Microstructural Evolution and Mechanical Properties of Ultrafine-Grained Ti Fabricated by Cryorolling and Subsequent Annealing
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Abstract: Ultrafine-grained (UFG) commercial purity titanium (CP Ti) has a significant potential for use in medical implants and aerospace structural parts. In this study, UFG CP Ti sheets were processed by cryorolling and room temperature rolling (RTR), respectively, followed by annealing for 1 hour at temperatures from 250 to 350ºC. The grain size was reduced from ~75 µm to ~85 and ~220 nm after cryorolling and RTR, respectively. The results show that the curves of tensile stress vs engineering failure strain for samples subjected to cryorolling and subsequent annealing are above those for samples subjected to RTR and subsequent annealing. In addition, the curves of ultimate tensile stress × fracture elongation vs grain size after cryorolling and annealing are above those for RTR and annealing. It is demonstrated that a combination of cryorolling and annealing leads to improved toughness by comparison with processing by RTR and annealing.
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1. Introduction    
Ultrafine-grained/nanograined (UFG/NG) materials have attracted considerable attention due to their superior mechanical properties [1-5]. Furthermore, UFG commercial purity titanium (CP Ti) shows excellent mechanical properties [6] and corrosion resistance [7] which leads to a potential for use as medical implants and for structural parts in aerospace applications [8, 9]. Earlier research showed that the strength and microhardness of UFG Ti follow the conventional Hall-Petch relationship [10]. 
Several severe plastic deformation (SPD) techniques have been used to fabricate UFG samples, including Ti, such as high-pressure torsion (HPT) [11-13], multi-directional forging [14], friction stir welding [15], equal-channel angular pressing (ECAP) [5, 16, 17] and special rolling technology [18, 19]. It was reported that the strength of UFG Ti processed by HPT reached ~1200 MPa [11] and there was a strength of ~930 MPa in UFG Ti fabricated by multiforging and subsequent rolling [14]. There is a report that the mechanical properties and corrosion resistance of CP Ti after continuous ECAP plus short-duration annealing was comparable to the as-received sheets [20] and UFG Ti prepared by ECAP + rolling had a higher strength than Ti-6Al-4V alloys [21]. Recently, a shear drawing technique was developed to fabricate UFG Ti bars and the results showed that the strength was improved to ~590 MPa compared to ~470 MPa in conventional drawing [22]. 
Deformation at cryogenic temperature may further refine the grain size compared with deformation at room temperature (RT). Aluminum alloys [23-25] and copper alloys [26-28] showed high strength and high ductility after cryorolling and the ductility of UFG CP Ti from cryogenic deformation at 77 K was higher than the value obtained at RT [29, 30]. Cryorolling was also used to produce UFG Ti and alloys [31-37] and there is a report that both strength and the fatigue limit were increased after cryorolling compared to Ti processed by ECAP when all other processing parameters were similar [32]. 
Cryorolling in conjunction with surface mechanical attrition treatment may be applied to CP Ti as a strategy to engineer a multilayered hierarchical structure with a graded microstructural transition between successive layers showing simultaneous high strength and good ductility [33,34]. The micromechanical gradation across the layers and in the junctions between the layers gave a more gradual stress redistribution and thereby provided increased resistance to catastrophic failure [34]. It was reported also that a cryorolled Ti alloy had nano-sized grains with a grain size of the order of ~60 nm with edge dislocations and nanotwins lying within the grains [35]. There is a report that twinning activity in CP Ti was significantly higher when rolling at 77 K compared with 293 K [36]. Although there is a report of compression twins and extension twins in CP Ti during cryorolling [37], it appears that there have been no detailed investigations of the mechanical response of UFG Ti after fabrication by cryorolling and subsequent annealing. 
Accordingly, the present investigation was initiated to fabricate UFG Ti sheets by cryorolling and room-temperature rolling (RTR), respectively, and then to anneal for 1 hour at various temperatures from 250 to 350 ºC and thereafter to examine the strength and thermal stability.  The results show that the cryorolled CP Ti sheets have higher strength and improved thermal stability compared to the samples rolled at RT. In addition, it was found that the curves of tensile stress vs engineering failure strain and the ultimate tensile stress × fracture elongation vs grain size for samples subjected to cryorolling and annealing lay above the similar curves obtained from samples subjected to RTR and annealing.
2. Experimental Material and Procedures
CP Ti sheets having an initial thickness of 1.5 mm were used in this study. The rolling experiments were carried out at RT and liquid nitrogen temperature using a four-high rolling mill with work rolls of Cr12 steel having diameters of 50 mm. The work rolls were freshly polished before rolling and the rolling was carried out under dry friction. The final thickness of the rolled sheets was 0.4 mm. For cryorolling, the sheets were cooled by liquid nitrogen for more than 8 min before rolling. The rolled sheets were cut into six parts where five parts were annealed for 1 hour at temperatures of 250, 275, 300, 325 or 350 ºC, respectively. It was established earlier that for NG Ti the mechanical properties drop significantly when the annealing temperature is 200 ºC [38].
 Dog-bone-shaped tensile samples with gauge lengths of 18 mm, widths of 3 mm and thicknesses of 0.4 mm were machined from the rolled sheets and tensile tests were then conducted at RT using a strain rate of 1.0 × 10-3 s-1 on an Instron testing machine. To provide overall consistency in the experimental results, each test was repeated three times. The Vickers microhardness was measured using a load of 5 g and a dwell time of 12 s and each hardness test was repeated five times. A focused ion beam with in-situ lift-out was used to prepare samples for transmission electron microscopy (TEM) and the TEM observations were conducted using a Philips CM200 Field Emission Gun microscope (FEG-TEM) operating at 200 kV. 
3. Experimental results 
Figure 1 summarizes the mechanical behavior of CP Ti processed by RTR, cryorolling and by subsequent annealing. Specifically, Figs 1a and 1b show the stress-strain curves for the RTR and cryorolled samples, respectively. In Fig. 1a as the annealing temperature increases from 250 to 350ºC the yield stress and ultimate tensile strength (UTS) of the CP Ti sheets rolled at RT gradually decrease but the engineering failure strain increases. In Fig. 1b the tensile stress decreases during annealing compared to the initial cryorolled CP Ti sheet, but the value of the reduction of tensile stress is smaller than in Fig. 1a for the RTR condition. In addition, the engineering failure strain changes slightly during annealing from 250 to 350ºC.
Figure 1c shows the UTS of CP Ti subjected to different processing routes and annealing treatments. After rolling, the UTS of the RTR-processed and cryorolled samples are ~1040 and ~1130 MPa respectively. The UTS of the RTR-processed CP Ti decreases reasonably linearly to ~910 MPa with increasing annealing temperature from 250 to 350 ºC and the UTS of the cryorolled CP Ti falls to ~990 MPa at the highest annealing temperature. In Fig. 1d, the UTS is plotted against the engineering fracture strain and the data for the cryorolled samples lie above the data for the RTR-processed samples. This demonstrates that cryorolling plus a reasonably low temperature annealing leads to improved mechanical properties compared to RTR samples also subjected to low temperature annealing. 
The microhardness of CP Ti samples subjected to different processes is summarized schematically in Figure 2. The microhardness of the as-received CP Ti was ~170 HV but this increased to ~250 HV and ¬265 HV after RTR and cryorolling, respectively. During annealing, the microhardness of both the RTR-processed and the cryorolled CP Ti samples gradually decrease with increasing annealing temperature and this behavior is consistent with the decrease in UTS in Fig. 1c.  
For the as-received Cp-Ti, TEM images are shown in Figure 3 in (a) bright field and (b) dark field. Although only a few large grains are visible in the TEM images, inspection by optical microscopy revealed the presence of large equiaxed grains having an initial average size of ~75 µm. The selected area electron diffraction (SAED) pattern shown in Fig. 3(b) shows sharp points that are typical of annealed metals without any significant straining.
The TEM image of the RTR-processed samples without annealing, as shown in Figure 4a, is typical of a severely deformed structure with a large imposed strain and the weak spots visible in the SAED pattern shows that some ordered crystal structure remains in the sample after rolling at RT. Figures 4b-d show samples annealed for 1 hour at temperatures of 275, 325 and 350ºC, respectively. In these images, there is clear evidence for recrystallization and some small crystal domains are visible. The evidence from the SAED patterns is that the samples are in the initial stages of recovery. In Figures 4c and 4d, the recovery level increases as the annealing temperature increases and this leads to a minor increase in grain size and a reduction in the tangled nature of the dislocation microstructure. 
Figure 5 shows TEM images of CP Ti samples subjected to cryorolling and subsequent annealing. The microstructure of the cryorolled sample without heat treatment exhibits a typical severely deformed structure with small domains and a high density of tangled dislocation cells. The corresponding SAED pattern shows scattered spots plus circular arcs for the deformed crystal structure exhibiting limited strain. Figures 5b to d show the microstructures after annealing for 1 hour at 275, 325 and 350ºC, respectively. There is no evidence in these TEM images for initial recrystallization but the scattering of spots in the SAED patterns suggests a layered ordered nanosheet structure which appear to exist in thin lamellae having thicknesses of ~100 nm. These nanosheets have probably transformed from the original grains so that the original crystals govern the overall structure. This type of microstructure may be formed during the cryorolling process because of the application of severe compression and a twisting force at the cryo-temperature. It is concluded that the hardened Ti crystal, having a very limited possibility for elastic deformation at such a low temperature, may form twisted nanosheets through sliding over limited distances with concurrent twisting as in a deck of cards. The uniformly distributed screw structure of such layered ordered nanosheets will form a strong pinning mechanism, thereby hindering the activation of normal crystal recovery and significantly strengthening the cryorolled material. In Figures 5c and 5d, the annealing temperature increases and no significant recovery is visible at higher annealing temperatures so that the domain structure remains visible even at 350ºC.
4. Discussion
In Figure 1, the UTS of the RTR-processed and cryorolled samples are ~1040 and ~1130 MPa respectively, and this is similar to an earlier report for CP Ti where the measured values of the UTS were ~900 and ~1100 MPa, respectively, after RTR and cryorolling to a true strain of 2.66 [39]. In addition, the tensile stresses of the samples drop during annealing for both the cryorolled and RTR-processed sheets and the rate of decrease is higher for the samples subjected to RTR. The engineering failure strains of the cryorolled sheets change slightly during annealing from 250 to 350ºC. This is similar to HPT-processed nanocrystalline CP Ti during annealing where the engineering strength is reduced significantly while the failure engineering strain changes only slightly with increasing annealing temperatures from 200 to 700ºC [40].
Generally, the grain size determines the mechanical properties of UFG CP Ti and it was shown earlier that the strength of UFG Ti directly follows the Hall-Petch relationship [10]. Inspection of Figure 4 and shows that the grain size of samples subjected to cryorolling and annealing is smaller than after RTR and annealing. The grain size distributions of the CP Ti samples subjected to cryorolling and RTR and subsequent annealing are summarized in detail in Figures 6 and 7 for the cryorolled and RTR samples, respectively. Thus, the mean grain size of CP Ti sheets subjected to cryorolling is ~86 nm (Figure 6a) but this value increases to ~90 nm after annealing at 275ºC for 1 hour (Figure 6b) and finally increases to ~193 nm after annealing at 350ºC for 1 hour. Nevertheless, this is smaller than in CP Ti after RTR without annealing where the grain size is ~218 nm (Figure 7a). During annealing, the mean grain size for the RTR samples increases with temperature to ~539 nm after annealing at 350ºC for 1 hour (Figure 7d).
It is obvious that the smaller grain size contributes to the higher strength of the samples so that the sheets subjected to cryorolling and annealing have a higher strength.  However, the RTR-processed Ti sheet has a higher strength compared to processing by cryorolling and annealing at 350ºC although the mean grain size in the Ti sheets subjected to RTR is coarser. In addition, the elongation to failure is much smaller than for the cryorolled + annealed samples, as shown by the region marked by a rectangle in Figure 8. Thus, the mechanical properties are determined not only by the grain size but also they are affected by the dislocation density within the grains after the annealing treatment. For the cryorolled + annealed samples, the grain size is smaller and the dislocation density is lower. There are some reports that the cryogenic deformation of CP Ti will lead to nano twins [41] although no twins are visible in Figure 5 due to the small grain size. 
[bookmark: _Hlk24731265]The combination of a high UTS and high elongation leads to materials having high toughness. Figure 9 shows the UTS × fracture elongation plotted against grain size in the Ti sheets after cryorolling or RTR and annealing. It is readily apparent that the Ti sheets subjected to cryorolling and annealing have improved toughness compared with the Ti sheets subjected to RTR and annealing when they have the same mean grain size. This means that a combination of cryorolling and annealing can achieve much better toughness in the CP Ti sheets compared with the traditional processing of RTR and annealing.
5. Summary and conclusions
[bookmark: _Hlk24731080]1.  CP titanium was severely deformed by cryorolling or room temperature rolling (RTR) followed by annealing for 1 hour at temperatures from 250 to 350ºC. The initial grain size of ~75 µm was reduced to ~85 and ~220 nm after cryorolling and RTR, respectively. 
2.  The ultrafine-grained CP Ti sheets subjected to cryorolling have higher mechanical strength than those subjected to RTR due to their finer grain size. The values of the UTS were ~1130 and ~1040 MPa for these two processing conditions, respectively. 
3.  After annealing for 1 hour at temperatures from 250 to 350ºC, the plot of UTS vs. failure strain after cryorolling and annealing was above that for samples processed by RTR and annealing. 
4.  The cryorolled CP Ti sheets have finer grains compared with the RTR-processed sheets when the annealing temperature is the same. This demonstrates that better mechanical properties may be attained through cryorolling and annealing. For the annealed samples, the results show that both the grain size and the dislocation density contribute to the measured mechanical properties.
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