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ABSTRACT 

In the present work, deformation behavior, texture and microstructure evolution of 

commercially pure titanium (CP Ti) are investigated by electron backscattered 

diffraction (EBSD) after compression tests at elevated temperatures. 

By analysing work hardening rate vs. flow stress, the deformation behaviour can be 

divided into three groups, viz. three-stage work hardening, two-stage work hardening 

and flow softening. A new deformation condition map is presented, dividing the 

deformation behavior of CP Ti into three distinct zones which can be separated by 

two distinct values of the Zener-Hollomon parameter. 

The deformed microstructures reveal that dynamic recovery is the dominant 

deformation mechanism for CP Ti during hot working. It is the first time that the 

Schmid factor and pole figures are used to analyse how the individual slip systems 

activate and how their activities evolve under various deformation conditions. 

Two constitutive equations are proposed in this work, one is for single peak dynamic 

recrystallization (DRX), the other is specially for CP Ti deformed during hot 

working. After the hot compression tests, some stress-strain curves show a single 

peak, leading to the motivation of setting up a DRX model. However, the 

examinations of EBSD maps and metallography evidently show that the deformation 

mechanism is dynamic recovery rather than DRX. Then, the second model is set up. 

The influence of the deformation conditions on grain size, texture and deformation 

twinning is systematically investigated. The results show that  101 2  twinning only 

occurs at the early stage of deformation. As the strain increases, the  101 2  twinning 

is suppressed while  101 1  twinning appears. Three peaks are found in the 

misorientation frequency-distribution corresponding to basal fiber texture,  101 1  
and  101 2  twinning, respectively. A logZ-value of 13 is found to be critical for both 

the onset of  101 1  compressive twinning and the break point for the subgrain size. 

The presence of  101 1  twinning is the key factor for effectively reducing the 

deformed grain size. The percentage of low angle grain boundaries decreases with 

increasing Z-parameter, falling into a region separated by two parallel lines with a 

common slope and 10% displacement. After deformation, three texture components 

can be found, one close to the compression direction, CD, one 10~30 to CD and 

another 45 to CD. 

Keywords: Commercially pure titanium; Zener–Hollomon parameter; Dynamic 

recovery; Dynamic recrystallization; Recrystallized volume fraction; Grain size; 

Flow stress; Constitutive equation; Texture; High angle grain boundary; Low angle 

grain boundary; Deformation twinning; Schmid factor; Misorientation; Hot 

compression; Slip system; Subgrain; EBSD 
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1. INTRODUCTION 

Commercially pure titanium (CP Ti) is of great importance in many industrial 

applications due to its highly attractive properties, such as good deformability at 

high temperature, low density, high biocompatibility and excellent corrosion 

resistance [1]. It is chemically inert and biologically more compatible than Ti-6Al-

4V, which is currently the material of choice for most medical implants. However, 

it is hard for CP Ti to strengthen to a level comparable to Ti-6Al-4V [2]; therefore 

developing higher strength CP Ti is an attractive work for medical applications. In 

order to increase the strength of CP Ti, grain-size refining is an effective approach, 

and generally, large deformation is used to accomplish this. However, at room 

temperature, CP Ti has poor formability and limited ductility due to the intrinsic 

characteristics of the HCP structure with few slip systems being activated. In order 

to obtain large deformations, it is thus necessary to deform CP Ti at higher 

temperatures where non-basal slip systems can be activated resulting in an 

improved ductility. On the other hand, if too high temperatures or too low strain 

rates are chosen, they can lead to increased recovery reducing the hardness, It is 

therefore important to gain a good insight into the deformation mechanisms and a 

fundamental understanding of the deformation process during hot working in 

order to find good processing parameters with respect to deformation temperature 

and deformation rate. 

The physical and mechanical properties of CP Ti are also greatly influenced by the 

preferred orientations of crystals and microstructure [3-4]. In order to improve the 

mechanical properties of CP Ti, it is also necessary to investigate the 

microstructure and texture evolution during hot working. 

Much work has been carried out on the deformation mechanisms of CP Ti during 

deformation [5-18]. Microstructure evolution of CP Ti has also been extensively 

investigated during hot working, both for compression [9-11] and for equal 

channel angular processed (ECAP) [12-18]. Admittedly, there are some 

investigations on the deformation mechanisms of CP Ti at elevated temperatures 

based on the analysis of flow stress-strain curves or optical observations [8-11]. 

Although optical microscopy is conventionally used to investigate the 

microstructure, texture analysis is a much more powerful method to investigate the 

microstructure evolution of deformed materials [19] and to understand the 

deformation mechanisms [20-21] because it gives more insights and information 

about orientations and misorientations of grain boundaries. The aforementioned 

investigations are useful for understanding deformation behavior and 
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microstructures during deformation, but there is no available investigation on the 

dependence of microstructure and texture evolution on deformation conditions 

during hot deformation. In addition there is no quantitative analysis of the 

evolution of microstructure parameters with deformation conditions presented in 

these works. 

The mechanical properties of the workpiece during hot working can generally be 

expressed by a constitutive equation [22-23], connecting flow stress, strain and 

strain rate and temperature. The data needed for the constitutive equation can 

usually be obtained by thermo-mechanical compression tests. It is well known that 

the compression test is a convenient method for large strain hardening response of 

metals and that it is easy to prepare the specimens. In addition, the test process is 

similar to forging; hence, it has become a commonly used approach for testing 

mechanical properties during hot-working processes. 

In order to model the deformation behavior of CP Ti during hot working, two 

constitutive equations are presented, one is for single peak dynamic 

recrystallization (DRX), the other is specifically for CP Ti deformed during hot 

working. Analysis after the hot compression tests revealed that some stress-strain 

curves showed a single peak, leading to the motivation setting up a DRX model. 

However, the examinations of electron backscattered diffraction (EBSD) and 

metallography of deformed specimens evidently show that the deformation 

mechanism is dynamic recovery rather than DRX. Thus the second model was set 

up. 

In the present work, isothermal compression of CP Ti has been conducted at 

different temperatures and strain rates. The deformation behavior, microstructure 

and texture of the deformed samples are systematically studied. The effects of 

deformation conditions on them are thoroughly investigated and the 

microstructure parameters are quantitatively analysed with the TSL OIM and 

Channel 5 software of the EBSD equipment. 
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2. EXPERIMENTAL  

2.1 Uniaxial compression test at elevated temperatures 

The as-received CP Ti, with chemical composition (wt.%) of C, 0.01; Fe, 0.01; H, 

0.0005; N, 0.004; O, 0.12; and Ti remaining in balance was supplied by Sandvik 

Materials Technology, Sandviken, Sweden in form of a thick-walled extruded tube 

(Fig. 1). The material was annealed at 1073K for one hour in argon atmosphere 

and air cooled in order to obtain new grains and remove residual stresses. With 

this procedure, an equiaxed microstructure having an average grain size of ~40 µm 

was obtained which is shown in Fig. 2a. Cylindrical specimens, 10 mm in 

diameter and 15 mm in height, were machined from the annealed material. The 

compression axis of the specimens was always parallel to the extrusion direction 

of the supplied tube as shown in Fig. 1. Hot compression was conducted in a 

Gleeble 1500 thermal simulator. Prior to hot compression, each specimen was 

heated to the deformation temperature in air for three minutes to ensure a 

homogenous temperature distribution throughout the specimen. The deformation 

temperature was measured by a thermocouple spot welded to the centre of the 

specimen surface. A tantalum foil with a thickness of 0.05 mm was put between 

the anvil and the specimen in order to reduce the friction and to prevent sticking. 

The deformation strain, temperature and strain rate were automatically controlled 

and recorded by the Gleeble 1500 thermal simulator system. Compression tests 

were conducted from 673 to 973K at 50K intervals varying the strain rates from 

0.001 to 1 s−1 .The samples were deformed up to 60% reduction. Small 

deformation reductions to 15% and 30% were also conducted but only at 723 and 

823K. After deformation, all specimens were immediately cooled in water in order 

to retain the deformed microstructures. 

 

Fig. 1. Schematic illustration of as-received material and cutting of samples for the present 

work. 
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2.2 Sample preparation for metallographic examination and EBSD 

The deformed specimens were cut along their length axis and prepared by 

mechanical grinding using grit papers with different particle sizes from 320 to 

1200 mesh. Prior to metallographic examination, the investigated surfaces were 

polished by diamond and silica pastes and etched for 5 seconds in a solution 

containing 10%HF + 5%HNO3 + 85%H2O. 

The EBSD works were performed at KIMAB, Sweden and at the Norwegian 

University of Science and Technology (NTNU), Norway, respectively. The 

samples were prepared in different ways because of the instrument requirements at 

the two places. At KIMAB, in order to achieve the surface quality required for 

EBSD examinations, samples polished by 1200 mesh papers were electropolished 

at room temperature at 17V in a solution consisting of 25%H2SO4 + 15%HF +

60%CH3COOH. The prepared samples were analysed with a JSM-7000F FEG-

SEM operating at 15 kV and equipped with an EBSD orientation imaging system. 

The Kikuchi patterns were obtained with an ultra-sensitive CCD camera and 

processed with the Channel 5 software from HKL technology. At NTNU, a more 

elaborate work was carried out. The deformed specimens were prepared by 

mechanical grinding using grit papers with different particle sizes from 320 to 

2400 mesh. In order to achieve the surface quality required for EBSD 

examinations, the samples were further polished by a diluted OPS solution (10%) 

and electropolished with an A3 solution using a voltage of 35 V for 20 seconds at 

-35 C. The prepared samples were analysed with a Zeiss 55VP FEG-SEM 

operating at 20 kV and equipped with a Nordif EBSD detector for obtaining the 

Kikuchi patterns and the TSL OIM EBSD software for analyses and processing. 

As severe deformation can cause orientation uncertainty and orientation noise, 

possibly leading to blurring of the grain boundaries, misorientations below 2 were 

not considered. Boundaries with misorientations between 2 and 15 were defined 

as low angle grain boundaries, LAGBs, and those of misorientation >15 as high 

angle grain boundaries, HAGBs. In the EBSD maps presented in this thesis, the 

grains are coloured according to a standard colour code presented as an inverse 

pole figure in the compression direction, CD. 
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3. RESULTS 

3.1 Starting material 

The EBSD image of grain boundaries in Fig. 2a shows that the starting material 

comprised of equiaxed CP Ti with an average grain size of ~40 µm. The colour 

code, red for (0001), green for  112 0  and blue for  101 0 , gives the 

crystallographic direction of each grain pointing in the intended compression 

direction, CD, (previous extrusion direction). The same colour code is used in the 

inverse pole figure, shown as an insert in Fig. 2a, and naturally, the high 

intensities are found in the green and blue regions. The absence of the red colour 

indicates that (0001) is not lying in the compression direction. This is verified by 

the direct (0001) pole figure in Fig. 2b showing a band perpendicular to CD. As 

seen, there are two maxima in the band. The strongest one (8.36 random) is 

almost parallel to the radial direction, RD, whereas the other is rotated towards the 

normal direction. The first, strongest maximum, results in the three maxima 

located on the horizontal line of the  101 0  direct pole figure (Fig. 2b), whereas 

the second, rotated maxima, gives an increased intensity in the upper part of the 

same pole figure. Thus, the original, recrystallized texture can be described as a 

 112 0  fibre texture with respect to CD, with the (0001) direction perpendicular to 

CD. A schematic sketch of this texture indicating the strongest texture components 

is given in Fig. 2c. 

 

It should be pointed out that the EBSD image in Fig. 2a evidently shows that the 

material consist of 100% 𝛼-phase CP Ti and that there is no 𝛽-phase present. As 

both the annealing and deformation temperatures were below the transformation 

temperature (1157K), the possible influence of 𝛽 -phase on the deformation 

behaviour is eliminated. 
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Fig. 2. The microstructure and texture of the annealed CP Ti revealed by EBSD band contrast 

maps in the RD-CD plane. (a) shows the starting material, (b) shows the (0001) and  101 0  pole 

figures and (c) illustrates the sample orientation related to the compression axis, CD, and the 

radial direction, RD, with the dominating texture components. The colours of the arrows in (c) 

match the colours of the grains in (a). 

3.2 Deformation behavior 

3.2.1. True stress-strain curves  

Fig. 3 shows the stress-strain curves for CP Ti from uniaxial compression tests at 

temperatures of 673 to 973K at 50K intervals and at strain rates of 0.001, 0.01, 0.1 

and 1 s−1. As expected, the flow stress is sensitive to both temperature and strain 

rate. It decreases with increasing temperature and also with decreasing strain rate. 

At high strains, the flow stress is systematically decreasing with decreasing 

temperature from high values at 673K to low values at 973K. 
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Fig. 3. Stress-strain curves showing the flow stress of CP Ti in compression at various 

temperatures and strain rates of (a) 0.001 s−1, (b) 0.01 s−1, (c) 0.1 s−1 and (d) 1 s−1. 

When deformed at 0.001 s−1 and above 823K, or at 0.01 s−1 and above 873K, or 

at 0.1 s−1 and 973K, the material exhibits a slight transitional drop in flow stress, 

indicating thermal softening. However at most of the temperatures, the stress-

strain curves show a work-hardening character. At 0.001 and 0.01 s−1 and below 

773K, the flow stress shows a steady state flow for true strains of 0.75 to 0.92. 

For compression at strain rates of 0.1 and 1 s−1, the stress-strain behaviour as 

shown in Figs. 3c and 3d is different from those deformed at 0.001 and 0.01 s−1. 

All these stress-strain curves show the characters of work hardening with the 

exception of that for strain rates of 0.1 and 1 s−1 at 673K for which the stress-

strain curve exhibits a thermal softening behaviour. This flow softening is 

attributed to the heat generation of the deformation. Although the Gleeble 1500 

simulator for the thermal compression is equipped with a feedback system using 

electrical current for temperature control, there is insufficient time for the 

adiabatic heat generated within the sample to be conducted into the cooler anvils 

because of the poor thermal conductivity of CP Ti. However, the analysis of the 

deformation behaviour presented in this study focus on the first part of the stress-

strain curves, up to a true strain of about 0.5 where the influence of adiabatic 

heating is not so strong. 

Fig. 3 also reveals the strain rate sensitivity of CP Ti. At the same temperature, the 

flow stress increases with increasing strain rate. For instance, at 673K and 0.001 
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s−1, the steady flow stress is 228 MPa, whereas it is 264 MPa at 0.01 s−1 for the 

same temperature. 

From the aforementioned stress-strain character, it can be concluded that the 

work-hardening effect is pronounced at higher strain rate and lower temperature. 

For the higher temperature and lower strain rate, the stress-strain curves show 

transient flow softening behaviour. 

The data in Fig. 3 was analysed by fitting each experimental curve with a 

polynomial expression and taking its derivative with respect to strain in order to 

obtain the work hardening rate. Then, the work hardening rate was plotted against 

flow stress as shown in Fig. 4. By inspecting these plots, it was found that the 

curves could be divided into three groups, viz, A: three-stage work hardening, B: 

two-stage work hardening and C: flow softening. For clarity, an example from 

each group is presented in Fig. 5. As the shapes of the curves are quite different, it 

is easy to re-examine previous data in the literature dividing them into the 

different groups. 

 

 

Fig. 4. Work hardening rate of CP Ti as functions of flow stress for (a) three-stage work 

hardening, (b) two-stage work hardening and (c) flow softening. 
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Fig. 5 Typical curves for three-stage work hardening, two-stage work hardening and flow 

softening in CP Ti. 

3.2.2. The deformation condition map 

By plotting all our data and previous data into a map with log ε   and temperature 

as the axes, Fig. 6 was constructed. As seen, all data consistently fall into three 

domains. At low temperatures and any strain rate, the domain of three-stage work 

hardening is located. At higher temperature, the domain for two-stage work 

hardening is found and at even higher temperatures and lower strain rates, the 

domain of flow softening is found. 

 

Fig. 6. Deformation condition map showing the deformation character of present and previous 

data on CP Ti. The two lines are drawn based on the Eq. (1) with the marked values of logZ. A, 

B and C denote the conditions for the curves shown in Fig. 5. 
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Whenever the combined effect from changes in temperature, T, and strain rate, ε , 

is considered, the Zener-Hollomon parameter, Z, is a natural choice of the 

parameter. It is defined as: 

exp( )
Q

Z
RT

          (1) 

where R is the gas constant and Q is the activation energy of plastic deformation. 

In the present study, the value of Q is taken from the result for CP Ti reported by 

Frost and Ashby [24], 242 kJ/mol. Thus, by using Eq. (1) it is possible to draw 

contour lines for different Z-values in Fig. 6. By testing different Z-values, it was 

found that two border lines could be drawn which divided the map into three 

regions, almost perfectly consistent with the experimental information. Only one 

exception was found at 823K and 1 s−1. The approximate values of the border 

lines are, logZ = 16.2 and 12.7, respectively, as indicated in Fig. 6. The 

characteristic shapes of the stress-strain curves and resulting microstructure after 

deformation will be discussed in the following sections. 

3.2.3. Three-stage work hardening 

The work hardening rate in Fig. 4a shows an initial high decrease followed by an 

increase up to a peak value and then a second decrease extending into negative 

values. By inspecting the logZ-values of each curve, it is found that they reflect 

the size of the peak directly. The highest peak has a logZ-value of 18.8 whereas 

the lowest peak has a value of 15.4. 

The microstructures of the samples producing the curves in Fig. 5 were examined 

after full deformation i.e. after a true strain of 0.92. The optical micrograph of the 

sample deformed at 723 K and 0.1 s−1 (curve A in Fig. 5), is illustrated in Fig. 7a. 

As seen, elongated coarse grains are mixed with refined grains. The microstructure 

in Fig. 7a is similar to that after warm rolling reported by Chun and Hwang [25]. 

In the coarse grains, deformation twinning with common orientation is observed. 

From the EBSD map in Fig. 7b, the deformation twinning is identified as  101 1  

twinning by Channel 5 software. 
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Fig. 7. Microstructure of CP Ti deformed at 723 K and 0.1 s−1 to a true strain of 0.92 and 

sectioned along the compression axis. (a) optical microstructure, (b) EBSD orientation map 

showing HAGBs (>15) as bold lines and LAGBs (2-15) as fine ones. White arrows mark some 

of the twins. The scale bar indicates 20 µm. Note that the investigated area is different from (a). 

3.2.4. Two-stage work hardening 

The work hardening rate in Fig. 4b shows an initial high decrease followed by a 

slow decrease down to zero or negative values. By inspecting the logZ-values of 

each curve, it is found that the flow stress at a given work hardening is generally 

reflected by the logZ-value. The right-most curve has a logZ-value of 15.8 

whereas the left-most one has a value of 12.7. 

The optical micrograph of the sample deformed at 723 K and 0.01 s−1 (curve B in 

Fig. 5), is illustrated in Fig. 8a after a total strain of 0.92. As seen an 

inhomogeneous microstructure, similar to that in Fig. 7a, appears. However, fewer 

deformation twins are observed. From the EBSD map in Fig. 8b, it is found that 

the grain size is larger than that in Fig. 7b. 

 

Fig. 8. Same as for Fig 7, but after deformation at 723 K and 0.01 s−1. The scale bar in (b) 
indicates 10 µm. 
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3.2.5. Flow softening 

The work hardening rate in Fig. 4c only shows the initial high decrease crossing 

zero on its way down to negative values. By inspecting the logZ-values of each 

curve, it is found that the flow stress at a given work hardening rate is generally 

reflected by the logZ-value. The right-most curve has a logZ-value of 12.4 

whereas the left-most one has a value of 10.0. However, there is an exception for 

the two right-most curves having the opposite trend. 

The flow stress curves, having low values of logZ, exhibit a quite broad stress 

peak which is distinctly different from that observed in DRX of austenitic steels 

[26, 27]. Generally, austenite exhibits a more pronounced softening than that 

observed in the present work. The flow softening in the present work is similar to 

that observed in α -Ti by other authors [11, 28]. The operating softening 

mechanism may be influenced by texture softening, as reported in aluminum [29]. 

The optical micrograph of the sample deformed at 973 K and 0.01 s−1 (curve C in 

Fig. 5), is illustrated in Fig. 9a after a total strain of 0.92. As seen, an 

inhomogeneous microstructure is found but quite different from the ones in Figs. 

7a and 8a, as there is no deformation twinning observed in the optical micrograph. 

The EBSD map in Fig. 9b shows that the boundaries of the coarse grains are 

serrated and elongated vertically to the compression axis. The wavelengths of 

these serrations are close to the subgrain sizes. Some of the high angle grain 

boundaries, HAGBs, are discontinuous but linked with low angle grain 

boundaries, LAGBs, implying that there is a generation of LAGBs during 

deformation and that the misfit angle increases gradually, finally producing 

HAGBs. Whenever the process has reached a misorientation above 15, the 

boundary is interpreted as a HAGB. 
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Fig. 9. Same as Figs. 7 and 8 but after deformation at 973K and 0.01 s−1. The scale bar in (b) 

indicates 200 µm. 

3.3 Microstructure evolution 

In order to systematically investigate the microstructure evolution of CP Ti, the 

deformed samples at different reductions and deformation temperatures are 

examined in the present work. Typical microstructures are shown as EBSD maps 

in Figs. 10 and 11. The first figure shows the microstructures at 15, 30 and 60% 

reduction after being deformed at 723K and 0.1 s−1. The second figure shows the 

microstructures after 60% reduction at 0.1 s−1 and temperatures of 673, 823 and 

973K, respectively. The investigated areas are taken from the central part of the 

samples subjected to the largest amount of deformation. 
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From Fig. 10, it can be seen that the fraction of twins gradually decreases and the 

grains are efficiently refined as the level of deformation increases. A 

microstructure with profuse twins is illustrated at 15% reduction in Fig. 10a. At 

30% reduction, fewer twin boundaries and more subgrains can be found, Fig. 10b, 

whereas there are no obviously twin boundaries at 60% reduction, as shown in 

Fig. 11. As in Fig. 10 but for CP Ti 

compressed to 60% reduction at 0.1 s−1 

and (a) 673K (b) 823K (c) 973K. 

Fig. 10. EBSD maps (inverse-pole-figure) 

for CD direction of CP Ti compressed at 

723K and 0.1 s−1 to reductions of (a) 15%, 

(b) 30%, (c) 60%. 



 15 

Fig. 10c. In order to identify the twinning systems activated in the present work, 

the misorientation angle and rotation axis of each twin relative to the parent 

(matrix) orientation were determined from the EBSD data. The analysis revealed 

that the 85 12 10  boundaries, corresponding to  101 2  101 1   twins, are most 

frequently observed at 15% and 30% reductions, whereas the 57  101 0  

boundaries, corresponding to  101 1  101 2   twins, are found at 60% reduction. 

The results indicate that the  101 2  twins only occur at the early stage of 

deformation. As the strain increases, the  101 2  twins are suppressed while the 

 101 1  twins appear. Fig. 10 also shows that the colour in the grains changes 

considerably compared to the initial one in Fig. 2a. As mentioned before, the 

colour code gives the crystallographic direction of each grain pointing in the 

compression direction. The colour change indicates that the initial texture is 

significantly changed by the deformation process. 

Fig. 11 shows the orientation maps after 60% reduction at 0.1 s−1 at 673, 823 and 

973K, respectively. It indicates that the refined grain size increases with the 

deformation temperature. Specifically, the refined grain size is ~1 µm at 673K and 

~5 µm at 973K. The coarse grains, formed at high deformation temperature, are 

elongated perpendicularly to the compression axis exhibiting typically wavy grain 

boundary. This kind of boundary is similar with the microstructure obtained from 

hot rolling, as reported by Chun el. at. [25]. 

Fig. 12 shows that the misorientation distributions of HAGBs vary with the 

deformation conditions. It can be seen that the misorientation distributions exhibit 

high frequency values at 30, 57 and 85, respectively. According to the result 

reported by Valle et. al. [30], the peak at 30 indicates that two adjacent grains 

belong to the basal fibre texture. As it is common for deformed HCP metals, such 

as CP Ti and Mg alloys, to have a strong basal texture, the 30 peak is expected. 

The boundaries with a misorientation angle near 85 are predominant at 15% 

reduction but become weak as the deformation increases. At 60% reduction no 

peak can be detected at 85, but instead, another peak near 57 is observed which 

cannot be observed at lower reductions. These two peaks can be explained by 

deformation twinning, because the  101 1  and  101 2  twins can rotate the parent 

crystal 57 and 85 around the axes  101 0  and  12 10  in CP Ti, respectively. 

From the analysis of the misorientation distribution, it is evident that the  101 2  

twins are suppressed by an increased reduction, whereas the  101 1  twins are 

activated at higher levels of reduction. These results are consistent with the 
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conclusions drawn from analysis of the misorientation angle and rotation axes of 

the twins in the EBSD maps, as presented above. 

 

Fig. 12. Grain-boundary misorientation distribution for CP Ti during hot compression to various 

reductions at (a) 673K (b) 723K (c) 823K (d) 873 and 973K. The peak at 57 and 85 correspond 

to  101 1  101 2   compressive twins and  101 2  101 1   tensile twins, respecitively. Low angle 

grain boundaries, LAGBs, less than a misorientation of 15 are not considered here. 

A further investigation on misorientation evolution of grain boundaries is 

illustrated in Fig. 13. The investigated areas are taken from the lower right corners 

of Figs. 10a-c. In each sample, two coarse grains were arbitrarily selected and 

measured along the lines labeled as L1-L6 for the point-to-point and point-to-

origin misorientations, as shown in Figs. 13a-c. As each line almost extends across 

a whole grain from one side to the other with the start and end points falling close 

to the boundaries of the grain, there are no HAGBs along the measured lines. The 

results of the misorientation measurements are shown in Figs. 13d-e. Fig. 13d 

shows that the point-to-point misorientations are below 1.5 at 15% reduction and 

between 2.5 and 12.5 at 30% and 60% reductions, indicating that the point-to-

point misorientation increases with strain. By examining the point-to-original 

misorientations in Fig. 13e, it can be seen that both rising and falling gradients of 

misorientation are similar in magnitude for the same deformation condition. L1 
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and L2 show similar rising gradients, L3 shows both rising and falling gradients 

with the same magnitude as the rising gradient for L4, and finally, L5 shows the 

same magnitude of its rising and falling gradients as the rising gradient of L6. 

Clearly, the magnitude of the gradients continuously increases with deformation, 

supposedly reaching saturation when a fragmentation of the original coarse grains 

results in the formation of an abundant amount of HAGBs, as illustrated in Fig. 

13c. Supposedly, the strain gradients of L5 and L6, at 60% deformation, are 

representing, or close to, the saturation gradient. 

 

Figs. 13a-c: details of EBSD maps in Figs. 10a-c, showing lines, L1-L6, for misorientation 

measurements. The samples are deformed at 723K and 0.1 s−1 with reductions of (a) 15% (b) 

30% and (c) 60%, respectively. Figs. 13d-e: point-to-point and point-to-origin misorientation 

along L1-L6. 

3.4 Quantitative microstructure parameters 

By using high resolution EBSD in a FEGSEM instrument, it was possible to 

quantify the microstructure parameters, such as twins and grain size, and relate 

them to the deformation conditions. The procedure will be described in the 

following paragraphs. 
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3.4.1. Volume fraction of twins 

A quantitative analysis of the volume fractions of various twins can be achieved 

by using the TSL OIM software supplied with the EBSD equipment. The OIM 

software calculates the relation between the parent grains and their daughter 

grains, based on a simple majority rule. That is, a grain is constructed from regions 

of similar orientation. A grain containing a single twin will then contain two types 

of orientations. The parent grain is defined by the major orientation and the 

daughter grain by the minor one. The system identifies twins by applying two 

criteria simultaneously [31]. The two grains should form a special misorientation 

angle and the boundary plane separating the two grains must be a particular 

twinning plane. By analysing the EBSD maps, testing for the specific rules of the 

CP Ti twins, it is possible to derive the volume fraction of the different twins. 

 

Fig. 14 illustrates the relations between volume fraction of twins and deformation 

conditions. The volume fraction of  101 1  twins during hot compression is shown 

as functions of logarithmic strain rate in Fig. 14a. As seen, the volume fraction of 

 101 1  twins increases as the strain rate increases. The result is consistent with 

the analysis of the misorientation distributions, showing a pronounced 57-peak at 

1 s−1 , the highest strain rate, at all deformation temperatures. See Fig. 12. As 

stated before, this peak is associated with the  101 1  twins. Fig. 14b shows that 

the volume fraction of  101 2  twins is the highest at 15% reduction and reduces 

strongly with increased reduction. At 723K and 0.1 s−1, for instance, it decays 

from 16.4% to 0.3% when the reduction increases from 15% to 60%. In contrast, 

no  101 1  twins are observed at 15% reduction but as the reduction increases, the 

volume fraction exhibits a slight increase as shown in Fig. 14b. The results 

indicate that the  101 2  twins are activated at the early stage of deformation 

whereas the  101 1  twins are activated at higher reductions, but to a much lesser 

extent. 
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Fig. 14. Influence of deformation conditions on volume fraction of twins. (a) Relation between 

volume fraction of  101 1  twins and log ε   at 673, 723, 823, 873 and 973K, respectively, at 

60% reduction. (b) Relation between volume fraction of  101 2  twins and deformation 

reduction at 723K and 0.1 s−1 and at 823K and 0.01 s−1. (c) Relation between volume fraction 

of  101 1  twins and logZ. 

 

In order to study the combined effect of deformation rate and temperature, the 

volume fraction of  101 1  twins after 60% reduction was plotted against the 

logarithm of the Zener-Hollomon parameter, logZ. The result is given in Fig. 14c. 

Evidently, the data are split into two groups. For strain rates of 0.1 s−1 and lower, 

the behaviour is quite similar, and there seems to be a limiting logZ-value of about 

13 which must be exceeded in order for the  101 1  twins to appear. In addition, 

above this value there is a linear increase in the volume fraction with logZ. The 

other group, at 1 s−1, shows a deviating behaviour with higher volume fractions 

but with the same increasing trend for logZ. Fig. 14c evidently shows that a high 

logZ-value, i.e. high strain rate and low deformation temperature, promotes 

 101 1  compressive twinning, and as will be demonstrated below, the fraction of 

these twins has a pronounced effect on the obtained subgrain size after 

deformation. In this context, it could be mentioned that the small amount of 
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 101 2  twins in the studied samples from 60% reduction does not allow a similar 

analysis for that type of twins. 

3.4.2. The influence of deformation conditions on grain size 

The grain sizes for misorientations above 2 and 15 were evaluated with the linear 

intercept method using the TSL OIM software on the EBSD maps. The average 

linear intercepts, 𝑙2  and 𝑙15 , for misorientations >2 and >15, respectively, are 

shown in Fig. 15. For EBSD, a misorientation angle at 2 is an effective limit, 

approaching the subgrain size and generally, misorientations exceeding 15, are 

considered as HAGBs. Naturally, 𝑙15 > 𝑙2  as there will always be more 

boundaries detected being >2 than being >15. 

 
Fig. 15. Influence of the deformation conditions on the average linear intercepts, 𝑙2 and 𝑙15 , for 

misorientations >2 and >15, respectively, in the deformed samples (a) Relation between 

average intercept distance and log ε   at various temperatures with a reduction of 60%. (b) 

Relation between average intercept distance and deformation reductions at various deformation 

conditions. (c) Relation between average intercept distance and logZ. 

 

At 60% reduction, both 𝑙2  and 𝑙15  are efficiently refined under all deformation 

conditions, as shown in Fig. 15a. The two quantities decrease with decreasing 
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temperature but seem to be organized into two groups with different strain rate 

dependence. Above 823K, the dependence is obvious, showing a clear reduction 

with increase strain rate, but below that temperature the dependence is weak. 

 

The influence of compression reduction on 𝑙2  and 𝑙15  is illustrated in Fig. 15b. 

Clearly, the intercept lengths decrease with increasing reduction. As the data for 

823K and 0.01 s−1 represent a low logZ-value (13.4) and the data for 723K and 

0.1 s−1 represent a high value (16.5), it is expected that the latter data set should 

generally fall below the former one. This is indeed observed with one exception at 

30% reduction, only. The largest difference between the data sets is found at 15% 

reduction indicating an effective grain size refinement in the early stages of 

deformation at high logZ-values. However, this early effect seems to loose 

importance as the reduction increases. At 30% reduction the difference is small, 

and at 60% reduction, high logZ-values result in a more refined grain size, but the 

difference is not large. At the highest reduction, a true strain of 0.92, the subgrain 

size has most likely reached a stable size, not reducing further with increased 

strain as it is frequently found that the subgrain size is independent of strain at 

strains larger than 0.5 [32].  

 

By using Eq. (1) with Q = 242 kJ/mol [33], the data in Fig. 15a were replotted in 

Fig. 15c, using logZ as the x-axis. Evidently, the data can be divided into two 

groups when represented by straight lines. One set of lines below logZ =13 and 

another set above this value. The lines for LAGBs were evaluated as: 

𝐷1 = 63.5 − 4.74𝑙𝑜𝑔𝑍  (𝑙𝑜𝑔𝑍 < 13)     (2) 

𝐷2 = 6.8 − 0.30𝑙𝑜𝑔𝑍
 

 (𝑙𝑜𝑔𝑍 > 13)     (3) 

where 𝐷1 and 𝐷2 represent the subgrain size, i.e. is identical to 𝑙2, defined above. 

Furu et al. [33] also gave a similar relation after analysing subgrain size in 

aluminium alloys for a wide range of conditions. They found that the relationship 

between subgrain size (D) and Z-parameter for 13<logZ<17 can be expressed 

empirically as: 

𝐷 = 𝐾1 − 𝐾2𝑙𝑜𝑔𝑍        (4) 

where 𝐾1 and 𝐾2 are constants. Thus, it seems like the present result validates the 

latter equation in a wider context than for just Al. For CP Ti, the break point at 

logZ = 13 coincides with the onset of formation of the  101 1  twins, as illustrated 

in Fig. 14c, which will be further considered in section 5. 
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3.4.3. Volume fraction of LAGBs 

The volume fraction of LAGBs, LAGBs%, was evaluated from the EBSD maps 

using the TSL OIM software. The results are shown in Fig. 16a for a low (13.4) 

and high logZ-value (16.5). As expected, both curves show an initial increase in 

LAGBs% because LAGBs are gradually formed during deformation. With 

preceding deformation, more and more of LAGBs transform into HAGBs, 

reducing the LAGBs%. This seems to happen earlier for low logZ-values than for 

high ones. The curve for low logZ shows a decrease already after 15% reduction 

whereas the curve for high logZ shows a decrease after 30% reduction. At 60% 

reduction the LAGBs% is clearly lower for the high logZ-curve, implicating that 

high logZ-values are preferable for refining the grain size, as more HAGBs are 

produced. The same conclusion can be drawn from Fig. 15c as the difference, 

𝑙15 − 𝑙2, decreases continuously with increased logZ. 

  
Fig. 16. Influence of the deformation conditions on the percentage of low angle grain 

boundaries, LAGBs%, in CP Ti (a) Relation between LAGBs% and reduction (b) Relation 

between LAGBs% and logZ. 

 

The relation between LAGBs% and logZ is further investigated by plotting all 

data for 60% reduction in Fig. 16b. Clearly, the LAGBs% decreases with 

increasing logZ falling into a region separated by two parallel lines with a 

common slope and 10% displacement. The scatter band can be expressed as: 

𝐿𝐴𝐺𝐵𝑠% = 87.3 ± 5 − 2.1𝑙𝑜𝑔𝑍      (5) 

The decreasing trend in Fig. 16b is consistent with the result for 60% reduction in 

Fig. 16a providing strong support for the relative position of the two curves at that 

point. 
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3.5 Texture evolution 

3.5.1.  Texture evolution in the refined and coarse grains 

After 60% reduction at 723 and 973K, the observed microstructures displayed a 

mixture of refined and coarse grains as shown in Figs. 17a-c identical to Figs. 7b-

9b. As stated earlier, the analysed areas were taken from the central part of the 

samples subjected to the largest amount of deformation. The coarse grains were 

elongated in the radial direction, RD. The pole figures of Figs. 17d-i show the 

orientation distributions in the areas marked A through F, respectively. As seen in 

Figs. 17a-c, areas A, C and E were taken from fine-grained regions whereas areas 

B, D and F were taken from coarse grained regions. Naturally, fine and coarse 

grains have a relative meaning since the EBSD images have different 

magnification and spatial resolution in order to catch the details of the deformed 

material. 

The texture components can be characterized by three Euler angles φ1, Φ and  φ2 

defined according to the Matthies–Roe convention [34]. As seen, the measured 

pole figures in Figs. 17d-i are compared to ideal texture components reporting the 

corresponding Euler angles and the angle between the (0001) direction and CD, 𝜃. 

The refined grains in the areas marked A, C and E were observed to have texture 

components of A:  φ1 = 90,Φ = 120,φ2 = 30 , C:  φ1 = 90, Φ =

130, φ2 = 8 ,  φ1 = 115,Φ = 80,φ2 = 20  and E:   φ1 = 90,Φ =

55,φ2 = 30 , respectively. Obviously area C contains a mixture of two texture 

components. One can be identified as a typical fine-grained texture whereas the 

other can be identified as a typical coarse one. Typically, for the fine-grained 

texture components, the 𝜃  angle is between 41 and 46, irrespective of 

deformation temperature and strain rate.  

In contrast, the areas with coarse grains, marked B, D and F, had texture 

components of B:  φ1 = 110, Φ = 90, φ2 = 0 , D:  φ1 = 65,Φ = 80,φ2 =

30  and F:  φ1 = 90, Φ = 125,φ2 = 30 , respectively, forming 𝜃  angles of 

20.0, 38.4 and 45.8, with the compression axis. These results correspond to 723, 

723 and 973K and to 0.1, 0.01 and 0.01 s−1, respectively. Thus, the more efficient 

recovery of the material, the closer the 𝜃 angle falls to 45. 
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Fig. 17. The microstructure and texture of CP Ti revealed by EBSD band contrast maps in the 

RD-CD plane after 60% deformation at (a): 723K and 0.1 𝑠−1, (b) 723 K and 0.01 𝑠−1 and (c) 

973 K and 0.01 𝑠−1. The colours of the microstructure and inserted inverse pole figures indicate 

the orientation relative to CD. The experimental pole figures (d)–(i) correspond to the areas A-F 

marked in (a)–(c). The accompanying ideal textures indicate the Euler angles and 𝜃 , the 

misorientation angle with CD. Solid and open circles signify textures for fine and coarse grains, 

respectively. The white arrows in (a) mark  101 0  twinning. The scale bars in (a)–(c) indicate 

lengths of 20, 10 and 100 µm, respectively. 
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Fig. 17. (Continued). 
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The present results indicate that the [0001] directions of the deformed grains were 

preferentially oriented 45 away from the compression axis. The possible 

explanation for this geometrical preference is presented in Fig. 18 indicating the 

optimum orientation for a base plane subjected to plastic deformation. It is well 

known that the maximum shear stress is found on a plane 45 away from the 

compression axis. Basal slip has low critically resolved shear stress, CRSS, at 

elevated temperatures and will easily be activated under compressive loading. 

During the course of deformation the basal planes will rotate to a more 

geometrically preferential orientation, i.e. to the aforementioned 45 orientation, 

shown in Fig. 18. Apparently, the efficiency in rotation depends on temperature, 

strain rate and grain size. For the fine grains, rotation seems very efficient and all 

of them have orientations close to 45. However, for the coarse grains rotation is 

more difficult and is promoted by high temperature and low strain rate. 

 
Fig. 18. Schematic illustration of sample and favourable orientation for the [0001] directions of 

deformed grains. The maximum shear stress occurs on the shaded surface forming a 45 angle 

with CD. 

 

The pole figures presented in Fig. 2b and Figs. 17d-i indicate that the observed 

rotation and texture development are caused by basal slip. It is obvious that the 

basal planes of the grains rotated from the initial 90 angle towards a 45 angle 

with the compression direction, CD. Thus, basal slip seems to be an important 

deformation process during deformation of CP Ti at elevated temperatures. 

Activation of other slip systems cannot be identified directly from the analysis of 

the pole figures. However, it is found that the Schmid factor and pole figures can 

be used to analyse the activation and evolution of the individual slip systems under 

various deformation conditions. This analysis will be considered in section 5.6. 

3.5.2.  Texture evolution under various deformation conditions 

The (0001) and  101 0  pole figures for the EBSD maps of Figs. 10 and 11 are 

presented in Figs. 19 and 20, respectively. Together with the pole figures of the 

original structure, Fig. 2b, they show the texture development during compression 
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and after 60% reduction, respectively. As the EBSD-samples are cut at random 

rotation around CD-axis, the peak intensities of the texture components are also 

randomly rotated around the CD-axis. This means that the different pole figures 

must be compared including a random rotation around the CD-axis. The strong 

(0001) intensity peak on the horizontal line in Fig. 19b, for instance, could have 

appeared at any position along the horizontal line in the pole figure, representing 

rotation around the CD-axis. Any such rotation would, however, also resulted in 

the same rotation of the other texture components. Thus, the only straightforward 

comparison is the angular distance between the texture components and the CD-

poles, as they are invariant during the rotation. As a help for understanding the 

rotation path, the lines at 45 to CD are plotted in the pole figures. In addition, 

they are the preferred orientations for slip planes during compression as the 

maximum shear stress appears for the 45-planes. 

 

.  

The pole figures in Figs. 2b and 19 indicate that compression gives a distinct 

change in texture. As the reduction increases, the [0001] directions of the grains 

rotates from the original orientation perpendicular to CD, Fig. 2b, to orientations 

forming angles of 0-45 to CD. At 60% reduction, Figs. 19c and 20, the grains are 

completely reoriented, and no remnants of the initial texture components can be 

observed. The (0001) pole figure, at 973K and 0.1 s−1, appears to deviate from the 

others as it lacks intensity at the CD-pole. The reason for this will be considered in 

section 5. 

Fig. 20. (0001) and  101 0  pole figures of 

samples deformed at 60% reduction and 0.1 

𝑠−1 at (a) 673K (b) 823K and (c) 973K. 

Fig. 19. (0001) and  101 0  pole figures of 

samples deformed at 723K and 0.1 𝑠−1 up 

to reductions of (a)15% (b) 30% and (c) 

60%. 
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4. MODELS 

In present work, two sets of constitutive equations are presented, one is for single 

peak dynamic recrystallization (DRX), the other is specifically for CP Ti 

deformed at elevated temperatures. After the hot compression tests, some stress-

strain curves show a single peak, leading to the motivation of setting up a DRX 

model. However, the examinations of EBSD and metallography evidently show 

that the deformation mechanism is dynamic recovery rather than DRX. Thus the 

second model was set up. The two models will be introduced in the following 

sections. 

4.1 Modeling the flow stress for single peak dynamic recrystallization 

4.1.1. Basic assumptions 

The materials available from industry are not homogeneous. The grains are, in 

general, irregular polygons with different sizes, and the connection edges between 

different grains are not regularly oriented. The irregular shapes are hard to be 

handled in theory, so some simplifying assumptions are given in this study in 

order to characterize the mechanical properties of the materials during hot 

working. The assumptions are: 

1) The material is incompressible. 

2) Only single peak DRX is considered. The shapes of the grains are spherical and 

the diameter is set to the average value of the grain size. The initial grains are 

assumed to be uniform and equiaxial in material. 

3) There are three zones in the material, viz. recrystallized, unrecrystallized and 

transitional zone. In recrystallized and unrecrystallized zones, the grains are 

normal grains in which work hardening and recovery occur at the same time. 

However, in the transitional zone, the dislocations are annihilated and new grains 

nucleate rapidly. The nucleation and growth of the new grains are so quick and the 

transitional zone is so small that this zone is neglected for simplification. 

4.1.2. Constitutive equation 

In order to investigate the characteristics of single peak DRX, a small volume unit 

is concerned, which is infinitesimal in macroscopic scale so that the macroscopic 

stress and strain can be considered as uniform in it. On the other hand, the unit is 

infinite in microscopic scale because it can contain infinite number of grains. The 

mean flow stress 𝜎, can be obtained from the volumetric average of the local stress 

by [35]: 
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V

local dV
V

           (6) 

where V is the volume and local  is the local stress in the material. 

 

The flow stress should eventually reach a saturation stress with strain, being 

different in the recrystallized and unrecrystalized grains. Consequently, the 

saturation stress in the unrecrystallized zone is set to 𝜎𝑢𝑛𝑠  and the one in the 

recrystallized zone is set to 𝜎𝑟𝑒𝑠 . The saturation stress for each zone depends on 

the temperature and strain rate and is modeled using a creep equation [36]: 

 ssinh( ) exp( )
m

Z A Q RT          (7) 

where A, and m are material constants and 𝜎𝑠 is the saturation stress of the zone 

under consideration. For the recrystallized and unrecrystalized zones, the 

parameters are 𝐴𝑟𝑒 , 𝛼𝑟𝑒 ,𝑚𝑟𝑒 , 𝜎𝑟𝑒𝑠  and 𝐴𝑢𝑛 , 𝛼𝑢𝑛 , 𝑚𝑢𝑛 , 𝜎𝑢𝑛𝑠 , respectively. The 

right-hand side of the equation is equal to the Zener-Hollomon parameter, Z, and 

includes only global parameters of the material. Hence, 𝜀  is the strain rate, R is the 

gas constant, Q is the activation energy and T is absolute temperature. 

 

From the assumptions above, the model material is divided into recrystallized and 

unrecrystallized zones. The flow stress in the two zones is treated individually. An 

equation derived by Qu et al. [37] is introduced to characterize the flow stress in 

both recrystallized and unrecrystallized zones, which can be written as: 
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where 0B is  𝜎𝑠 + 𝜎0 / 𝜎𝑠 − 𝜎0 , 𝜎0 is the initial flow stress and t is time. Qu et al. 

[37] define F as: 

0 exp nFQ
F F

RT


 
  

 
        (9) 

Where F0, QF  and n′  are material constants of which the latter two are common 

for the two zones. To clarify, the parameters of Eqs. (8) and (9) are 

Bre 0, Fre , 𝐹𝑟𝑒0, 𝜎𝑟𝑒𝑠 , 𝑄𝐹 , 𝑛′  and 𝐵𝑢𝑛0, 𝐹𝑢𝑛 ,𝐹𝑢𝑛0, 𝜎𝑢𝑛𝑠 , 𝑄𝐹 , 𝑛′  in the recrystallized 

and unrecrystallized zones, respectively. 

 

For the unrecrystallized zone, the evolution of flow stress follows the path 

A B D F    of curve 0 in Fig. 21, finally approaching the saturation stress, 

𝜎𝑢𝑛𝑠 . In this zone the flow stress is homogeneous at all times. 
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Fig. 21. Flow stress in recrystallized and unrecrystallized zones in a spherical grain at a constant 

temperature and strain rate. Curves 0, I, II and III are the flow stresses in layers 0, I, II and III of 

the schematic insert, respectively. 
I II
,t t   and 

IIIt  are the critical strain of the onset of DRX in 

the layers I, II and III, respectively. σR 1
 and σR 0

 are the flow stresses in layer II and III, 

respectively, at time tIII ,.σres  and σuns  are the saturation stresses for dynamic recovery in the 

recrystallized and unrecrystallized zones, respectively. 

 

For the recrystallized zone, the flow stress is affected by the strain accumulations 

in the recrystallized grains and the continuous nucleation of new, defect-free 

grains. Thus, the flow stress of this zone is inhomogeneous with the last nucleated 

grains being softest. A schematic sketch of the model microstructure is shown in 

the insert of Fig. 21. There, the outer rim represents the original, undeformed grain 

boundary. Then, at some time 𝑡I , after the onset of deformation, enough 

dislocation density is accumulated to drive the onset of DRX. In our model, new 

grains will nucleate along the original grain boundary and develop from the outer 

towards the centre of the original grain. The grains form a layer of thickness 

R0 − R1 starting to deform at tI, thus following the flow-stress curve I in Fig. 21. 

Then, at some time tII, another layer of thickness R1 − R2 has formed which will 

follow the flow-stress curve II in Fig. 21. Similarly, a third layer is formed which 

will then follow the flow-stress curve III in Fig. 21, and so on. Because of this 

repeated nucleation of new grains and the simultaneous deformation hardening of 

recently nucleated grains, the flow stress will be inhomogeneous in the 

recrystallized zone. Thus, the flow stress will vary with the radius as shown 

schematically at time tIII in Fig. 22. 
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Fig. 22. Flow stress distribution along the radius of the spherical grain at time

IIIt .
0R ,

1R  and 

F  are the local flow stresses in layers I, II and 0 at time
IIIt , respectively. 

0 1 2, ,R R R and
3R are 

the radius of the unrecrystallized grain at time 
I II III, ,t t t and

IVt , respectively.  

 

In order to find the flow stress of the recrystallized zone, the flow-stress evolution 

of each layer must be considered, averaging with a volume integral, as depicted in 

Eq. (6).  

 

For layer I in Fig. 21, DRX starts at 𝑡I, forcing the flow stress to change instantly 

from point B to point C (zero stress) in Fig. 21. Thus, the flow stress in layer I will 

first follow curve 0 to point B and then follow curve I from C to H, i.e. the path 

A B C H   in Fig. 21, approaching σuns  at high strains. According to Eq. 

(8), the expression of curve I is: 

 

1/ 2

I res 2

re0 res I

2
= 1

1+B exp( )reF t t
 



 
 

  

     (10) 

where re0B  is 1 because the new nucleated grains are dislocation-free leading to 

0 0   and thus    0 0s s     =1. 

 

The same analysis is utilized in layers II and III using the times IIt and IIIt for the 

onset of DRX in these layers. Thus, the flow stress of the two layers will follow 

the paths A D E I    and A F G J   , respectively. The flow stress of 

the layers is given by expressions equivalent to Eq. (10) using the appropriate 

times, i.e. IIt  and IIIt . 
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In order to get the mean flow stress of the material, the local flow stress must be 

averaged over the unrecrystallized and recrystallized zones. Introducing the 

fraction of recrystallized, X, the mean flow stress of the material can be calculated 

from: 

 1un reX X            (11) 

where σun  and σre  denote the mean flow stresses in the unrecrystallized and 

recrystallized zones, respectively. From Sellars and Whiteman [38] it is possible to 

get an expression for X as function of time, t:  

 --
1- exp 1- exp

n n

ic

p p

t t
X k k

 

 

      
       
            


    (12) 

where k and n are constant, 𝜀𝑐  is the critical strain for DRX, εp  is the peak strain 

corresponding to the peak stress in the stress-strain curve, 𝜀  is the strain rate and ti 

is the time corresponding to the critical strain, εc . 

 

The parameters 𝜀𝑝  and 𝜀𝑐  can be found from experimental stress-strain data and 

according to Sellars and Whiteman [38], they are related to the Zener-Hollomon 

parameter, Z, as: 

1

1ε
n

p k Z         (13) 

2ε εc pk         (14) 

where 1k , 1n  and 2k  are material constants. Generally, 2k  has a value between 0.6 

and 0.8 [39]. Using these relations it is possible to extrapolate the experimental 

data to different temperatures and strain rates. 

 

The first step in calculating the mean flow stress of the material, i.e. evaluating 

Eq. (11) is trivial. The mean flow stress of the unrecrystallized zone, 𝜎𝑢𝑛 , is given 

by Eq. (15) as: 

1

un un

un

un unlocal

un local local

un unV V

dV dV
V V


           (15) 

The second step is more elaborate since the local stress in the recrystallized zone 

varies locally. In each layer there is a local stress described by Eq. (10) which can 

be interpreted as there is a local time, 𝑡 − 𝑡𝑖 , in each layer, i, describing the flow-

stress evolution. However, using Eq. (12) it is possible to express the local time as 

fraction recrystallized, X: 
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       (16) 

Thus, when X = 0, there is only one layer. Its local time is zero and it has just 

recrystallized. At a recrystallized fraction X>0, several layers have recrystallized. 

The local times in these layers range from 0 to tlocal  X . Thus, an integration from 

0 to 𝑉𝑟𝑒 , needed to evaluate the second part of Eq. (11), also represents and 

integration from 0 to X. As a result, the integration over the recrystallized zone is 

done in the following way, using small x as the integration variable, 0 x X   

and recognizing that redV dV Vdx   when evaluating the integral over the 

recrystallized zone: 
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Thus, the result of evaluating Eq. (11) can then be expressed as:  
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  (18) 

As seen from the formula, there is only one integral variable x, in the last term. 

Hence Eq. (18) can be integrated by a numerical method. 

 

The parameters, 1 2, , ,k k k 1,n n , Q , 0unB , ,re un , ,re unA A , rem , unm , 0reF , 0unF , FQ and 

𝑛′ , can be obtained from experimental data. 0reB = 1 (as discussed above). The gas 

constant, R, has a known value and 2k  is a constant put to 0.8 in the present work. 

4.1.3. Application on magnesium alloy AZ31D 

In the present work, the suggested model is tested on a magnesium alloy, AZ31D, 

which is a typical material showing DRX [40-42]. The designation AZ31 indicates 

that the main alloying elements are 3% Al and 1% Zn. The trailing letter, “D” in 
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this case, is used to separate alloys with small differences in composition. The 

chemical composition of the material is given in Table 1. The experimental data of 

AZ31D on flow stress is taken from the literature [42]. A comparison between the 

experimental and predicted results, using the present model, is shown in Fig. 23 

for five different deformation conditions. The figure shows that the predicted 

results are in good agreement with the experimental ones. Fig. 24 gives the 

predicted results of the evolution of the recrystallized volume fraction under the 

same deformation condition as in Fig. 23. All the recrystallized volume fractions 

almost reach 1.0 at the end the deformation, except for 523K and 0.139 𝑠−1 This 

is consistent with the true stress-strain curves in Fig. 23, showing saturation at the 

highest strains, except for the mentioned condition whose curve is still decreasing, 

implying that the material has not reached a steady state condition even at the 

highest strains. 

Table 1 Chemical composition of magnesium alloy AZ31D 

 Al Zn  Mn Si Cu Ni Fe Other imp. Mg 

AZ31D 3.2 1.05 0.8 0.05 0.005 0.001 0.002 0.01 Balance 

 

 

 

 

The sequence of the onset of DRX under all deformation conditions is illustrated 

in Fig. 24. The quickest start of DRX is found at 523K and 0.00139 𝑠−1 whereas 

the slowest start is found at 523K and 0.139 𝑠−1 . The other conditions fall 

between these limiting cases. The peaks of the true stress-strain curves correspond 

to this sequence, viz. the earlier DRX starts, the earlier the peak appears, in 

agreement with the general physical phenomena of DRX [38, 44-47]. 

 

Fig. 24. Predicted results of the relation 

between recrystallized volume fraction and 

true strain under different deformation 

conditions. 

. 

Fig. 23. Comparisons between the 

predicted true stress-strain curves and the 

experimental data for magnesium alloy 

AZ31D under different deformation 

conditions. 
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In the present study, the parameters are obtained by the following methods. First, 

the value of the activation energy, Q, is evaluated from the experimental 

information using the methods outlined in Ref. [48]. Knowing, Q, the Zener-

Hollomon parameter, Z can be calculated. Then, the parameters 
1k  and 

1n  are 

regressed from the Z-parameter and 𝜀𝑝 , based on Eq. (13). As stated earlier, 2k  is 

a constant between 0.6-0.8. Quite arbitrarily a value of 0.8 is adopted in the 

present work. Then, the parameters k and n are regressed from Eq. (12) using 

experimental information [42] about 𝑋 𝜀  at constant T and  , i.e. at constant 𝜀𝑐  

and 𝜀𝑝 . R is the gas constant (8.31 J/mol/K). The parameters un , re , unA , reA , 

unm  and rem are material constants obtained with the methods reported in [49] 

based on Eq. (7). As the as-received AZ31D is annealed and the recrystallized 

grains are free of dislocations, both 0unB  and 0reB  are set to 1.0 due to the adopted 

zero value of 0 . The parameters 0unF , 0reF , FQ  and 𝑛′  are calculated using an 

optimization method implemented in MATLAB. An objective function, which is 

the sum of squares of deviation between the experimental and calculated results 

from Eq. (8) before the onset of dynamic recrystallization, is established for the 

optimization. The initial values of the four parameters for the optimization are 

taken from the results reported in Ref [50]. All the obtained parameters used for 

the simulations are listed in Table 2. All calculations are performed using 

MATLAB. 

 

Table 2 Material parameters in the constitution equation for Magnesium alloy AZ31D 

Parameter Dimension Value Parameter Dimension Value 

k   -1.50 
unA   1.46E5 

1k   1.72E-2 
reA   4.96E5 

2k   0.80 
unm   2.48 

n   1.30 
rem   3.08 

1n   0.17 
0unF  4 2 smm N s 

 1.15 

Q  J/mol 8.62E4 
0reF  4 2 smm N s 

 82.08 

R  J/mol/K 8.31 
FQ  J/mol 3.90E4 

un  1 2N mm
 1.70E-2 n   0.45 

re  1 2N mm
 1.70E-2 

0reB , 
0unB   1.0 
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4.1.4. Evaluation of the model 

As observed from Fig. 23, the agreement between the measured and predicted 

values is satisfactory. In order to evaluate the accuracy of the model, the mean 

error is calculated by: 

Mean error 100%
calculated stress measured stress

measured stress


    (19) 

Fig. 25 gives the results of the evaluation using Eq. (19). The mean error of flow 

stress is calculated at strains of 0.1 to 0.7 for every measurement under all 

deformation conditions. For all stress-strain curves, the mean errors are between -

5.9% and 6.7%. The results indicate that the proposed model gives a good 

estimate of the flow stress for magnesium alloy AZ31D. 

 
Fig. 25. The variation of mean error of flow stress with true strain under different deformation 

conditions. 

4.1.5. Discussions 

The constitutive equation only includes the microscopic variable X, however, 

recrystallized volume fraction is related to the recrystallized and unrecrystallized 

grain sizes [51]. Therefore the relationship between flow stress and grain sizes can 

be established. It means the flow stress depends on the microscopic variables such 

as grains and recrystallized volume fraction. On the other hand, the flow stresses 

in recrystallized and unrecrystallized zones have their own characters. In the 

recrystallized zone, subjected to DRX the new grains nucleate repeatedly from the 

outside to the inside, leading to an inhomogenous strain and stress distribution. 

The result of the process is that the inner grains have lower strain and lower stress 

than the outside ones. In contrast, for the unrecrystallized zone, the accumulated 

strain leads to a continuous increase in stress. Therefore the stress in the 

unrecrystallized zone is always higher than in the recrystallized one. Fig. 26 

illustrates the distribution of the local flow stress on a diametric plane in three 
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dimensions. 𝐷0  is the initial grain diameter and 𝐷1  is the diameter of the 

uncrystallized grain. 

 
Fig. 26. Sketch of the flow stress distribution in the diametric cross section of the spherical grain 

at a time, where 𝜎𝑟𝑒  and 𝜎𝑢𝑛  are the flow stress in recrystallized and unrecrystallized zones, 

respectively. 𝐷0 and 𝐷0 are the diameters of the initial and uncrystallized grain, respectively. 

 

As mentioned before, the transitional zone is neglected, so the flow stress is 

discontinuous at the boundary between the recrystallized and unrecrystallized 

zones. Just inside the recrystallized zone the flow stress is zero whereas it is un  

just inside the unrecrystallized zone, as shown in Fig. 26. The shape of the local 

flow stress is dependent on the time and Fig. 26 therefore illustrates the situation 

at a particular time. However, if there is no DRX, the flow stress in the grain stays 

homogeneous at all times continuously increasing and finally approaching the 

saturation value uns , i.e. following the path A B D F    in Fig. 21.  

 

4.2 Modeling the deformation behavior of CP Ti at elevated 

temperatures 

As the DRX-model, presented in the previous paragraph, cannot be used for CP 

Ti, the other model based on the experimental data has to be set up. In this model, 

a set of constitutive equations incorporating the effects of strain, strain rate and 

temperature of the material are derived. They are used for describing the plastic 

flow properties allowing modeling of the forging response under the prevailing 

loading conditions. The reliability of the constitutive equations is also evaluated 

by the mean error of flow stress. 
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4.2.1. Constitutive equations of deformation 

The stress-strain data obtained from the compression tests under different strain 

rates and temperatures can be used to determine the material constants of the 

constitutive equations. Constitutive equations are generally employed to model the 

deformation response in the working process of metals. For this purpose, by using 

the obtained experimental data, the constitutive equation derived by Sellars and 

Tegart [52] is introduced to describe the plastic deformation behaviour of CP Ti 

under constant strain rates ranging from 0.001 to 1 𝑠−1  and at temperatures 

varying from 673 to 973K. 

 

As proposed by Sellars and Tegart, the equation can be written as: 

   exp exp /A Q RT         (20) 

where A and 𝛽 are constants, 𝜀  is strain rate (𝑠−1), 𝜎 is flow stress (MPa), Q is 

activation energy of deformation (kJ/mol), R is the gas constant (kJ/mol∙ 𝐾−1) and 

T is absolute deformation temperature (K).  

 

The three material constants, lnA, 𝛽 and Q, evaluated at strains ranging between 

0.1 and 0.9 with an interval of 0.05, are plotted and fitted using fourth-order 

polynomial equations in Fig. 27. The fitted curves are closed to the experimental 

data as all the R-Squares between fitted and experimental data are above 0.998. 

The fitted equations for the constants are functions of strain as shown by Eqs. 

(21), (22) and (23). 

lnA = −108.0ε4 + 267.7ε3 − 258.1ε2 + 116.5ε − 1.658   (21) 

β = 2.222ε4 − 5.665ε3 + 5.317ε2 − 2.179ε + 0.3918   (22) 

Q = 295.9ε4 − 956.5ε3 + 1007.9ε2 − 396.6ε + 269.9   (23) 

 
Fig. 27. The values of activation energy Q, lnA and   obtained from different true strain levels 

and the fitted curves by the fourth-order polynomial equation. 
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Eqs. (20)-(23) now represent the constitutive equations for CP Ti working at high 

temperature. The flow stress depends on strain, strain rate and temperature. A, 𝛽 

and Q vary with strain and are independent of temperature and strain rate at a 

fixed strain. The value of 𝛽  varies from 0.064 to 0.223. The parameter lnA is 

falling between 7.72 and 18.90 and the activation energy varies from 218 to 240 

kJ/mol. Further, lnA keeps an increasing tendency with increasing true strain 

before reaching a saturation situation at a strain of 0.5. At the beginning of the 

deformation, the activation energy and 𝛽 decreases with increasing true strain as 

shown in Fig. 27. Subsequently, both of the values fluctuate in a small region. The 

decay of Q at the beginning of the deformation can be explained by larger vacancy 

content which is induced by large strain and promotes easier boundary motion 

[53]. The activation energy of CP Ti in the present study agrees with those 

reported in the literature. Frost and Ashby [24] summarized that the activation 

energy of CP Ti for high temperatures is 242 kJ/mol. Hisamune et al. [54] 

confirmed that the activation energy is about 240 kJ/mol at temperatures higher 

than 773K. Radovi and Drobnjak [55] concluded that the activation energy of 

deformation is related to the strain, and Lee and Lin [56] drew the similar 

conclusion. 

 

By applying the determined material constants above to the constitutive equations 

of deformation, the flow-stress is calculated for true strains ranging from 0.1 to 0.9 

with an interval of 0.1, at strain rates from 0.001 to 1 𝑠−1  and temperatures 

varying from 673 to 973K. Fig. 28 show a comparison of experimental stress-

strain data with calculated values for the four tested strain rates under different 

temperatures. The symbols of the open circle are the predicted results, whereas the 

solid lines are the experimental data.  

 

As the constitutive equations are directly derived from the experimental data, they 

cannot reveal the correlations between the deformation mechanisms such as 

dynamic recovery and the microstructures. However, the influence of these 

deformation mechanisms can be exhibited from the predicted stress-strain curves 

as shown in Fig. 28. Therefore, the present constitutive equations are an effective 

approach to predict the load upon hot working of CP Ti, but the insufficiency is 

that the microstructure evolution cannot be considered here. 
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Fig. 28. Comparison between predicted and measured true stress-true strain curves for 

specimens deformed at strain rates: (a) 0.001 s−1 (b) 0.01 s−1 (c) 0.1 s−1 (d) 1 s−1; for all the 

temperatures tested. 

4.2.2. Evaluation of the constitutive equations of deformation 

As observed from Fig. 28, the agreement between the measured and calculated 

values is satisfactory. In order to further evaluate the accuracy of the constitutive 

equations of deformation further, the mean absolute error is calculated using Eq. 

(19). Fig. 29 shows mean absolute error of flow stress calculated at strains of 0.1 

to 0.9 with an interval of 0.1. The results indicate that the mean absolute errors 

show a better agreement at low temperature than at high temperature except at the 

highest strain rate of 1 𝑠−1. By taking the arithmetic average of the mean absolute 

error of flow stress for each of the stress-strain curves, the worst case found is a 

mean error of 12.1%, which appears at 0.001 𝑠−1  and 973K. However, all the 

other mean errors are below 8.5%. The results show that the proposed deformation 

constitutive equations present a good estimate of the flow stress for CP Ti. 
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Fig. 29. Mean absolute error of flow stress varying with deformation temperature and strain 

rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 42 

5. DISCUSSIONS 

5.1 The deformation condition map 

As pointed out in section 3.2.2, the deformation condition map is divided into 

three regions which can be separated quite precisely by two Z-values. The success 

of the border lines is attributed to the selected activation energy, Q, as will be 

shown in the following discussion. 

A border line can be drawn by rewriting Eq. (1) into a function of temperature 

versus strain rate: 

1

2.303 log log

Q
T

R Z 
 

 
      (24) 

where logZ is used as a fitting parameter and 2.303 was used for ln10. By taking 

the derivative with respect to log , the slope of the border line at constant Z, can 

be found as: 

 
2

log

1

log 2.303 log logZ

T Q

R Z 


 

  
     (25) 

By expressing the last factor with Eq. (24), the following relation can be found: 

2

log

1
2.303

log
Z

T
RT

Q


 

 
      (26) 

recognizing that the slope of a border line is inversely proportional to Q. Thus, the 

success of reproducing the boundaries between the domains in the deformation 

condition map is directly reflected by a successful choice of Q. Evidently, the 

value of 242 kJ/mol, reported by Frost and Ashby [24], is consistent with the data 

presented in Fig. 6. 

5.2 The formation of HAGBs 

The EBSD maps in Figs. 7b, 8b and 9b indicate that the refined grains consist of 

HAGBs and LAGBs. Evidently, new HAGBs appear in all deformation 

conditions, and by comparing Figs. 7b and 8b with Fig. 2a it is found that the old 

grains are refined and elongated vertically to the compression axis. Some 

segments of the HAGBs are isolated from any other boundary. They are most 

probably formed by the rotation of isolated subgrains owing to differences in the 
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crystallographic rotation field caused by the formation of different configurations 

of slip systems in neighbouring regions. 

As shown in Fig. 7b, the new interfaces formed by  101 1  twins, crossing the 

coarse grains, are HAGBs. As a result, the  101 1  twins partially contribute to the 

refinement of the grains and the formation of the HAGBs. Generally, the 

formation of  101 1  twins is observed in CP Ti deformed above 673K [5]. They 

are known to form a misorientation angle of 57.26 between matrix and twin for 

CP Ti [57]. 

In Fig. 9b, it can be seen that the boundaries of the coarse grains consist of 

serrated HAGBs. These HAGBs are probably formed by the evolution of serrated 

LAGBs within the old grains. This kind of formation of serrated grains has been 

termed geometric dynamic recrystallization (GDRX) by McQueen et al. [58]. The 

process can cause the original grain boundaries to become serrated with the 

simultaneous formation of internal subgrains and is generally observed in high 

stacking fault energy (SFE) materials, where pronounced dynamic recovery takes 

place [59]. As the SFE of CP Ti is very high (  300 𝑚𝐽/𝑚2  [60]), dynamic 

recovery for the annihilation of dislocation is expected to be the dominant 

softening process during high temperature deformation. With the strain increasing, 

the original grains progressively become elongated and ultimately fine grains form 

and penetrate the original serrated high angle boundaries. 

This mechanism of GDRX can easily be confused with discontinuous dynamic 

recrystallization (DRX). McQueen and Bourell [61] have pointed out that the HCP 

alloys of Ti exhibits relatively high degrees of recoverability so that DRX can 

never be observed in them. For DRX, a necklace-type structure of new grains 

around the coarse grains is expected to be observed, as reported by Dehghan-

Manshadi [62]. However, this kind of necklace structure does not appear in the 

present compression tests. The observed structures in the present work are quite 

similar to those observed in the EBSD studies of hot torsion of aluminium [63, 

64]. Consequently, the term geometric dynamic recrystallization, GDRX, seems 

most appropriate when describing the grain refinement process of CP Ti during 

hot-compression. 

5.3 Influence of deformation conditions on microstructure evolution 

Naturally, the original microstructure of recrystallized grains is severely affected 

by deformation. Due to the dislocation activity, subboundaries with low 

misorientations are formed evolving into LAGBs which on further deformation 
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evolves into HAGBs. Due to deformation twinning, HAGBs are formed directly. 

Thus, some of the HAGBs are evolved from LAGBs while others are formed by 

deformation twinning. 

The resulting microstructure is also affected by temperature. After 60% reduction 

at 673K and 0.1 𝑠−1 (Fig. 10c), a few twin boundaries are observed, which can be 

identified by OIM TSL software as  101 1  twins. However, no twin boundaries 

appear at 973K and 0.1 𝑠−1  (Fig. 11c). The results indicate that the increased 

temperature suppresses the occurrence of twinning. Similar behavior of CP Ti has 

been reported by Williams et al. [65]. They pointed out that the slip mechanism 

varies with increasing temperature and that an increased temperature can suppress 

deformation twinning and promote basal slip. As twinning is suppressed at high 

temperature, the grains should mainly be refined by creation of LAGBs and their 

evolution into HAGBs. 

The effects of strain rate on the microstructure can be found in Fig. 14a (volume 

fraction of  101 1  twins) and Fig. 15a (subgrain and grain size). Admittedly, the 

volume fraction of  101 1  twins is quite low, below 2.0%, and would not at first 

glance appear significant for the grain size refinement. However, when replotting 

the information in these two figures into Figs. 14c and 15c, it becomes evident that 

when  101 1  twins begin to appear, at logZ = 13, the trend of the grain size 

refinement changes abruptly. Thus, there is a strong support that even a small 

amount of twinning effectively reduces the deformed grain size. 

5.4 Influence of deformation conditions on texture evolution 

As the reduction increases, the peak density of the (0001) texture component along 

the horizontal line, gradually weakens, decreasing from 8.3 (starting material) to 

below 0.690, as shown in Fig. 19c. This decrease can be due to the following 

reasons. Firstly, dislocation activity, formation of LAGBs and HAGBs (as 

discussed above), weaken the previous texture component [66]. Secondly, the 

(0001) direction in the grains, equivalent to the basal slip plane, gradually rotates 

to the most favorable slip orientation, at 45 to the loading axis, CD, [67]. This 

behavior can be seen in Fig. 19b, showing 45-components. Thirdly, the (0001) 

directions are reoriented by  101 2  twinning resulting in an 85 misorientation to 

the parent grain. Apparently, this type of twin can have high volume fraction at 

low deformations, as indicated by Figs. 12b-c and 14b. The detailed derivation of 

the reorientation of  101 2  twins can be found in Ref [68]. The analysis is 

proposed for magnesium alloys, but, according to the present data, it seems to 
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apply to CP Ti as well. See Fig. 19 showing texture components close to CD 

which could have been formed from the original texture by this kind of twinning. 

After 60% reduction, two types of textures develop. At 673, 723 and 823K, Figs. 

19c and 20, three texture components can be observed, one close to CD, one 

10~30 to CD and another 45 to CD, respectively. As mentioned above, the 

texture component close to CD is most likely formed by  101 2  twinning. The 

10~30 texture component, on the other hand, is formed by a development of the 

twinned region. Since the Schmid factor for basal slip of these twins is very low, 

basal slip is suppressed in the twinned regions. However, as deformation proceeds, 

new grains are formed in the twinned regions by LAGBs evolving into HAGBs or 

twinning of any kind. The grain refinement of the twinned region can result in the 

activation of the pyramidal<c+a> slip [69] forming a (0001) texture component 

10~30 away from the loading direction [70]. Thus, if the  101 2  twinning does 

not occur, the close to CD and 10~30 texture components cannot form. 

Apparently, this is the case at 973K, where only one texture component, ~45 to 

CD appears. 

By inspecting the logZ-values for the deformation conditions in Figs 19c and 20a-

b, (16.5, 17.8 and 14.4), it is found that they all fall on the 𝐷2-line in Fig. 15c 

whereas the logZ-value for Fig. 20c (12.0) falls on the 𝐷1-line. Thus, the first three 

conditions belong to one group of deformation conditions with  101 1  twinning 

and the fourth to another one. Then, it is not surprising that the pole figure of Fig. 

20c deviate from the others. 

5.5 Evolution of deformation twinning 

As conformed by EBSD analysis, only  101 1  and  101 2  twins have been 

activated during the deformation conditions imposed in the present work. Similar 

to other HCP metals, the deformation of CP Ti begins with slip, but since the 

number of active slip systems is less than for BCC and FCC metals, deformation 

twinning begins to play a vital role, even at low strains. The reason for this is that 

a general deformation can only be achieved by five independent, simultaneously 

active, slip and twinning systems [71]. The occurrence of  101 2  tensile twinning 

is due to the tensile strain along the radial direction, RD, and the normal direction, 

ND, of the sample. For metals with a c/a ratio of less than  3 (e.g. titanium, 

zirconium, and magnesium), the  101 2  twins are activated by c-axis tension [72], 

and normally they are much broader than  101 1  twins [73]. It is because, for a 

given imposed strain along the planes of maximum shear stress, tensile twins only 
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produce small amounts of shear per unit volume and therefore a relatively large 

volume fraction is required to accommodate the strain. Conversely, compressive 

twins produce large amounts of shear per unit volume and therefore much smaller 

volume fractions of twins are produced [74] for the same given strain. 

In coarse grained material, long planar arrays of dislocations form during the 

elastoplastic transition which may raise the local stress enough to nucleate twins 

before <c+a> slip is activated [75]. Formation of deformation twins and 

intersection among these twins divide the grain interior, resulting in a significant 

microstructure refinement. However, the refinement of the microstructure can 

significantly reduce further twin formation [24, 57, 76].  

In the present work, the initial CP Ti material provides a favorable condition for 

deformation twinning because the grain size is relatively large. Indeed, a large 

amount of  101 2  twins is formed at 15% reduction, Fig 14b, but as the reduction 

increases, this kind of twinning is apparently suppressed to vanishing at 60% 

reduction. Although the change of  101 1  twins is not so pronounced as for the 

 101 2  twins, most of the  101 1  twin boundaries are destroyed by dislocation 

slip at 60% reduction because of piling up of dislocations. In Ti, all potential slip 

systems are non-coplanar with the available twin systems [7]. Then during 

deformation, dislocations pile up against the twin boundaries destroying the 

initially coherent twins, splitting the twin boundaries into more high-angled 

boundaries. 

5.6 Analysis of slip systems 

5.6.1. Analysis of slip systems using the Schmid factor 

In pure HCP titanium, the commonly observed slip systems include the basal slip 

 0001  112 0 , the prismatic slip  101 0  112 0 , the pyramidal slip 

 101 1  112 0  and the 1st and 2nd order pyramidal slip, viz.  101 1  112 3  and 

 112 2  112 3 , [77]. The operating slip systems are generally determined by the 

Von Mises criterion, the Schmid factors and the critical resolved shear stress 

(CRSS) being dependent on temperature and strain rate, in which the Schmid 

factors are related to the texture and stress status in the sample. Thus, it is of 

interest to investigate the correlations between the slip systems and the Schmid 

factors under various deformation conditions. 

Schmid’s law can be written as 

cos coscr           (27) 
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where 𝜏𝑐𝑟  is the CRSS of a given slip system, which is significantly different for 

the various slip systems in hcp crystals [78]. 𝜎 is the applied stress in uniaxial 

compression,   and   are the angles between the loading axis and the shear 

direction and slip plane normal, respectively.  

 

The orientation data of the grains were obtained by EBSD experiments. Based on 

the orientation data, the distributions of the Schmid factors in the grains can be 

calculated as the compression direction is given. Fig. 30 shows the orientation-

imaging microscopy (OIM) images for the starting material and the deformed 

samples at 723K with strain rates of 0.1 and 0.01 𝑠−1 and at 973K with a strain 

rate of 0.01 𝑠−1. The EBSD maps are contoured with gray levels of the Schmid 

factor for basal slip, black corresponding to 0 and white to 0.5. Thus, the brighter 

the image, the more geometrically favorable orientation for basal slip. 

 

  

Fig. 30. Schmid factor analyses for the starting material, (a), and the samples deformed at (b) 

723K and 0.1 s−1, (c) 723K and 0.01 s−1 and (d) 973K and 0.01 s−1, respectively. The gray 

levels, black corresponding to 0 and white to 0.5, indicate the Schmid factor for basal slip. The 

inserts show the frequency distribution of the Schmid factors. 
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The frequency distributions of the Schmid factors for basal slip were calculated 

and the results are illustrated by the insets of the images. It can be seen that the 

original orientations of the basal systems are unfavorable because the Schmid 

factors are relatively low. However, the basal slip became more geometrically 

favorable after the deformations. This can also be observed directly from the 

brightness increase from the undeformed grains in Fig. 30a to the deformed grains 

in Figs. 30b-d. Thus, the analysis indicates that the deformation forces the basal 

slip to rotate to a more favorable orientation, which is consistent with the 

conclusion in section 3.5.1. 

 

In order to investigate the evolutions of the individual slip systems during the 

compression tests, Fig. 31 was constructed, showing the frequency distributions of 

the Schmid factors for the possible slip systems. Each figure shows the Schmid 

factor distribution of a given slip system before and after deformation. 

 
Fig. 31. Relative frequency of Schmid factor values before and after deformation for (a) basal 

slip, (b) prismatic slip, (c) pyramidal slip, (d) the 1st order pyramidal slip and (e) the 2nd order 

pyramidal slip. 
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As seen from Fig. 31a the initial orientation has a high frequency of low Schmid 

factors and a low frequency of high Schmid factors for basal slip, which is 

consistent with the (0001) plane being orientated 090  to CD. After deformation, 

on the other hand, the situation is reversed. The deformed curves show a low 

frequency of low Schmid factors and a high frequency of high Schmid factors, 

indicating that deformation in the basal slip system  0001  112 0  became more 

geometrically favorable after the deformation. 

 

From Fig. 31b, it can be concluded that the prismatic planes of the starting 

material are favorably oriented compared to the loading axis. However, after 

deformations, they have rotated to less favorable orientations i.e. the high 

frequency range of the Schmid factors has moved from high to low values. 

 

Fig. 31c shows that the orientation for pyramidal slip becomes less favored during 

deformation. In the starting material the highest frequency occurred at 0.4 whereas 

in the deformed material it has decreased to around 0.35. 

 

In contrast to a-type slip, i.e. basal, prismatic and pyramidal slip, discussed above, 

there is no notable change for the 1st order pyramidal slip with deformation, as 

shown in Fig. 31d. It means that the 1st order pyramidal slip always keeps a 

favourable orientation. For the 2nd order pyramidal slip, reorientations can be both 

favourable and unfavourable as shown in Fig. 31e. At 723K and 0.1 𝑠−1  the 

texture  102 2  112 3  remains in favourable orientation, whereas the other two 

deformation conditions show a Schmid-factor frequency-peak decreasing from 

0.47 to about 0.3 with a considerable broadening. 

 

It has been reported that the prismatic slip system  101 0  112 0  acts as the 

primary slip system at room temperature and that the basal slip is activated less 

frequently [79]. However, the present results suggest that the basal slip system is 

one of the pronounced deformation modes, which is consistent with results 

reported by Williams et al.[65]. They pointed out that the slip mechanism varies 

with increasing temperature and that an increased temperature can suppress 

deformation twinning and promote basal slip. Thus, in the present work at the 

early stages of deformation, the prismatic planes were favorably oriented for slip 

having a Schmid factor between 0.4 and 0.5, as shown in Fig. 31b. Because of 

that, and that the prismatic slip systems have the lowest CRSS in CP Ti [18], it is 

most likely that the prismatic slip  101 0  112 0  played a vital role in the texture 
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evolution at the early stage of deformation in the present work. After the 

deformation, the prismatic slip  101 0  112 0  becomes inactive under the current 

stress situation. As the basal, prismatic and pyramidal slip have the common slip 

direction  112 0 , being perpendicular to the c-axis, slip on the three systems 

cannot induce any elongation along the c-axis. In order to accommodate straining 

in the c-direction, slip on the 1st or 2nd order pyramidal systems, or twinning, 

must be activated. At low temperatures, deformation twinning is the dominant 

mechanism allowing inelastic deformation in the c-direction [80]. However, at 

elevated temperatures, slip in the  112 3  directions becomes possible, and the slip 

planes containing this slip direction are the first-order pyramidal  101 1  and the 

second-order pyramidal  112 2  planes. Thus, it can be concluded that activation 

of slip on these systems is the reason why they keep a favorable orientation during 

deformation. 

5.6.2. Analysis of slip systems using pole figures 

From the pole figures, it is also possible to analyse the activation of slip systems 

during deformation. At 15% reduction, Fig. 19a, texture components 45 to CD 

are observed in the (0001) and  101 0  pole figures, thus the basal slip system and 

prismatic slip system should both be activated. At 30% reduction, Fig. 19b, a 

strong texture component is found on the 45-line to CD in the (0001) pole figure, 

indicating that the basal slip is a dominant deformation mechanism. In the  101 0  

pole figure, four texture components are close to the 45-lines, showing that the 

prismatic slip is still favorable for deformation. At heavy deformation, there are 

always strong texture components on the 45-lines in the (0001) pole figures as 

shown in Figs. 19c and 20. However, in the  101 0  pole figures, texture 

components close to 45 is rarely found. Instead, the peak densities are generally 

far away from the 45-lines at 60% reduction. The present results indicate that the 

prismatic slip plays a vital role in the texture evolution at the early stage of 

deformation, while the basal slip becomes the prevalent deformation mechanism 

as deformation proceeds. This is consistent with the analysis of slip systems using 

the Schmid factor.  
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6. CONCLUSIONS 

In the present work, the deformation behavior, microstructure and texture 

evolution of CP Ti during hot compression tests are investigated. The following 

conclusions can be drawn: 

(1) The deformation behaviour of CP Ti can be divided into three types, viz. 

three-stage work hardening, two-stage work hardening and flow softening. 

(2) The deformed microstructure implies that dynamic recovery is the dominant 

deformation mechanism. Geometric dynamic recrystallization, GDRX, seems 

most appropriate when describing the grain refinement process of CP Ti 

during hot-compression.  

(3) Two sets of constitutive equations are proposed, one for single peak 

dynamical recrystallization, the other specifically for CP Ti. According to the 

analysis of the deformation mechanism for CP Ti, the second model, derived 

from an exponential relationship based on the isothermal compression tests at 

high temperature, is used in the present work.  

(4) When the experimental data is mapped in a T vs. log ε   diagram, the present 

and previous data fall into three distinct domains which can be successfully 

separated by border lines at 16.2 and 12.7 for logZ, where Z represents the 

Zener-Hollomon parameter. The slopes of the border lines are inversely 

proportional to the activation energy, Q. The success of dividing the domains 

demonstrates that the present results are consistent with a previously reported 

value of Q. 

(5) The pre-existing strong texture with (0001) base plane perpendicular to the 

compression axis in the starting material tends to evolve into orientations 

forming 45 angle to the compression axis after deformation. 

(6) By analysing the Schmid factors of the possible slip systems and the pole 

figures before and after deformation, it was found that that the prismatic slip 

system  101 0  112 0  dominates during the early stages of deformation. As 

deformation proceeds, the basal slip system 0001  112 0  becomes another 

prevalent deformation mode. Throughout the entire deformation, the 

pyramidal slip systems keep a favourable orientation for activation. However, 

the pyramidal  101 1  112 0  and the second-order pyramidal slip systems 

 112 2  112 3  tend to become slightly less favored. 

(7)  In CP Ti, the  101 2  twins only occur at the early stage of the deformation. 

As the strain increases,  101 1  twins appear and  101 2  twins are 

suppressed. 
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(8) Three peaks are observed in the misorientation distribution of HAGBs. The 

first peak at 30 is due to the basal fiber texture of CP Ti; the second peak at 

57 is a result of  101 1  compressive twinning, the third peak at 85 is formed 

by  101 2  tensile twinning. 

(9) The subgrain size can be represented by two straight lines with a break point 

at logZ = 13 which is coinciding with the onset of  101 1  compressive 

twinning. The presence of this twinning is the key factor for effectively 

reducing the deformed grain size. 

(10) LAGBs% at 60% reduction decreases with increasing logZ, falling into a 

region separated by two parallel lines with a common slope and 10% 

displacement. 

(11) After deformation, three texture components can be found in the (0001) pole 

figure, one close to the compression direction, CD, one 10~30 to CD and 

another 45 to CD. The pole figures at 60% deformation can be divided into 

two groups separated at logZ = 13, thus at the onset of  101 1  compressive 

twinning, implying that the texture development is notably affected by 

twinning. 
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7. FUTURE WORK 

In the future, more simulation works need to be carried out in order to understand 

the deformation behavior of CP Ti deeper: 

(1) Heat generation during hot working of CP Ti will be analysed because heat 

generation is of serious concern for CP Ti due to its low density, poor 

conductivity and low heat capacity. 

(2) Both proposed models in the present work will be implemented into 

commercial FEM software in order to simulate the actual deformation process 

for different materials under various deformation conditions. 

(3) In order to predict the texture evolution of CP Ti during more complex 

deformation processes, a user-defined material subroutine will be written, 

based on the crystal plasticity reported in the literatures, to incorporate single 

crystal plasticity in the finite element program. 
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