongated in the rolling direction and with a light grainy shade. The block 

arrows indicate regions of ferrite between the martensite that is partially recovered with a 

'mottled' contrast. 
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RESULTS 

Figure 43. ECC images of the E800s sample with progressively greater magnification in a), 

b) and c). The features in these images are finer than those in the C800s sample. With 

increasing magnification, bands of fine substructure that are precipitate rich are observed, as 

indicated by arrows. 
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a) b) 

c) 

Figure 44. Micrographs of a) E700s and b), c) E70Oq. a) Shows the surface of the material 

(top), and light coloured stringers extending in the rolling direction. b) Ught stringers under 

higher magnification showing martensite on their interior. The subgrains are represented in 

the ferrite by veiny lines. c) Three microhardness indents within martenSite, 341 HV, within 

the strained ferrite, 270 HV, and within the less strained, lighter coloured, ferrite that 

surrounds the martensite, 217 HV. The insert, top right, shows the region of material where 

the indents were taken. 
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a) b) 

Figure 45. Micrographs of the C700s sample under two magnifications a) low, showing the 

surface of the material, and b) higher magnification. 

a) b) 

Figure 46. Micrographs of the E800s sample with the surface at lower (a) and higher (b) 

magnification. The lighter coloured prior austenite stringers contain a higher degree of 

precipitates. 

a) b) 

Figure 47. Micrographs of the C800s sample under low (a) and higher (b) magnification. 
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The features observed in Figure 45, Figure 46 and Figure 47 were observed and 

discussed in Figure 44. The E800s sample in Figure 46 can be compared to the ECC 

image in Figure 43, where bands of fine, substructured material with a high density 

of precipitates correspond to light coloured stringers that also contain many 

precipitates. Therefore, the above images confirm the fact that some austenite in 

the samples transformed back into ferrite and precipitates during either the rolling 

cycle, in the case of the 700 samples, and/or during cooling. [The dilatometry data 

measured (section 4.4.3) show that with a cooling rate of 2°C/min the Arl 

temperature is 788°C and with a greater average cooling temperature during rolling 

this temperature may be suppressed further to a lower temperature, perhaps to 700-

750°C]. 

By a visual estimate, there is a smaller amount of austenite in the 700 samples than 

the 800 samples, and there is more martensite present in the C800s sample 

compared to the E800s sample. The latter is probably due to variations of 

temperature during hot rolling. The martensite distribution is also generally coarser 

in the columnar samples compared to their equiaxed equivalents; this was also 

observed in the ECC images. Two micrographs, Figure 48, of the 900 samples 

display this difference of martensite distribution between the columnar and equiaxed 

samples below. The columnar samples can show bands with a high density of 

martensite stringers adjacent to material with a low martensite content. The 

variation in martensite distribution within the equiaxed samples is not as vast. 

a) b) 

Figure 48. Two micrographs, with same magnification, showing martensite distributions in 

the a) C900q and b) E900q specimens. 
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4.4 Miscellaneous Measurements 

4.4.1 Starting structure grain size 

Grain size of the initial cast structures were made using a macroeteched sample of 

the cast slab, Figure 49. The line intercept method was used to calculate the grain 

size within the equiaxed region and the columnar region. The lines of measurement 

were aligned in the rolling direction and the normal direction to obtain the aspect 

ratio in each region. A minimum of 16 measurements was taken for each result and 

the averages are quoted below in Table 5. 

Figure 49. Macroetched cast structure used for grain size measurement. 

Columnar 

region 

Equiaxed 

region 

t
ND 

~ 

Columnar Region Equiaxed Region 

Grain size in RD (mm) 2.12 1.96 

Grain size in ND (mm) 6.78 2.15 

Aspect ratio 3.20 1.10 

Table 5. Results of the line intercept measurements of the cast structure's grain size. 
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4.4.2 Hardness 
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Figure 50. Three hardness measurements on each sample after a) hot rolling b) cold rolling 

and c) final annealing. 
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There is little discernible difference between the samples' hardness at each stage. 

The hardness increases after cold rolling and drops to almost half that value after 

final annealing, which is to be expected since new strain-free grains would have 

replaced the harder strained ones. An increase in hardness was expected with 

decreasing HRFT, since at lower temperatures the material would recover less and 

withhold more strain energy. This expectation may be compensated by the fact that 

the higher HRFT samples contain greater amounts of hard martensite within their 

structure. 

4.4.3 Dilatometry 

These tests were designed to obtain curves from which the Al and the Ms could be 

measured. 

Dilatometry CUlVe for AC1 Temperature Dilatometry Curve for Ms Temperature 
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Figure 51. Two dilatometry graphs: a) Heating and cooling curves of the 430 material to 

obtain the Al temperature; b) Cooling curve at the maximum cooling rate showing the Ms. 

From the graphs above the Al was estimated at 843°C from averaging the measured 

ACl and Arl temperatures of 898°C and 788°C respectively. The Ms was measured at 

215°C. 
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Appendix 2 - EBSD Grain Size Maps 
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Appendix 3 - EBSD Taylor Factor Maps 

3.a. E700s 

<lJ 
U 

~ 
'­
::J 
(f) 

3.b. C700s 

<lJ 
U 

~ 
'-
::J 
(f) 

ND 

APPENDICES 

<lJ 
'­
+-' 
C 
<lJ 
U 

M 

<lJ 
'­
+-' 
C 
<lJ 
U 

4 

3 

2 

102 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.e. E800s 

Q) 
u 
~ 
I-

::J 
(J) 

3.d. C800s 

Q) 
u 
~ 
::::J 

(J) 

RD 

ND 

APPENDICES 

Q) 
I­

+-J 
C 
Q) 
U 

Q) 
I­

+-J 
C 
Q) 
U 

M 

103 

4 

3 




