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Abstract 

This study focuses on the high-temperature cyclic deformation response (CDR) of ultra-fine 

grained (UFG) Ti of commercial purity (grade 4) processed via equal channel angular extrusion 

as a severe plastic deformation method. Low-cycle fatigue experiments were conducted at 

elevated temperatures up to 600 oC and at strain amplitudes ranging from 0.2% to 0.6%. Besides 

temperature and strain amplitude, the influence of two processing routes (8BC and 8E) on the 

fatigue characteristics of UFG Ti was examined. It is clearly revealed that the CDR of UFG Ti is 

not strongly affected by the alteration of strain path during ECAE processing, as long as highly 

efficient routes are employed. Both routes lead to high volume fraction of high angle grain 

boundaries and improved fatigue performance up to 400 oC is demonstrated. Electron 

backscatter diffraction assisted microstructural characterization was used to analyze elementary 

degradation mechanisms affecting cyclic mechanical behavior. Micrographs reveal the 

occurrence of severe recrystallization and grain growth only at temperatures above 400 oC and, 
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thus, grade 4 UFG Ti is characterized by unprecedented cyclic stability in comparison to other 

UFG alloys. 

Keywords: Titanium; Ultra-fine Grained; Severe Plastic Deformation; Fatigue; Cyclic Stability; 

Elevated Temperature 

1. Introduction 

Commercial purity titanium (Ti) attracted great interest within recent decades [1–8]. 

Specifically, ultra-fine grained (UFG) Ti has shown an outstanding biocompatibility along with a 

high strength to density ratio [1]. Titanium is one of the few metals meeting the requirements 

for implantation in the human body, however, a relatively low strength of this material limited 

its applicability in this particular field as well as other engineering applications demanding 

superior corrosion performance. Hence, UFG Ti due to its high strength shows an excellent 

potential for application not only in the biomedical sector but also in e.g. the mobility sector and 

chemical industry. From numerous studies in the field of UFG alloys it is well known that 

microstructural stability of UFG materials under thermal and/or cyclic plastic loadings, i.e. in the 

LCF regime, can be strongly deteriorated [9–14] eventually leading to inferior properties as 

compared to coarse grained counterparts. In order to qualify the grade 4 UFG Ti alloy for any 

kind of demanding application in such fields, the worst case scenario, i.e. LCF loading at elevated 

temperature, has been considered in the present study. By this, outermost limits of 

microstructural stability are deduced. Various techniques such as rapid solidification, 

mechanical alloying and severe plastic deformation (SPD) have been introduced in order to 

manufacture UFG Ti [15]. Among these approaches, SPD was identified to be the most 
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promising for obtaining UFG microstructure and eventually strength improvement [5,6]. The 

most commonly utilized SPD methods are equal channel angular extrusion/pressing (ECAE/P), 

high pressure torsion (HPT) and accumulative roll bonding (ARB) [2–4]. As the most notable SPD 

method for obtaining fairly large samples, several studies have focused on effects of ECAE 

processing routes on the microstructure and mechanical properties of commercial purity Ti [4]. 

Accordingly, route E and Bc were reported to be favorable for processing hcp Ti as these routes 

resulted in the largest fully worked region with high volume fraction of high-angle grain 

boundaries (HAGB). 

High-temperature deformation of UFG Ti has only recently become the subject of research 

[16–20]. Specifically, tensile strength and microstructure evolution of grade 2 titanium 

processed by ECAE and followed by rolling have been studied in the temperature range of 300 

°C to 500 oC [16]. Up to 500 oC, strength upon SPD remained higher in comparison to non-

processed, coarse-grained reference material, although UFG materials are prone to thermally 

driven coarsening. Furthermore, the monotonic response of this material was examined up to 

650 oC [17]. At deformation temperatures above 500 oC, the strength of UFG Ti decreased to the 

level of coarse-grained (CG) Ti due to recrystallization and/or thermally-induced grain growth. 

Workability and hot deformation characteristics of severely deformed Ti were also investigated 

at temperatures ranging from 600 oC to 900 oC employing various strain rates [17,19]. High 

temperature workability was analyzed based on the flow localization parameter and 

deformation at and below 700 oC was found to be prone to localization. At deformation 

temperature of 500 oC, UFG Ti exhibited superplastic behavior [20]. This superplastic behavior 
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stemmed from the grain boundary sliding by the improvement in the strain rate sensitivity of 

the flow stress. 

The necessity of evaluating the fatigue properties for envisaged applications has shaped 

interest towards characterization of the cyclic deformation response. Therefore, some attempts 

to analyze the fatigue response of UFG Ti at ambient temperature were carried out [21–24]. A 

considerable increase in fatigue life and fatigue limit under constant load in UFG Ti was reported 

[21]. Cyclic response of severely deformed materials was rationalized by Hall-Petch grain 

boundary hardening and dislocation hardening. High-cycle fatigue  behavior of this material has 

also been studied [22]. ECAE processing caused an increase in the fatigue endurance limit of 

titanium, while SPD worsened notch sensitivity of this material due to a pronounced decrease in 

the characteristic microstructural length that governs crack growth. Meanwhile, thermo-

mechanical treatment was conducted on UFG Ti to improve its ductility and notch sensitivity 

[23]. Investigation of the low-cycle fatigue (LCF) characteristics of UFG Ti at room temperature 

provided key insight in the impacts of grain refinement on the cyclic response and cyclic stability 

[24,25]. The LCF life of UFG Ti was found to be longer than that of CG Ti in both studies. 

However, UFG samples of different orientations demonstrated varying fatigue lives and stress 

ranges due to both texture and oriented sub-grain boundaries [25]. 

LCF behavior at elevated temperatures has not been comprehensively examined for 

severely deformed titanium, yet. The investigation of fatigue behavior and thermal stability of 

UFG Ti is crucial to provide guidelines and stability limits for engineering and medical 

applications. Various mechanisms e.g. deformation-induced, thermal-induced and deformation-

induced thermally activated grain growth might be responsible for changes in fatigue 
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performance of UFG materials during cyclic deformation at elevated temperature [26,27]. In 

order to close this gap, this paper investigates the cyclic stability of ECAE processed commercial 

purity titanium processed by two different ECAE routes and reveals elementary microstructural 

degradation mechanisms. For this purpose, the CDR and microstructural evolution of severely 

deformed grade 4 titanium at different temperatures (up to 600 oC) and various strain 

amplitudes are presented. It is revealed that the microstructural conditions tested are 

characterized by unprecedented stability under the given loading conditions. The results 

obtained open up new pathways for the development of superior UFG materials. 

2. Experimental Procedure 

The commercial purity grade 4 Ti was received in form of bars with lengths of 100 mm and 

cross sections of 25.4 mm × 25.4 mm and with the chemical composition listed in Table 1. 

Before extrusion, the bars were coated with a graphite base lubricant and subsequently heated 

in a furnace to the deformation temperature where they were held for 1 h. The minimum 

deformation temperature that allowed for processing without shear localization and 

macroscopic cracking for a 90o ECAE die was determined to be 450 oC. Minimization of 

processing temperatures was crucial in order to prevent potential recrystallization and partly 

achieved using the sliding walls concept [28]. Extrusion took place at a rate of 1.27 mm/s. Eight 

ECAE passes were performed following routes E and BC, respectively, accumulating a total strain 

of 9.24 in the as-processed material. Route E, a so called hybrid route, consists of an alternating 

rotation of the billet by +180o and +90o around its long axis, while in route BC the billet was 

always rotated by +90o around its long axis between each successive pass [19]. Following each 
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extrusion pass, the billets were water quenched to maintain the microstructure achieved during 

ECAE.  

Table 1. Chemical composition of the grade 4 titanium used in this study 

Element C Fe H N O Ti 

weight percent (%) 0.012 0.206 0.0028 0.009 0.30 Balance 

 

LCF experiments were conducted using flat dog-bone shaped samples with gage sections of 

20 mm × 5 mm × 1.5 mm and 8 mm x 3 mm x 1.5 mm for the elevated and room temperature 

tests, respectively. All samples were electro-discharge machined (EDM) with their axis parallel 

to the extrusion direction. All samples were ground and polished to remove major scratches and 

eliminate the influence of the residual layer from EDM. Cyclic tests were carried out under 

isothermal conditions at three different strain amplitudes of 0.2%, 0.4% and 0.6% and at 

temperatures of 25 oC, 400 oC and 600 oC. An MTS 793 servo-hydraulic test frame was used to 

perform the fatigue experiments. All LCF tests were conducted in total strain control under a 

nominal strain rate of 0.006 s-1, i.e. triangular type loading, resulting in testing frequencies 

ranging from 0.25 to 0.75 Hz. Fatigue experiments were carried out under fully reversed 

constant total strain amplitude (R = -1) conditions. A high-temperature extensometer with 

ceramic rods was used to measure strains during cyclic tests at elevated temperatures. Strain 

measurement in the RT tests was achieved by using a miniature extensometer with a 3 mm 

gauge length directly attached to the sample surfaces. 

Optical microscopy was used to monitor the changes in the microstructure. The specimens 

were prepared using standard polishing techniques and then etched with Kroll’s reagent. 
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Scanning electron microscopy (SEM) at a nominal acceleration voltage of 20 kV and electron 

backscatter diffraction (EBSD) were utilized to study details in microstructure evolution of 

specimens in different conditions. For EBSD examination, the samples were prepared by 4 hours 

of vibropolishing in a colloidal silica solution. 

 

3. Results and Discussion 

3.1. Cyclic Response of UFG and CG Ti at Room Temperature 

Tensile properties of CG and UFG Ti are summarized in Table 2. ECAE processing could 

remarkably improve the strength levels of Ti without deteriorating ductility. The enhancement 

of strength can be linked to the grain boundary strengthening.  

Table2. Summary of the results of the tensile experiments performed at ambient temperature 
on UFG and CG Ti 
 

Condition Yield Strength (MPa) UTS (MPa) Fracture Strain (%) 

CG Ti 531 ± 6 792 ± 9 25 ± 2 

Route-8E UFG Ti 758 ± 8 947 ± 13 25 ± 3 

Route-8Bc UFG Ti 812 ± 10 989 ± 15 17 ± 3 

    
Figure 1 shows the evolution of cyclic stress versus the number of cycles at various strain 

amplitudes (Fig. 1a) and half-life hysteresis loops for CG and route-8E processed UFG Ti at 

ambient temperature (Fig. 1b). Generally, fatigue life and cyclic stability of both UFG and CG Ti 

are degraded with the increase of strain amplitude. It is well-known that fatigue crack initiation 

and propagation are promoted by increased strain amplitude [29]. Similar cyclic deformation 
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behavior was also reported for the Ti alloy IMI 834 [30]. At the same strain amplitude, UFG Ti 

shows higher fatigue life and stress range levels than the CG material. Higher stress range for 

UFG Ti is strongly promoted with increasing strain amplitude, concomitantly the fatigue life is 

slightly reduced. By considering the half-life hysteresis loops as depicted in Fig. 1b, fatigue 

behavior can be analyzed in more detail. The area of a hysteresis loop is a measure for energy 

dissipation per cycle. It is well-known that higher energy dissipation per cycle is linked to more 

intense dislocation activity, eventually leading to crack nucleation [31].  

 

(a) 
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(b) 

Figure 1. (a) CDR of CG and UFG Ti at ambient temperature; (b) half-life hysteresis loops of CG and UFG 

Ti at ambient temperature and a strain amplitude of 0.6% 

 

The large differences in the areas of the hysteresis loops are clear indications of minimized 

energy dissipation per cycle for the UFG Ti. Reason for this is seen in the superior strength 

induced by grain refinement in the UFG material (cf. Table 2). From the width of the hysteresis 

loop the plastic strain range can be deduced. As expected from the increased monotonic 

strength and as already was shown for grade 2 UFG Ti, plastic strain range in the LCF regime is 

significantly decreased for the UFG conditions considered here, eventually leading to the 

superior fatigue response, i.e. highest stress ranges and fatigue lives. 

3.2. Cyclic Response of UFG and CG Ti at Elevated Temperature 
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The stress range-fatigue life curves of both UFG and CG Ti at 400 oC and 600 oC are 

displayed in Fig. 2. It is evident that the cyclic stabilities of both UFG and CG Ti are sensitive to 

temperature and strain amplitude. Furthermore, it can be seen that for all strain amplitudes 

employed, UFG Ti exhibits higher stress range levels than the CG Ti at 400 oC. This is more 

apparent for the higher strain amplitudes of 0.4% and 0.6%. By contrast, CG Ti surpassed UFG Ti 

at the higher temperature of 600 oC (Fig. 2b). Higher stress range levels of UFG materials during 

LCF can be imputed to their decreased grain size and higher volume fraction of HAGBs, 

respectively, hindering the movement of dislocations efficiently [25]. However, elevated 

temperatures facilitate the occurrence of recrystallization and grain growth leading to a 

decrease of strength [17]. A study on UFG interstitial free (IF) steel showed that its UFG 

structure remains thermally stable up to 500 oC under pure thermal loading. However, stress 

range levels and fatigue lives considerably decreased at high temperatures, whereby significant 

reduction of fatigue life was already seen at a temperature of 300 °C [9]. Similarly, fatigue lives 

of both UFG and CG Ti drop with the rise of homologous temperature (Th), however, up to 400 

°C stability of CDR is hardly affected. It is well-documented that cyclic stability of UFG materials 

is negatively influenced by exposure to temperatures above  a critical Th value [32-35]. This 

value was reported as 0.20, 0.26, 0.32 and 0.40 for UFG copper, UFG IF steel, UFG NbZr and UFG 

AlMg alloy, respectively. As mentioned before, UFG Ti remains stable up to 400 oC, whereas, 

thermal instability with low stress range levels was observed only at 600 oC. The temperature of 

400 °C corresponds to a homologous temperature of 0.35. 

To study the impact of strain amplitude on the CDR, three amplitudes of 0.2%, 0.4% and 

0.6% were selected. The results demonstrate that both stress range and fatigue life show a 
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strong dependence on strain amplitude (Fig. 2). Accordingly, UFG and CG Ti could tolerate 

higher cycle numbers at lower strain amplitudes. This was previously rationalized in terms of 

impurity assisted grain boundary stabilization, which was mentioned for UFG Ti and other 

materials [10,12,25,35]. At 400 oC and a strain amplitude of 0.2%, fatigue life of UFG Ti was seen 

to reach over 85,000 cycles, while the CG structure withstood less than 16,000 cycles. 

Remarkably, LCF experiments on UFG Ti at 400 oC with strain amplitudes of 0.4% and 0.6% 

resulted in cyclic hardening followed by subsequent softening and cyclic instability. The latter 

can be ascribed to the occurrence of various damage mechanisms as elaborated in the next 

section. The transient behavior in the initial cycles, already seen in UFG IF steel fatigued at 

elevated temperature [9], is thought to be related to strain path changes and a re-arrangement 

of the dislocation arrangement. Experimental proof, however, is beyond the scope of the 

current study.  

 

(a) 



  

12 
 

 

(b) 

Figure 2. CDR of CG and UFG Ti at (a) 400 oC and (b) 600 oC 

It is also important to elaborate the course of the cyclic transient behavior during cyclic 

deformation. UFG Ti exhibits a stable CDR especially at relatively low strain amplitudes, while 

the cyclic softening is evident for the case of CG material. Such cyclic stability was already 

reported to be linked to the immobilization of grain boundaries via impurities [25]. As a result, 

grain coarsening can be delayed or hindered during cyclic deformation. 
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 (c) (d) 

 

Figure 3. Half-life hysteresis loops of (a) CG Ti at 400 oC, (b) Route-8E UFG Ti at 400 oC (c) CG Ti at 600 oC 

and (d) Route-8E UFG Ti at 600 oC 

Figure 3. represents the half-life hysteresis loops of CG and UFG Ti at elevated 

temperatures. It can be seen that the loops of both CG and UFG Ti are symmetrical. Regardless 

of the grain size, stress range values noticeably increase with the rise of strain amplitude. 

Similar symmetrical half-life hysteresis loops were also reported for Ti alloys during room 

temperature fatigue experiments [36,37]. It is also noteworthy that at 400 oC, the area of UFG Ti 

hysteresis loops is significantly less than that attained for CG Ti samples. On the other hand, at 

600 oC UFG Ti demonstrates a similar hysteresis behavior as the CG counterpart. These 

observations are in accordance with the superior fatigue performance and high stress range 

levels of UFG Ti up to 400 oC. 

3.3. Microstructural Evolution 

SEM micrographs utilizing back-scattered electron (BSE) contrast are shown in Fig. 4.  These 

micrographs provide information on the CG and UFG microstructures. Most importantly, 8 
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passes of ECAE processing was capable of transforming the initial CG structure into UFG 

material. The average grain sizes of CG and UFG Ti were measured to be 46 μm and 300 nm, 

respectively. The BSE micrograph of UFG Ti was captured from the longitudinal plane, grain size 

distributions on other planes were similar (not shown for the sake of brevity). 

  

(a) (b) 

Figure 4. . Micrographs revealing microstructural details using BSE contrast (a) CG Ti, (b) Route-8E UFG Ti 

Optical micrographs of UFG Ti subjected to cyclic loading at 400 oC and 600 oC with strain 

amplitudes of 0.2% and 0.4%, respectively, are presented in Fig. 5. The images were captured in 

the vicinity of fatigue cracks. It is obvious that the microstructure of the UFG Ti sample fatigued 

at 400 oC still consists of regions with ultra-fine grains (Fig. 5a). In contrast, as demonstrated in 

Fig. 5b, recrystallization and grain growth took place in the severely deformed Ti sample under 

cyclic loading at 600 oC. It is documented in literature that the movement of grain boundaries, 

as the main mechanism of grain growth, is facile at such a high homologous temperature 

[19,38]. 
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In order to study the influence of ECAE processing on the fracture behavior of UFG titanium 

after cyclic loading, SEM studies were carried out. The fracture surfaces of the severely 

deformed titanium tested in the LCF experiments at various temperatures are shown in Fig. 5c-f. 

The micrographs were captured to reveal the fatigue crack propagation zone. Typical fracture 

surfaces including striations and beach mark patterns are revealed for both deformation 

temperatures. The striation observed on the fracture surfaces were taken at stable crack growth 

regions. Generally, the fatigue crack propagation zone is distinguished by the aforementioned 

striations that are perpendicular to the crack growth direction [39–42]. It can also be noticed 

that cyclic loading at higher temperatures resulted in coarser fatigue striations. Kitahara et al. 

reported a similar striation pattern for fatigue crack growth experiments of UFG titanium 

processed via ARB [43]. Higher striation spacing is an indication of higher crack growth attesting 

better fatigue performance of titanium with ultra-fine grains. 

  

(a)  (b)  
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(c) (d) 

  

(e) (f) 

 

Figure 5. Optical micrographs in the vicinity of fatigue cracks in UFG Ti following cyclic loading (a) at 400 

oC at a strain amplitude of 0.2% with high magnification inset, and (b) at 600 oC at a strain amplitude of 

0.2%; SEM images of fracture surfaces of samples fatigued (c) and (e) at 400 oC at a strain amplitude of 

0.4% (distance from the crack origin is 0.3 mm) and (d) and (f) at 600 oC with strain amplitude of 0.4% 

(distance from the crack origin is 0.4 mm); (e) and (f)  were recorded at high magnification. See text for 

details 
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EBSD orientation maps and corresponding misorientation distribution histograms of 

severely deformed Ti after cyclic tests at elevated temperatures are provided in Fig. 6. From Fig. 

5a and 6a it can be followed that the sample cyclically deformed at 400 oC employing a strain 

amplitude of 0.2% is still characterized by an ultra-fine grained microstructure. However, the 

sample subjected to LCF at 600 oC shows a microstructure with remarkably large grains in 

comparison with those of the fatigued sample at 400 °C (Figs. 5b, 6b and 6e). Grain growth 

occurs following common softening mechanisms such as static and dynamic recrystallization 

(DRX) in order to reduce the internal energy of the structure [44]. EBSD observations align well 

with the corresponding cyclic response of UFG Ti at different temperatures, i.e. the better cyclic 

performance of UFG Ti at 400 oC is imputed to the stability of the microstructure.  

The influence of increased strain amplitude was also explored via EBSD. Interestingly, a 

higher strain amplitude at 400 oC led to the formation of a bimodal microstructure, i.e. a 

combination of CG and UFG regions (Fig. 6c). It is well-known that high strain amplitudes and 

moderate temperatures can result in localized grain growth in UFG microstructures [9]. 

Basically, different mechanisms e.g. deformation-induced, thermal-induced and deformation-

induced thermally activated grain growth are defined to be responsible for coarsening of 

severely deformed metallic materials [26,27,45,46]. Since 400oC is considerably lower than the 

temperature to trigger recrystallization and subsequent grain growth for Ti, deformation-

induced thermally activated grain growth is thought to be the dominant mechanism for 

observing such an abnormal coarsening for the sample cyclically deformed at 400 oC with strain 

amplitude of 0.6%. Previous studies on nanocrystalline Ni showed that strain/stress-induced 

abnormal grain growth (AGG) strain-induced AGG could be thermally assisted [47]. In the 
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current study these large grains are thought to cause localized damage and adversely affect 

fatigue performance, promoting decreased fatigue lives of UFG Ti at 400 oC tested with strain 

amplitudes above 0.2% (Fig. 2a). At 600 oC and a strain amplitude of 0.6%, grain growth in the 

whole structure took place. It is assumed that due to the higher amount of strain, dynamically 

recrystallized grains are relatively finer than those observed for the sample fatigued at 0.2%. 

This is in line with findings reported in literature, where increasing stress levels indeed lead to a 

reduction of DRX grain size at high strains [48]. 

Grain boundary misorientation distribution as deduced from EBSD analysis (not shown) 

revealed the efficiency of grain refinement by ECAE route 8E. The major fraction of grain 

boundaries was of the high-angle type. Here, boundaries with misorientation angle less than 15o 

are considered as low-angle grain boundaries (LAGB). Studies on interstitial free steel 

demonstrated that a high fraction of HAGBs is crucial to promote cyclic stability of UFG 

materials [12]. This stability stems from the fact that HAGBs are hardly rearranged via 

interactions with dislocations under cyclic deformations. Overall, these microstructural findings 

further rationalize the stable cyclic deformation response of UFG Ti up to the temperature of 

400 °C (Fig. 2, 3 and 6). 
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Figure 6. EBSD images of UFG Ti following cyclic loading at (a) 400 oC with strain amplitude of 0.2% (b) 

and (e) 600 oC with strain amplitude of 0.2% (c) 400 oC with strain amplitude of 0.6% and (d) and (f) 600 

oC with strain amplitude of 0.6%.  

3.4. Effect of ECAE Route on the Cyclic Behavior 

This section focuses on the effects of two ECAE processing routes (E and Bc) on the resulting 

mechanical behavior of grade 4 UFG Ti at elevated temperatures. Prior to loading, thermal 

stability of 8E, 8Bc and CG Ti was determined by microhardness measurements after 1h 

annealing at various temperatures (Fig. 7). Hardness values were found to be independent of 

the ECAE routes employed. A decrease in hardness of UFG Ti is seen at 600 oC, attesting the 

occurrence of recovery and recrystallization of the UFG structure at such a high homologous 

temperature. From Fig. 7, a temperature of 500 oC can be recognized as a limit for thermal 

stability of UFG grade 4 Ti under pure thermal loading. 

 

Figure 7. Microhardness evolution as a function of annealing temperature for a dwell time of 1 h 
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Room temperature CDR of route-8E UFG Ti, route-8Bc UFG Ti and CG Ti are displayed in Fig. 

8. As expected, the fatigue performance of UFG Ti processed via route-8E and route-8Bc 

surpasses that of CG Ti. A slight difference in cyclic stability of route-8E and route-8Bc UFG Ti can 

also be deduced from Fig. 8. Particularly, route-8Bc shows higher fatigue life and stress range 

values. This can be ascribed to the formation of a higher fraction of equiaxed fine grains and 

HAGBs, respectively, in materials processed via route-Bc [4]. 

 

(a) 
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(b) 

Figure 8. CDR of CG Ti, route-8E and route-8Bc UFG Ti at room temperature with strain amplitude of (a) 

0.4% and (b) 0.6% 

Figure 9 depicts the CDR plots of route-8E UFG Ti, route-8Bc UFG Ti and CG Ti samples 

tested at 400 oC. It demonstrates that cyclic responses of both route-8E and route-8Bc UFG Ti 

are similar and at this temperature in spite of the fact that a slight improvement in both fatigue 

life and stress range values was observed in route-8Bc UFG Ti at the lowest strain amplitude. 

During monotonic tests of UFG Ti at room temperature, route Bc also displayed a gradual 

increase in strength values over route E although route E was found to provide the best 

combination of ductility and strength [11]. At room temperature, IF steel processed via route E 

and Bc showed noticeable cyclic stability despite the inferior response of materials processed via 

route A and C [35]. This was attributed to the formation of equiaxed fine grains and the larger 

volume fraction of HAGBs in materials processed via these efficient routes (routes E and Bc) 

[4,35]. As discussed earlier, HAGBs enhance cyclic stability leading to better fatigue 

performance. 
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(a) 

 

(b) 

 

(c) 

Figure 9. CDR of CG Ti, route-8E and route-8Bc UFG Ti at 400 oC with strain amplitudes of (a) 0.2% (b) 

0.4% and (c) 0.6% 

Route-8E and route-8Bc UFG Ti do not show better CDRs over CG Ti samples at 600 oC (Fig. 

10). Owing to the occurrence of recrystallization and subsequent grain growth (see Fig. 6) at 
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such a high temperature, fatigue performance (i.e. fatigue life and stress range values) of 

severely deformed Ti is degraded, i.e. no considerable improvement in fatigue life and stress 

range values of severely deformed Ti as compared to that of the CG counterpart is seen. 

Regardless of the strain amplitude, stress range levels of CG Ti are equal or slightly higher than 

those of route-8Bc and route-8E severely deformed Ti. With respect to fatigue life, UFG Ti 

processed in both ECAE routes also could not surpass CG Ti. This confirms that the impacts of 

severe plastic deformation and processing routes on cyclic behavior of Ti are no longer 

significant at 600 oC.  

 

(a) 
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(b) 

 

(c) 

Figure 10. CDR of CG Ti, route-8E and route-8Bc UFG Ti at 600 oC with strain amplitudes of (a) 0.2% (b) 

0.4% and (c) 0.6% 

4. Conclusion 

Cyclic deformation response and cyclic stability of severely deformed commercial purity 

grade 4 Ti were studied at both room and elevated temperatures (up to 600 oC) and at various 
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strain amplitudes. Influences of processing along route-8E and route-8Bc on the fatigue 

behavior of Ti were explored. The following conclusions can be drawn: 

i. The LCF responses imply that ECAE processing is capable of improving the fatigue 

performance of grade 4 UFG Ti up to 400 oC (Th = 0.35). For temperatures above 400 

oC, cyclic stability of severely deformed Ti is worsened compared to the CG material. 

This behavior is associated with recrystallization, recovery and grain growth 

diminishing the positive effects of the initial UFG microstructure. 

ii. Symmetric hysteresis loops were achieved for LCF experiments on both UFG and CG 

Ti. The amount of energy dissipation of UFG Ti was lower than that of CG Ti up to 400 

oC, attesting better fatigue performance of UFG materials at these temperatures.  

iii. Fatigue behavior of route-8E and route-8Bc UFG Ti appeared to be similar although 

materials processed via route Bc showed slightly higher fatigue life and stress range 

values at 400 oC.  
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Highlights 

 

1. Fatigue of UFG Ti at temperatures up to 600C is investigated. 

2. Effect of processing route is investigated. 

3. Improved fatigue performance up to 400C is demonstrated. 

4. Strain path does not have strong affect on the fatigue behavior when comparing routes Bc 

and E. 


