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815°C. The extent of carbide precipitation depends on the time at precipitation 

temperature and the C content 1,4. 

Figure 2.2: Microstructure of austenitic stainless steel type 304 with M2JC6 precipitation at 

grain boundaries4
• 

To prevent carbide precipitation, which is deleterious to the corrosion resistance as 

surrounding areas are depleted of Cr, the C content is minimised and should not 

exceed 0.08 wt% in austenitic stainless steels. Ideally, the C content should be 

reduced to below 0.03 wt%. However, the reduction in C content only delays the 

formation of carbides and precipitation can occur after extended exposure6
. Solution 

annealing treatments (11 00-1150oC) will dissolve carbide precipitates and rapid 

quenching suppresses further precipitation7
• The austenite formed at high 

temperatures is conserved at room temperature and the carbide precipitates are 

prevented from forming due to rapid cooling through the precipitation temperature 

range. However, on reheating in the range of 480 to 815°C, M23C6 is reprecipitated4
,7. 

2.1.5 Sigma Embrittlement 

Sigma phase is a hard, brittle intermetallic compound that usually forms from ferrite 

but can also form directly from austenite. Sigma phase forms in the same temperature 

range as M23C6 but requires extended time at temperature (up to 1500 hours) for full 

development7
. An increase in Cr above 20 wt% promotes sigma formation, with type 

25Cr-20Ni-0.2C being the most prone austenitic stainless steel4
• Ferrite forming 
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assumed constant in the JMAK theory. Areas of higher stored energy, due to 

inhomogeneous microstructure, nucleate first and growth rate is rapid. However, 

once the areas of stored energy are depleted, growth rate decreases as nuclei grow into 

regions of lower stored energy. Figure 2.10 provides a schematic representation of the 

variation in growth rate due to areas of higher stored energy. Recovery can also effect 

the growth rate as the driving force for recrystallization is reduced, causing deviation 

in the JMAK theory 45. 

(a) 

• • • 
• • (b) 

Figure 2.10: (a) Areas of high stored energy (dark grey areas) are the first to nucleate (white 

areas) and growth is rapid. (b) High stored energy areas are soon depleted and 

growth is sluggish as grains grow into areas of lower stored energy (light grey 

areas)lI. 

The shortcomings noted above emphasise that the JMAK equation is accurate only 

under limiting conditions. The limitations, however, do not void the use of the JMAK 

equation but its application should be used with discretion. Modelling the kinetics of 

recrystallization are complicated by the inhomogeneous nature of most annealing 

phenomena and thus an all encompassing analytical equation is difficult to derive. 

Although the JMAK equation is not faultless, it does provide a foundation for the 

understanding of the materials kinetics. The advantage of using the JMAK equation 

when studying recrystallization kinetics is that extensive work by previous researchers 

enables comparisons to be made between the experimentally determined A vrami 

constant, n. The deviation of n from the predicted value can provide information 

regarding the material's response during static recrystallization. Attempts to develop 

improved A vrami models are established on the original theory and thus a base 

understanding of the material's behaviour, in terms of JMAK, is essential. 
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Table 3.1 The chemical cornp()sition of AISI 304 stainless steel in 

• It should be noted that the presence of ferrite is cOInmlon:ly observed in AISI 304 stainless 
steel. the small fraction of ferrite should not have a effect on the rec;ry:.talliziiticm 
behaviour. 
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Experimental Methods 34 

3.4 Compression Testing 

3.4.1 Introduction 

Simulation of the industrial rolling process on a laboratory scale is typically 

performed using plane strain compression (PSC), torsion or uni-axial compression 

testing techniques. The specifications of the PSC testing machine located at the 

University of Cape Town did not meet the requirements needed to simulate hot rolling 

of stainless steel. Thus, uni-axial compression tests were performed using a Gleeble 

1500 thermomechanical simulator at the Industrial Metals and Minerals Research 

Institute (IMMRI), University of Pretoria. 

Specimens were machined to specified dimensions, required for Gleeble 

compatibility, from AISI 304 rolled plate of 25mm thickness (transfer gauge). The 

axisymmetric specimens (10mm length and 8mm diameter) were sectioned from the 

same plane to ensure that the microstructure was homogeneous through the 

dimensions. Figure 3.2 illustrates the orientation and dimensions of the specimens 

that were removed from the plate. 

10/--·-~:--·---· 

25m.m 

Figure 3.2: 

.-.-.-.-----.-.-.-.1'---_+_ 

8mm !:~.~ . ~. 
_._. _____ ._._. ___ ._10;..... ________________ ....1£.----.. 

Specimen orientation and dimensions sectioned from rolled plate of 25mm 

thickness. 

A suitable annealing treatment was performed, following machining, to homogenise 

the microstructure and remove any residual deformation. Temperatures in the range 

of 1050-1150oC are generally used as M23C6 precipitates are in solution and grain 
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growth is optitmised4
. A series of alU1ealing treatments were initially performed to 

determine an adequate time that produced a deformation free microstructure. A time 

of twenty minutes at 10500C was found to produce a suitable microstructure (see 

Chapter 4, section 4.1.2 for microstructural details). The specimens were water 

quenched following the alU1ealing treatment. 

3.4.2 Gleeble Compression Testing 

The Gleeble 1500 is able to simulate various industrial applications, including hot 

strip rolling and plate rolling, on a laboratory scale. The Gleeble is thus effective in 

the study of the influence of processing parameters on the microstructure of a 

material. Specific specimen dimensions (see section 3.4.1) were required for the 

Gleeble compression tests. High temperature compression testing was performed 

between two tungsten carbide anvils. The specimen is resistance heated, in a vacuum 

chamber, by means of a twelve-volt a.c. supply. The vacuum limits the formation of 

an oxide layer on the surface of the specimen. Prior to testing a tantalum foil strip, 

which acts as a lubricant, is placed between the specimen and the anvil. The tantalum 

strip also prevents the diffusion of carbon at the interface. 

An 80kN electro-hydraulic actuator deforms the specimen to the user-specified strain 

and strain rate. Figure 3.3 illustrates the set-up of the Gleeble for compression testing 

while photographs of the Gleeble equipment are shown in figures 3.4a and b. 

Figure 3.3: 

Tantalum foil 

o 

Tungsten carbide 
anvil 

Clamp 

Set-up for Gleeble compression testing. 

Stainless steel 
Jaw 
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Figure 3.4b: 

Expcrimental Methods 36 

Pbotograph of tbe specimen prior to compression in tbe Gleeble 1500: 

(A) Heated specimen (B) Thermocouple (C) Tantalum strip (D) Tungsten­

carbide anvil. 

The specimen immediately after compression and cooling. 
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The temperature of the speCImen during testing was measured VIa a platinum 

thermocouple spot welded to the specimen. A pre-compression was required to hold 

the specimen between the anvils. Care was taken to ensure that the compression force 

was sufficient to hold the specimen between the anvils whilst avoiding plastic 

deformation during heating as the specimen expands. The specimen was held at the 

deformation temperature for one minute to ensure uniform temperature distribution 

through the thiclrness. Immediately following deformation, cooling was effected by 

helium gas blowing onto the specimen. The time taken for the specimen to cool to a 

temperature of approximately 150°C was between 5 and 10 seconds. 

3.4.3 Gleeble Deformation Conditions 

Initially, simulation in the laboratory was planned to follow the industrial rolling 

deformation schedule (Appendix A). However, laboratory simulation was limited by 

the Gleeble deformation parameters. The Gleeble had a maximum strain rate of IS-I, 

whereas industrial strain rates can reach 100s- l
. It was therefore decided that the 

Zener-Hollomon, Z, parameter would be calculated from the industrial roll schedule 

and these values would be simulated in the laboratory. Temperatures of over 15000C 

can be obtained using the Gleeble so the Z parameter (which combines strain rate and 

temperature) was easily obtainable. Each specimen was subjected to a single 

compreSSIOn pass to study the effect of the deformation conditions on the initial 

annealed microstructure. Table 3.2 provides information on the various deformation 

schedules for testing on the Gleeble. 

Table 3.2: 

Strain 
Number Homon 
of Tests Parameter (S-I) 

0.3 6 3.5xlO 19 

0.45 3.5xlO19 

0.65 6 3.5xlO 19 

0.3 6 8.86xlO17 

0.45 6 8.86xlO17 

0.65 6 17 

Gleeble 1500 deformation conditions for uni-axial compression testing of AlSI 

304. Note that the Zener-Hollomon parameters represent values that would be 

experienced during Steckel Mill rolling. 
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A shortcoming of the Gleeble 1500 was that it was not possible to produce a uniform 

strain rate during compression testing. Strain rate is calculated using the equation: 

• cross - head speed 
E = -----------''------

specimen length 
Equation 3.3 

During compression testing the specimen length will decrease and thus to maintain a 

constant strain rate a decreasing cross-head speed would be required to compensate 

for the change in specimen length. The limitation of the Gleeble 1500 was that the 

cross-head could only move at a constant speed and consequently a uniform strain rate 

could not be obtained. To obtain consistency between compression tests it was 

necessary to decide if the initial specimen length or the final length would be used to 

calculate the cross-head speed to give either an initial or final strain rate value of 1 -5. 

Table 3.3 shows the variation in the initial and final strain rates depending on which 

value of length is used in equation 3.3. The initial specimen length was 10mm 

(specimen dimension) and the final length would correspond to the value that would 

produce the required amount of strain. 

Initial 

Initial 

Final 

Final 

Final 

Table 3.3: 

0.45 10 1.57 0.57 

0.65 10 1.92 0.92 

0.3 7.4 0.74 0.26 

0.45 6.4 0.64 0.36 

0.65 5.2 0.52 0.48 

VariatIon m the initial and final stram rates dependmg on the value of specimen 

length used in equation 3.3. 

It was decided to calculate the cross-head speed for the final length of the compressed 

specImen. This enabled consistent final Z values to be maintained for each 

deformation temperature. Therefore, for each of the three different strains, the initial 

strain rate would be different but at the end of the compression stroke the strain rate 

would be constant for each deformation condition. Following compression the 

specimen was removed from the Gleeble and measured, using vernier callipers, to 

ensure that the desired level of strain had been obtained. 
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3.5 Annealing Treatments 

Each compressed specimen was cut in half (through thickness in the normal-radial 

direction) to increase the number of annealing treatments that could be performed to 

study the effect of the deformation history. Figure 3.5 illustrates the directions used 

to describe the orientation of the specimen. 

Figure 3.5 

Normal Direction (ND) 

1 Cutting 
Direction 

ic~p ........ I Direction 

Radial Direction (RaD) 

Schematic defining the directions used to represent the orientation of specimens. 

The deformed specimens were examined using the Reichert light microscope to study 

the effect of the deformation conditions on the microstructure. The "barrelling" of the 

specimens during compression produces inhomogeneous deformation conditions 

through the thickness and it is important that consideration is given to these 

variations. Lateral spread of the specimen at the anvil-specimen interface is 

constrained due to friction causing barrelling. 

Annealing treatments were performed usmg the salt bath as this provided rapid 

isothermal heating of the specimen to the required temperature. Annealing treatments 

were carried out at temperatures of 800De and 900De to study the static 

recrystallization behaviour of the stainless steel. A suitable range of annealing times 

was essential to produce a complete graph of volume fraction recrystallized i.e. from 
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Hardness 

Hr 

Figure 3.8: 

Experimental Methods 

Regime I Regime 2 

Transition 
Point 

Time 
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Schematic illustrating tbe hypothetical relationship between hardness and 

annealing time. Regime 1 is due to recrystaUization, whilst tbe hardness 

decrease in regime 2 is tbe result of grain growtb. Or would be the bardness 

value at the point of complete softening by recrystaUization, but before grain 

growth effects. 

The final hardness value due exclusively to recrystallization, Hr, is an important 

parameter in the interpretation of softening kinetics. The fraction of material 

softened, Xs, is calculated from the hardness versus time data using the following 

relationship: 

Where: Hi = initial value of deformed hardness 

H = instantaneous value of hardness 

Hr = final value of hardness 

Equation 3.5 

To experimentally determine the accurate value of Ht~ the specimen would need to be 

annealed for the precise time that produced 100% softening, but before grain growth. 

This would be an arduous task and unlikely to yield precise results. Therefore, an 

alternative method was used in this study to determine the approximate hardness 

value at the point of complete softening for each deformation condition and annealing 

temperature. 
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3.7.3 Calculating Dr 

It would be expected that the graph of hardness versus annealing time would exhibit a 

shape change at the transition point due to different mechanisms governing the 

hardness decrease. This is a reasonable method to assume, as the hardness decrease 

during recrystallization is greater than the decrease in hardness associated with grain 

growth for a given annealing period. Therefore, a type of "reverse extrapolation" 

method was used to determine the transition point between the two regimes. A 

straight line is plotted, beginning at the point of final annealing time, such that it 

traces the plateau region of the hardness versus time graph, as shown by the black line 

in figure 3.9. The deviation point, of the straight line from the graph, is considered 

the transition point due to the abrupt shape change. This method of determining final 

hardness was consistent for each deformation condition and annealing temperature. 

en 
en 
U 

= "'C .. 
('d 

::r: 

Figure 3.9: 

Hardness vs Annealing Time 

" \ \ 
'" 

Transition 
Point 

"" 
I 
I 

~ 
I 
I 

---- - --- - - - -- - -
I 

~ 

I 

Time (minutes) 

Metbod used to calculate the approximate bardness value at the point of 

complete softening before the effects of grain growth. The black line is plotted 

to identify tbe deviation point corresponding to the annealing time at which 

complete softening is achieved. Final bardness, Hr, is then determined from the 

graph at tbat point. 
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3.8 Electron Back-Scattered Diffraction 

3.S.1 Introduction 

Electron back-scattered diffraction (EBSD) is a technique involving the formation of 

diffraction patterns that represent the geometry of a material's crystal planes. 

Kikuchi52 was the first to observe these patterns in 1928 while studying the electron 

diffraction patterns from thin films of mica. However, work done by Venables et al53 

in 1973 introduced the technique of electron back-scattered diffraction to the scanning 

electron microscope (SEM). Since that time there has been a significant improvement 

in EBSD technology and in recent years it has become an established method for 

microtexture measurement54
. EBSD is also a useful method for distinguishing 

between recrystallized, recovered and deformed regions in a material but this 

technique is still in its infancy and is only beginning to gain popularity55, 56, 57. 

The electron back-scattered pattern (EBSP) is formed when electrons impinge on 

crystal planes and satisfY the Bragg condition, which is given by the equation: 

2dsin88 = nt.. 

where d is the interplanar spacing, 88 is the Bragg angle, n is the order of reflection 

and t.. is the electron wavelength. Electrons that satisfY the equation are diffracted 

through the Bragg angle and this produces two cones of electrons radiating from a 

single set of planes as shown in figure 3.10. 

Figure 3.10: 

Specimen 

Diffraction cones formed by electrons impinging upon crystal planes and 

satisfying tbe Bragg condition. 
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If an imaging capturing device, such as a phosphor screen, is placed such that it 

intersects the cones of radiating electrons a diffraction pattern will be produced. The 

reflected cones have a large apex angle, hence a pattern imaged on a phosphor screen 

will only represent a small section of the cone, and these appear as a pair of parallel 

lines known as Kikuchi bands. Figure 3.11 shows the Kikuchi bands imaged on a 

monitor. 

Figure 3.11 

Section of 
diffraction 
cone from a 
set of planes 

Example of an electron back-scattered pattern for AJSI 304 stainless steel (f.c.c. 

structure) showing the linear features known as Kikuchi bands. 

3.8.2 Determining EBSP 

Specimen preparation is an important aspect in obtaining a diffraction pattern. A 

highly polished surface is required to remove any deformation that will be deleterious 

to the pattern formation. A highly strained or deformed material contains dislocations 

that distort lattice planes and prevent pattern formation due to the electrons being 

scattered away from the Bragg condition. The sensitivity of pattern quality on the 

amount of strain extends to the degree where conventional grinding and mechanical 

polishing introduces too much strain into the top layer of the specimen surface. 

Thus, it IS required that the specimen is electropolished to remove residual 

deformation following the mechanical polishing stage (see section 3.6 for 

electropolishing procedure). 
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The Leica Stereoscan 200 SEM located at the Electron Microscope Unit, University 

of Cape Town, was used to perfonn EBSD analysis. A low-light television camera is 

mounted on the side of the SEM chamber behind the phosphor screen. The phosphor 

screen is approximately 50mm in diameter and positioned directly in front of the 

specimen surface to capture the diffiacted electrons. The EBSD camera records the 

pattern imaged on the phosphor screen and the data is transferred to a Hamamatsu 

ARGUS-20 image processor where the recorded pattern can be enhanced. In addition 

to the electrons that satisfy the Bragg condition and fonn clear Kikuchi bands, there is 

also a significant amount of inelastic scattering of electrons that contribute to a diffuse 

background. The EBSD software has a background correction feature that improves 

the signal-to-noise ratio and enhances Kikuchi bands on the image processor (see 

figure 3.11). The ARGUS-20 image processor is connected to a computer where 

HKL-EBSD acquisition software will automatically index the diffraction pattern; a set 

of Euler angles is assigned to the indexed point and the data is saved to a file. As the 

beam crosses into a different orientated lattice plane the image will alter and a new 

diffiaction pattern will be indexed and saved which forms a map of the materials 

microstructure, known as an orientation map. The EBSD imaging software assigns a 

colour to each set of Euler angles to enable clear visual distinction between adjacent 

grains. Figure 3.12 illustrates an orientation map and the effective use of colour to 

produce a clear representation of the material's microstructure. 

Figure 3.12: Orientation map of AISI 304 stainless steel using Euler colours. 
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Specimen ------\-. 
Holder 

Experimental Methods 

Electron 
Beam 

40mm 

Phosphor 
Screen 

Figure 3.13: Scbematic sbowing tbe specimen positioning inside tbe SEM cbamber. 
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The HKL software acquisition programme requires information relating to material 

properties and SEM operating conditions in order to define the diffraction pattern. 

Optimal pattern imaging was obtained by setting the accelerating voltage to 25kv and 

an objective aperture of 50~m . The working distance was set to 23mm with a stage 

tilt of 70°. The user specifies SEM information and specimen crystallographic 

structure prior to EBSP acquisition. 

3.S.3 Evaluating Fraction Recrystallized 

The above section introduced the procedure to obtain the raw EBSD data. However, 

to glean information from the data, a post processing software application is required 

to interpret the results. Post-processing analysis of the EBSD maps was performed 

using VMAP* software. VMAP is able to determine, amongst other microstructural 

features, the percentage of material recrystallized from the sampled area. The ability 

of VMAP software to provide a determination of fraction recrystallized is an essential 

component of this study, enabling a comparison to be made between fraction softened 

and fraction recrystallized. 

Prior to determining fraction recrystallized, the VMAP software performs a "grain 

reconstruction" routine, enabling the program to recognise deformed and 

recrystallized areas. Each data point (or pixel) has an associated orientation value that 

VMAP is a program for displaying and analysing data obtained from EBSD. The program was 
written by John Humphreys, Mancbester Materials Science Centre. 
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forms the basis of the reconstruction method. A grain is constructed by identifying a 

reference pixel and then classifying whether adjacent pixels belong to the same grain 

or subgrain based on the misorientation. If the misorientation of adjacent pixels is 

greater than the high angle grain boundary (HAGB) setting then the pixels are deemed 

to belong to a different grain. The "new grain" pixel is then classified as the reference 

pixel and the process continues until the complete map is constructed. VMAP allows 

two methods to reconstruct the acquired EBSD map depending on user preference. 

3.8.4 Relative Referencing 

This method of reconstruction classifies a gram or subgrain based on the 

misorientation between adjacent pixels. This is illustrated schematically in figure 

3.14. The misorientation is measured between the reference pixel and pixel 2. If the 

misorientation is less than the HAGB setting then the pixel is deemed to belong to the 

same grain. The next misorientation is then measured between pixel 2 and 3 i.e. pixel 

2 now becomes the reference pixel. A grain boundary will be inserted where the 

misorientation between adjacent pixels is greater than the HAGB setting. Using this 

method of reconstructing, if a deformed grain has a gradual change in orientation it 

would be classified as recrystallized, since the reconstruction method only calculates 

misorientation of adjacent points. 

Figure 3.14: 

Initial reference 
Pixel 

Pixel 2 (becomes reference pixel) 

Pixel 3 

Scbematic representation of relative referencing as a grain reconstruction 

tecbnique. Tbe reconstruction is based on the misorientation between adjacent 

pixels. 
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3.S.S Absolute Referencing 

During reconstruction, a pixel is deemed to belong to a particular grain or subgrain 

based on the misorientation to the original pixel i.e. the misorientation of pixel 3 in 

figure 3.14 would be calculated relative to the initial reference pixel and not pixel 2. 

This method provides a clearer representation of the strain distribution within the 

grain, which is an essential consideration when calculating recrystallized fraction. 

Therefore, absolute referencing was used in this study to determine volume fraction 

recrystallized. Figure 3.15 illustrates the effect of each method on the reconstructed 

map for identical areas. The Euler colours have been omitted from the EBSD maps in 

figure 3.15 to more clearly emphasise the grain and subgrain boundaries, which are 

coloured black and blue respectively. 

Figure 3.15: 

(a) (b) 

A comparison of the EBSD maps obtained using (a) relative referencing and (b) 

absolute referencing. Points 1 and 2 illustrate the different positions of a HAGB 

depending on which method is used for reconstruction. 

Using absolute referencing a point defined on the map as a subgrain or grain boundary 

may be due to an accumulation in the misorientation within the grain. Therefore, it is 

essential when using absolute referencing that the position of a boundary on the 

reconstructed map is not interpreted to be a boundary under the classical definition of 

a subgrain or grain boundary. Figure 3.15, areas marked 1 and 2, effectively 

illustrates the difference in boundary positions using absolute and relative methods. It 

would be expected that relative referencing would provide a more accurate 

representation of "actual" HAGB as the misorientation is measured between adjacent 

pixels, but absolute referencing better describes the misorientation (or strain) gradient. 
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Figure 4.1: 

The microstructure of the 

rolled plate supplied by 

Columbus Stainless prior to 

annealing. 

A: Ferrite stringers 

Figure 4.2: 

Micrograph of the fully 

recrystallized microstructure 

prior to deformation. Annealed 

for 20 minutes. 

Figure 4.3: 

An example of an EBSD map of the 

annealed microstructure used to 

calculate initial grain size, DO" 
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Original 0.3 GAS 

I 10mm I 

Loading Face 

JV 

Figure 4.4: 

Barrelling of the cylindrical 

specimens for the three 

levels of strain used in this 

study. 

Figure 4.5a: 

Simulation illustrating the 

position of point A prior to 

deformation. The material 

at point A is located on the 

circumference of the 

loading face. 

Figure 4.5b: 

At a strain of 0.6 tbe 

material bas rolJed over and 

become part of the 

specimen loading face. 
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University of Cape Town

Figure 4.6: Montage ofthe through-thickness microstructural variation in a specimen deformed to a strain of 0.65. The overlay illustrates the flow pattern 
that develops due to barrelling. Figures 4.7a-c are more detailed micrographs of areas A-C. 
A=218 VHN 
8=261 VHN 
C =278 VHN 
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Figure 4.7a: 

Region A in figure 4.6. 

Equiaxed grain structure in 

slightly deformed region. 

Figure 4.7b: 

Heavy deformation in centre 

of compressed specimen 

(region B in figure 4.6). 

Figure 4.7c: 

Extensive shear in the region 

of material roU over (region C 

in figure 4.6). 
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Results and Discussion 61 

Flow Curves for Defonnation at 850°C and 950°C 

350 
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If 
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50 

0 
o 0.2 0.4 0.6 0.8 1 1.2 1.4 

Strain 

Flow curve data for deformation at the two temperatures and strain rate used in 

this studyS8. 

Influence of friction on the effective strain value 
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The effect of different f values, used in the FEM analysis, on tbe effective strain 

values. 
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Figure 4.10: FE scbematic of specimens deformed to a nominal strain of (A) 0.3 (B) 0.45 and 

(C) 0.65. Areas of bighest effective strain are located in tbe centre and at tbe 

loading face circumference wbere roll over occurred. 
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4.2 Hardness Results - Zl 

Deformation condition Z 1 relates to specimens that were deformed at a temperature of 

850°C and a strain rate of I-s. The decrease in hardness with annealing time for 

specimens deformed at Zl, to effective strains of 0.52, 0.85 and 1.25, are illustrated in 

figure 4.11; the annealing temperature was 800°e. Figure 4.12 shows the results for 

specimens deformed at Z 1 and annealed at a temperature of 900°e. The error bar in 

the top comer of the graphs indicates the average scatter in hardness results. 

Hardness vs Annealing Time - Zl 
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Figure 4.11: 
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Figure 4.12: 
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The decrease in hardness with annealing time at a temperature of 800°C. 

Hardness vs Annealing Time - Zl 
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The decrease in hardness with annealing time at a temperature of 900°C. 
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Figure 4.13: 

Specimen strained to 1.25 and 

annealed for 15 seconds at 

900°C. 

A: Deformed grains 

B: Recrystallized areas 

Figure 4.14: 

Micrograph confirming 100% 

recrystallization at a time of 30 

seconds. Specimen strained to 

1.25 and annealed at 900°C. 

Figure 4.15: 

Grain growth following 

complete recrystallization. 

Specimen strained to 1.25 and 

annealed for 2 minutes at 

900°C. 
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Figure 4.16: 

Specimen strained to 0.52 and 

annealed for 30 seconds at 

900°C. Regions of elongated 

grains suggest that the 

microstructure is only 

partially recrystallized. 

Figure 4.17: 

Specimen strained to 0.52 and 

annealed for 1 minute at 

900°C. Approximately 100% 

recrystallized. 

Figure 4.18: 

Grain growth, after a time of 2 

minutes, for the specimen 

strained to 0.52 and annealed 

at 900°C. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Results and Discussion 67 

4.3 Hardness results - Z2 

Deformation of Z2 specimens was performed at a temperature of 9500e and a strain 

rate ofl-s. The specimen strains, 0.52, 0.85 and l.25, were the same as those used for 

Z1 deformed specimens. Figures 4.19 and 4.20 illustrate the relationship between 

hardness and annealing time for annealing temperatures of 8000e and 9000e 
respectively. 
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Figure 4.19: 
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Figure 4.20: 
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The decrease in hardness with annealing time at a temperature of 800°C. 
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The decrease in hardness with annealing time at a temperature of 900°C. 
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Figure 4.21: 

Specimen strained to 0.52 and 

annealed for 16 minutes at 

800°C. Completely 

recrystallized witb no evidence 

of precipitation. 

Figure 4.22: 

Ligbt microscope image 

showing regions of 

precipitation. It should be 

noted that the precipitates 

have been etched-out leaving 

holes at tbe grain boundaries. 

Thus, actual precipitates were 

not as large as they appear in 

the micrograph. Specimen 

strained to 0.52 and annealed 

at 800°C for 32 minutes. 

Figure 4.23: 

Light microscope image of 

specimen in figure 4.20. Areas 

marked A are regions of 

ferrite stringers. 
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Figure 4.24 A-C: 

K\:SUIlS i:U1U UIM;USSlUll I I 

Progress of recrystallization with time for specimens deformed at Z2, strain 

of 0.85, and annealed at 900°C (A) still deformed after 16 seconds (B) 

approximately 30% recrystallized after 26 seconds (C) fully recrystallized 

after 30 seconds. 
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Figure 4.25 A-C: Progress of recrystallization with time for specimens deformed at Z2, strain 

of 1.25, and annealed at 900°C (A) microstructure appears deformed after 

annealing for 16 seconds (B) approximately 80% recrystallized after 26 

seconds (C) fuJly recrystallized after 30 seconds. 
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Figure 4.26: 

Figure 4.27: 

Specimen strained to 0.85 and annealed for 2 minutes at 800°C. The figure 

below shows the regions that VMAP software has designated recrystallized. 

Calculating recrystallized fraction for specimen strained to 0.85 and annealed at 

800°C for 2minutes. 25 % recrystallized (green and red colours represent non­

indexed and recrystallized areas respectively). 
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Figure 4.28: 

Figure 4.29: 

Specimen strained to 0.85 annealed for 4 minutes at 800°C; see figure below for 

recrystallized fraction. 

Red areas represent regions tbat VMAP software bas designated to be 

recrystallized for specimen strained to 0.85 annealed for 4 minutes at 800°C, 

35% recrystallized. Green areas are non-indexed points. 



Univ
ers

ity
 of

 C
ap

e T
ow

n
Figure 4.30: 

Figure 4.31: 

IV 

Specimen strained to 0.85 annealed for 8 minutes at 800°C; 76% recrystallized. 

Note that the corresponding map of red recrystallized areas is not shown in this 

instance as the map is coloured red apart from the grains containing the 

substructure (blue boundaries). 

Specimen strained to 0.85 annealed for 16 minutes at 800°C, 100% recrystaUized. 
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the deformation technique needs to be considered when deriving a relationship 

between hardness restoration and fraction recrystallized; heterogeneity of deformation 

does exist to different extents for a given deformation mode. For the purposes of this 

study hardness restoration and fraction recrystallized are well correlated and are thus 

deemed equivalent. EBSD analysis is time consuming and therefore, due to the good 

relationship between recrystallized fraction and hardness restoration, it was not 

necessary to perform EBSD for every deformation and annealing condition. 

However, it should be borne in mind that the relationship would not be acceptable if 

dynamic or metadynamic recrystallization phenomenon impede predictive static 

recrystallization kinetics. 
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Figure 4.32: 

Relationship between restoration of hardness 

and fraction recrystallized 
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Relationship between restoration of hardness and fraction statically 

recrystallized for specimens strained to 0.52 and annealed at 800°C. 
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Results and Discussion 
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Deformation Annl'lilJlna (' 

Strain 
. ~ 

Condition ..... 
1 """i'",ouun; 

Zl 0.52 800vC 197 

ZI 0.85 SOovC 197 

Zl 1. 800ve 196 

Zl O. 900"e 189 

Zl 0.S5 900"e 191 

Zl 1.25 900T 196 

Z2 800ve 206 
I 

Z2 0.85 I soove 203 

Z2 1.25 I soove 211 

Z2 0.52 900T 206 

Z2 0.85 900"e 203 

Z2 1.25 I 900ve 208 

Table 4.2: Results of final value of hardness before for all 

eXI»eriim€mt:ilI conditions. 

are 

as onlt)o~;ea to 
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Results and Discussion 

Softening vs Time - Zl 
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Figure 4.35 A: Effect of strain on the softening curves for specimens annealed at 800°C. 
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Figure 4.35 B: Softening data, for specimens annealed at 800°C, plotted according to the 

Avrami equation. Gradient of straight lines determines Avrami constant. 
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Results and Discussion 

Softening vs Time - Zl 
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Figure 4.36 A: Effect of strain on the softening curves for specimens annealed at 900°C. 
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Figure 4.36 B: Softening data, obtained from figure 4.36 A, plotted according to tbe Avrami 

equation. 
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Softening vs Time - Z2 
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Figure 4.37 A: Softening kinetics for specimens annealed at 800°C. 
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Figure 4.37 B: Data from figure 4.37 A, plotted according to the Avrami equation. 
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Softening vs Time - Z2 
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Figure 4.38 A: Softening kinetics for specimens annealed at 900°C. 
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Figure 4.38 B: Data from figure 4.38 A, plotted according to tbe Avrami equation. 
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OJ 

to are to 

determllne:d constant are nrf'"pnTF'll 

at 

n 

800 C 0.52 1.7 

800 C 0.S5 1.6 

800 C 1.25 1.3 

900 C 0.52 1.7 

900 C 0.S5 1.4 

900 C 1.25 1.3 

Table 4.3a Avrami constants for spElClrnellS deformed at Z1. 

A .... "'nU .. a 
-co 

Slru;}', Cn"dnnl n 
"""'p",,-U'UI-r:; 

SOO"C 0.52 1.3 

SOO"C 0.S5 2 

800"C 1.25 I.S 

900T 0.52 2.4 

900"C 0.S5 2.3 i 
900"C 1.25 2.2 

Table 4.3b A vrami constants for "1""""""""" deformed at Z2. 
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4.5 Quantifying to.s 

4.5.1 Introduction 

The graphs of volume fraction material softened with respect to annealing time are 

used to calculate to.5 (see figures 4.35a to 4.38a). A trendline is fitted to each of the 

curves and the equation defining the trendline is then solved for y = 0.5 i.e. the time 

that 50% of the material had softened. Figure 4.39 illustrates the method that was 

used to identify to.5 for each deformation condition and annealing temperature. 
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Figure 4.39: 

Softening vs Time - Zl 

y = 7E-05x3 - 0.0054X2 + 0.1302x - 0.0267 

----"'- 1.25 

5 10 15 20 25 

Time (minutes) 

A trendline was fitted to eacb of tbe curves to identify!o.s- The equation is tben 

solved for y = 0.5. 

4.5.2 Effect of Deformation Conditions on to.5 

Figures 4.40 and 4.41 illustrate the relationship between the deformation conditions 

and to.s. Specimens deformed at Zl and Z2, annealed at 800De, are shown in figure 

4.40. The graph for specimens deformed at Zl shows that the lowest strained 

specimen, 0.52, has a to.5 value of 625 seconds, compared to 295 seconds for the 

highest strained specimen. In terms of the stored energy and rate of softening 

kinetics, this relationship would be expected. The deviation from the strain and to.5 

relationship is evident from the graph, in figure 4.40, for specimens deformed at Z2. 

The lowest strained specimen has a to.5 value of 264 seconds, compared to 306 for the 

highest strained specimen. Furthermore, the Z2 graph should have slower to.5 values 
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compared to the Zl graph; it is clear from figure 4.40 that in this instance the static 

recrystallization kinetics have been affected by additional annealing phenomena. 

---.. 
<IJ 

"t:I 

= 0 
u 
II) 
<IJ 
'-' 

'" j 

Figure 4.40 

---. 
rIJ 

"'0 
~ 
0 
u 
qJ 
rIJ --'" 0 .... 

Figure 4.41: 

Relationship between to.s and deformation parameters 
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Relationship between to.s and strain for specimens deformed at Z1 and Z2 and 

annealed at 800°C. 

Relationship between to.s and deformation parameters 
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Relationship between to.s and strain for specimens deformed at Zl and Z2 and 

annealed at 900°C. 

4.5.3 Z2 relationship at 800°C 

A possible explanation for the behaviour of Z2 deformed speCimens, annealed at 

800De, is that deformation occurred in the steady state regime and specimens would 

thus possess similar stored energy characteristics. Therefore, during the annealing 

treatment the driving force for recrystallization would be equal, regardless of the 
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specimens. Associated with deformation in the steady state regime, for Z2 specimens, 

would be dynamic and metadynamic recrystallization phenomenon. Although the 

occurrence of dynamic recrystallization would be expected to decrease the stored 

energy and thus the driving force following deformation, nuclei formed during the 

rolling period would be present in the microstructure at the commencement of the 

static period i.e. metadynamic recrystallization. Therefore, during annealing 

treatments, the incubation period would be avoided and the nuclei formed during 

deformation would continue to grow. The absence of the nucleation period would 

reduce the 10.5 considerably and adversely affect Avrami results. A schematic showing 

the effect of the incubation period on 10.5 is shown in figure 4.42. 

Figure 4.42: 

Fractional 
Softening 

to.5 .................................................. .. 

Incubation 
Period 
~ 

~ ____ ~L-______________________ ~ 

Time 
------------- i------~Ji---------------)-

: ( 

1 0( T 1 ~! T 1= tos without an incubation period 

~ ; 

T z = los with the incubation period 

Schematic showing the effect of the incubation period on 10.5 

A comparison of Zl and Z2 deformation microstructures are shown in figures 4.43 

and 4.44 for specimens strained to 0.52 and 1.25 respectively. The deformed 

microstructures have significantly different appearances. The specimen deformed at 

Zl, figure 4.43a, is heavily deformed. However, for the specimen deformed at Z2, 

figure 4.43b, there are recrystallized regions. A similar phenomenon is illustrated in 

figure 4.44a-b for specimens strained to 1.25. These results suggest that dynamic 

recrystallization had occurred in specimens deformed at the higher temperature. It 

would therefore be expected that metadynamic recrystallization was present following 

deformation, as dynamic recrystallization nuclei would be present in the material. 
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Figure 4.43: 

71 

(a) 

(b) 

A comparison of tbe as deformed microstructures for specimens strained to 0.52 

and deformed at (a) Zl and (b) Z2. Tbe circled regions sbow an area of 

undeformed grains. This suggests that dynamic recrystallization bas occurred 

and/or grain growtb following deformation bas taken place. 
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Figure 4.44: 

(a) 

(b) 

A comparison of the as deformed microstructures for specimens strained to 1.25 

and deformed at (a) Zl and (b) Z2. Circled areas show recrystallized grains. 
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Figure 4.45: 

Figure 4.46: 

1'I..eSUllS allu UIS\,;USSIUIl 

Microstructure of deformed specimen strained to 0.52 and deformed at Zl. 
Green areas are non-indexed regions. 

Microstructure of deformed specimen strained to 0.52 and deformed at Z2. 
Circled areas show recrystallized grains. 
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Figure 4.47: 

Figure 4.48: 

.l"~\)UIL-\) QIIU J.Jl.,'-'U\)\)lUlJ 

Microstructure of deformed specimen strained to 0.85 and deformed at Zl. 
Green areas are non-indexed regions. 

Microstructure of deformed specimen strained to 0.85 and deformed at Zl. 
Circled areas show recrystaUized grains. 
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4.6 Determining the Strain Exponent 

4.6.1 Introduction 

Further evidence of the sensitivity of to.5 at high annealing temperatures is illustrated 

in the straight-line graphs of log 10.5 versus log E. The exponent of strain in the 10.5 

equation is determined from the gradient of the straight-line graphs. The behaviour of 

the specimens deformed at Z2 prevented a reliable exponent of strain to be 

detennined. Therefore, the results presented in figure 4.49 exclude the data for this 

condition. 
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OIl .... 
bJ) 

j 

Figure 4.49: 

Calculating the Strain Exponent 
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Graphical representation of the method used to calculate the strain exponent for 

the to.sequation. The strain exponent has also been determined from EBSD data 

for comparative purposes. 

4.6.2 Strain Exponent Dependence on to.5 

Ideally, the strain exponent should be equal, or within experimental error, for each 

condition shown in figure 4.49. If it were assumed that the EBSD data (obtained 

from specimens deformed at Z 1 and annealed at 8000C) is accurate, then - 1.2 would 

be the correct strain exponent. Calculating the strain exponent from softening curves, 

for the same specimens that the results for EBSD were obtained, gives a value of -1 . 

These two values are within experimental error, as would be expected due to the fact 

that the graphs illustrating the relationship between fractional softening and 
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