In situ TEM observations of thickness effect on grain growth in pure titanium thin films
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Abstract

Ultrafine-grained materials have a strong tendency to transform into coarse-grained materials due to the high density of grain boundaries at elevated temperature. In this study, pure titanium was processed by high-pressure torsion for 10 turns to give an ultrafine-grained (UFG) structure with an average grain size of ~96 nm. The recrystallization behavior of the UFG Ti was investigated by in-situ transmission electron microscopy (TEM). It is found that the gradient microstructures with average grain size ranging from ~129 nm to ~655 nm are formed under in-situ TEM heating up to 800 ℃ for 30 min. The Kossel-Möllenstedt (K-M) fringes in a convergent-beam electron diffraction (CBED) pattern were used to provide an accurate measure of the sample thicknesses. The results demonstrate that grain growth is significantly suppressed in the UFG pure Ti thin film compared to bulk material. Mechanism analysis shows the combined effects of driving force and drag force on grain boundary migration is the primary cause of the grain growth inhibition in the UFG pure Ti thin film.
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1. Introduction

Ultrafine-grained (UFG) materials have developed as a major research topic over the past twenty-five years showing clearly their potential for use in future applications [1-5]. For example, UFG pure titanium is considered as an alternative material for small diameter dental implants since this material is characterized not only by improved mechanical strength and fatigue life compared to coarse-grained pure titanium but also by a better biocompatibility compared to conventional titanium alloys [6-8]. Nevertheless, the thermal stability of these UFG materials are of concern since there is a strong tendency for grain coarsening at elevated temperatures due to the strong driving force provided by the high density of grain boundaries [9-12]. For example, as the grain size decreases to the submicron-scale or to the nanoscale, grain coarsening occurs at much lower temperatures [13,14] and even as low as ambient temperature for copper [15,16]. This inherent thermal instability is an important limitation of UFG materials which may prevent their extensive utilization in elevated temperature environments. Therefore, elucidating the inhibition mechanism of grain growth is of great importance for the development of high thermal stability UFG materials.

Grain coarsening in polycrystals is confirmed as the result of boundary migration[17], which may be restrained, at least partially, by alloying. Numerous researches show that the thermal stability of UFG materials is affected by parameters such as grain boundary segregation [18,19], solute drag [20] and second-phase drag [21-23]. For example, it was shown that Fe-Mg alloys could be stabilized by varying the composition, which induce grain boundary segregation and Zener pinning by oxide nanoparticles and effectively improve the thermal stability [24]. Similarly, studies on HPT-processed Ti15Mo showed that the material maintained high microhardness after isothermal annealing due to fine precipitated phases[25,26]. However, the sustainable development of alloying is the major problem for many materials systems and there have been committed efforts to reduce alloying and thereby increase the recyclability [27,28]. Recently, it was noted that nanostructures in metals may produce superior thermal stability in nanocrystalline materials [13,29,30]. A more recent study show that extremely fine grains constrained by twin boundary networks are stable against grain coarsening, even when close to the equilibrium melting point [31]. Several studies of grain growth in nanocrystalline sputtered Cu and Ni thin films revealed that the grain growth kinetics in nanocrystalline thin films are obviously different from conventional coarse-grained materials [31,32]. In addition, systematic studies by several groups have shown that grain growth is inhibited for the nanoscale thickness region of samples during in situ TEM annealing due to the “thin foil effect” [32,33]. Based on in-situ TEM heating of UFG thin foil, it was revealed that the diffusion is significantly reduced in two-dimensional thin foils which prevents the precipitation of phase particles and leads to a stable microstructure [33]. These findings suggest that the grain growth behavior in nanostructured materials is influenced by microstructure, especially thickness [17,34]. These results are also consistent with an anisotropy Monte Carlo algorithm [35] that was developed by considering thickness effects based on the Beck and Burke models [36,37]. Although this kinetic equation considered an inhibition on the grain growth process associated with the sample thickness, the effect of thickness on thermal stability in UFG materials remains unclear, which is certainly worthy of further investigation.

Accordingly, this investigation was initiated to evaluate the characteristics of grain growth behavior in UFG pure Ti processed by severe plastic deformation (SPD) through high-pressure torsion (HPT) and then subjected to in-situ TEM heating at a temperature of 800 ℃. The thicknesses were measured accurately at different regions of the TEM samples and the microstructural evolution was recorded with a TEM video. This work is helpful to understand the role of sample thickness in the thermal stability and coarsening kinetics of nanostructured materials.

2. Material and methods

The material used in this study was a pure titanium rod of 99.5% purity having an initial grain size of ~50 μm. For HPT processing, the as-received pure titanium rod with a diameter of 10 mm was sliced and ground into disks with thicknesses of ~0.82 mm. All disks were processed by HPT under quasi-constrained conditions [38,39] using an applied pressure of 6.0 GPa through 10 revolutions at room temperature (RT) with a rotation speed of 1 rpm. The microstructure is characterized by TEM and the grain size was calculated as shown in Fig. 1. The results show that processing by HPT produced an average grain size of ~96 nm which is a little smaller than the grain size of ~150 nm reported in an earlier investigation [40].
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Fig. 1. UFG pure Ti after HPT processing for 10 turns: (a) the bright field TEM image; (b) corresponding grain size distribution, with an average size of ~96 nm.
For the in-situ TEM heating tests, the disks processed by HPT were ground carefully to thicknesses of ~70 μm and then punched to give small disks with diameters of 3 mm taken from the HPT disks at a distance from the center of ~2.5 mm and therefore essentially in the mid-radius positions. These TEM samples were prepared by twin-jet electro-polishing using a solution of 60% methyl alcohol, 35% n-butyl alcohol and 5% perchloric acid in liquid nitrogen. By adjusting the current density, polishing temperature and polishing time, a UFG pure Ti TEM sample with thickness gradient is presented. The in-situ TEM heating tests were conducted in a transmission electron microscope (Tecnai G2 F30 operating at 300 kV) equipped with a Gatan TEM double tilt heating holder. For testing, the TEM samples were heated from RT to 800 ℃ at a rate of 7 ℃/s, then maintained at this temperature for 30 min until the grain structure reached steady state. In order to obtain precise information on the grain growth process in the UFG pure Ti, videos were recorded to show grain growth in the bright field mode during the heating. After the TEM heating tests, topographic images of the TEM samples were recorded with a commercial atomic force microscope (AFM: Veeco Dimension 3100) in the tapping mode. To compare the annealing structure of in-situ TEM sample and bulk material, a UFG pure Ti disk was annealing at 800 ℃ for 30 min in a tube furnace. The grain structures of the annealed in-situ TEM sample and bulk materials were further characterized by the electron backscattered diffraction (EBSD: Quanta 200FEG field emission SEM).
An accurate measure of the thickness of the TEM samples is essential to give valid information on the relationship between the grain size and the sample thickness. In these tests, the Kossel-Möllenstedt (K-M) fringes in a convergent-beam electron diffraction (CBED) pattern were used to provide an accurate measure of the sample thicknesses. It is generally recognized that this is the most accurate procedure for determinations of foil thicknesses leading to an accuracy of the order of ±3% [41,42]. According to the theory of CBED, the thickness along the incident electron wave, h, may be calculated by the relationship [43]:
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where Si=g2*λ*△Di/R is the effective deviation vector (where g is the diffraction vector, λ is the wavelength of the incident electron wave of λ = 0.00197 nm with an acceleration voltage of 300 kV, R is the distance between the center of the transmitted disk and the diffracted disk, △Di is the distance between the minimum oscillation and the center of the diffracted disc), ξg is the extinction distance for the given diffraction vector and nk is an integer number.

Fig. 2(a) presents a bright field image of the UFG pure Ti sample after TEM heating and Fig. 2(b) shows a selected area electron diffraction (SAED) pattern along the [1 EQ \* jc0 \* "Font:Times New Roman" \* hps12 \o \ad(\s \up 11(_),2)1 EQ \* jc0 \* "Font:Times New Roman" \* hps12 \o \ad(\s \up 11(_),3)] zone axis taken from the regions indicated by a red circle in Fig. 2(a). Fig. 2(c) shows the CBED patterns under the (0000)∥(1 EQ \* jc0 \* "Font:Times New Roman" \* hps12 \o \ad(\s \up 11(_),1)01) two-beam condition of the selected region in Fig. 2(a). Based on the distance between the K-M fringes obtained from the CBED patterns, the thickness along the incident electron wave and the extinction distance of the sample were derived by linear regression, as shown in Fig. 2(d) [42]. By considering the tilt of holder, the true thickness of the sample, h0, is given by
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where α and β are the angles between the incident electron wave direction and the normal direction of the sample and h is the thickness of the sample along the direction of the incident electron wave. Substituting △Di data into equation (1), the slope equals (1/ξg)2 and the intercept value of the vertical coordinate equals (1/h)2 as shown in Fig. 2(d). Therefore, the thickness along the incident electron wave direction in this region of the nanostructured pure Ti is 289.0 nm. Substituting the slight tilt angles (α = 10.37° and β = 1.55°) of the sample probe into equation (2) gives the nanoscale thickness as ~284 nm.
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Fig. 2. The method for in-situ measurements of the nanoscale thickness using a CBED technique in TEM: (a) bright field image, (b) SAED pattern corresponding to the selected area, (c) the CBED pattern under the (0000)∥(1 EQ \* jc0 \* "Font:Times New Roman" \* hps12 \o \ad(\s \up 11(_),1)01) two-beam condition of the selected area, (d) the relationship between Si2/nk2 and 1/nk2 is linearly fitted with nk = 4.
3. Results and discussion

Fig. 3 shows TEM images of the microstructures of the UFG pure Ti before and after in-situ annealing. As expected, a very fine and homogeneous microstructure was produced by HPT through 10 turns (Fig. 3(a)). After in-situ TEM heating at 800 ℃ for 30 min, grain coarsening is observed the sample(Fig. 3(b)), as compared to the as-received microstructure. The evolution of microtexture and compressive deformation of UFG pure titanium at different temperatures ranges reported by Long [44], where heat treatment of UFG pure titanium at 600 ℃ results in grain coarsening. The most intriguing results are observed in Fig. 3(b) that there is a gradient structure with average grain sizes from the nanoscale to the microscale over the positions designated from A to F. Apparently, grain coarsening occurs and the grain size gradually increases from region A to F. Additionally, the microstructure of region A to B still keeps UFG state, which suggests there is a superior thermal stability in this region for the UFG pure Ti. In addition, there are significant changes in the grain boundaries and the dislocations in the UFG sample before and after in-situ heating and this is visible by carefully comparing Figs. 3a and b. The presence of blurry boundaries after SPD processing was recognized in early experiments and it is due to the development of non-equilibrium boundaries containing an excess of extrinsic dislocations [39]. After in-situ heating at 800 ℃ for 30 min, the grain boundaries are much clearer and the dislocations almost disappear as compared to the as-received microstructure.
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Fig. 3. Microstructures of the UFG pure Ti (a) before and (b) after in-situ TEM heating at 800 ℃ for 30 min.
To investigate the fine structures of the UFG pure Ti after in-situ TEM heating sample, Fig. 4 offers an high-magnification morphology of the sample in the regions marked from A to F in Fig. 3(b). In region A where the position is closest to the central hole of the TEM sample, ultrafine grains similar to the initial microstructure remain in the sample with an average grain size of ~129 nm, as shown in Fig. 4(a). In region B, most of grains still remain ultrafine and with average sizes of ~192 nm (Fig. 4(b)). Some dislocation annihilation was observed but no dramatic grain coarsening was detected. This confirms the extraordinary thermal stability in this region even after annealing at the exceptionally high temperature of 800 ℃. Appreciably, more significant grain coarsening are detected in regions C to F, and the maximum grain size can reach ~655 nm (Figs. 4(c-f)). TEM observations demonstrate that a gradient ultrafine-grained structure with grain sizes from ~129 to ~655 nm are formed in the UFG pure Ti sample after in-situ TEM heating.
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Fig. 4. The bright field TEM image of the UFG pure Ti after in-situ TEM annealing at the different regions of (a) A, (b) B, (c) C, (d) D, (e) E and (f) area F marked in Fig. 3.

Previous investigations showed that grain growth retardation in thin foils due to thickness effect when the average grain size reaches 0.8-1.2 times the film thickness [29]. It is a happy coincidence that after the twin-jet electro-polishing process, the thickness of the TEM sample decreases gradually from the edge to the center. To further verify the effect of thickness on the thermal stability in UFG pure titanium, the corresponding thicknesses from A to F were calculated by the CBED method and the results show that the thicknesses of the regions A to F increase from ~130 to ~702 nm, as shown in Table 1. The relationship between average grain size and thickness of the UFG pure Ti after in-situ TEM heating at 800 ℃ for 30 min is shown in Fig. 5. It is noteworthy that the average grain size increases with increasing of thickness of the TEM sample. Moreover, the ratio of the thickness to average grain size , h/d, was about 1:1, which is in agreement with An et al. [35]. The results clearly indicate that the thickness significantly influenced the recrystallized grain growth behavior of the UFG pure Ti during in-situ TEM heating.

Table 1. Thickness at the different position of A, B, C, D, E, and F of the TEM sample after in-situ heating.

	Position
	A
	B
	C
	D
	E
	F

	Thickness (nm)
	129.8
	209.3
	284.2
	421.5
	554.2
	701.6
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Fig. 5. The curves of the average grain size and ratio of thickness to grain size with different sample thicknesses after in-situ TEM heating.

In order to obtain information about the grain growth process of UFG pure Ti, videos were used to record the grain growth in bright field mode of TEM during the in-situ heating. Fig. 6 shows a series of images taken from the videos of a sample during in-situ TEM heating at 800 ℃ for different times of (a) 255.2, (b) 276.2, (c) 287.5, (d) 352.5 and (e) 390.3 s. Fig. 6(f) shows a sketch map of the successive positions of the boundaries during in-situ TEM heating between grains G1, G2 and G3 for the images from Fig. 6(a) to Fig. 6(e). During this period, dynamic change of grain structural were observed, particularly in dislocation annihilation or grain boundary motion. For example, the real time evolution of gap between G1 and G2(red circle in Fig. 6(a)) and grain boundary migration from the lower left part of G2 to G1 was recorded during the in-situ heating(Fig. 6(a) to Fig. 6(e)). This motion continued until grains G1 and G2 have a common boundary and caused further grain coarsening. In this sequence, G1 and G2 have initial areas in the plane of sectioning of ~0.385 μm2 and ~0.715 μm2, respectively, but this increases to areas of ~0.414 μm2 and ~0.884 μm2, respectively, in a time of less than 3 min. Conversely, the preferential growth of some grains is associated with the shrinking of other neighboring grains. In the sequence from Figs. 6(a-d), grain G3 is highlighted by the arrow and changes position with areas of ~0.075 μm2 initially in Fig. 6(a) and then ~0.020 μm2 in Fig. 6(d) after about 100 s. As the grains neighboring G3 grow towards each other, the grain G3 ultimately disappears as in Fig. 6(e) after approximately 3 min. An inspection of the full video shows a significant grain boundary migration in the first 10 min of the in-situ TEM heating and this reaches a steady state through the remaining 20 min [33]. Therefore, we can conclude that the grain size apparently increases in early stage of the in-situ heating, and additional annealing time does not cause any further grain coarsening when the grain size approximates to the sample thickness.
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Fig. 6. Grain growth and grain boundary motion from the video during in-situ TEM heating at 800℃ at different times: (a) 255.2 s; (b) 276.2 s; (c) 282.5 s; (d) 352.5 s; (e) 390.3 s and (f) sketch of the successive positions of the grain boundaries from (a) to (e).

Based on the above analysis, Fig. 7(a) provides a simple schematic illustration of the microstructures of the UFG pure Ti after in-situ TEM heating at 800 ℃ for 30 min, which is based on the distribution of grain size in Fig. 3 and the measurements of the corresponding thickness given in Table 1. Fig. 7(b) shows the AFM surface topography of the sample after in-situ TEM heating near the region marked F in Fig. 3(b) where the AFM tip is placed very close to the edge of the central hole of the TEM sample. Considering the green marker shown in Fig. 7(b), the corresponding line topographic profile across a grain boundary is shown in Fig. 7(c). This plot confirms that there are some significant grooves between neighboring grains after the in-situ TEM heating and these grooves have depths of the order of ~60 nm. This observation is consistent with several early reports on the surface topography in Cu or W after annealing [45,46]. The bright-field images and SAED pattern suggest that the grains are then columnar in shape with the grain boundaries lying across the total thickness of the TEM sample, as illustrated schematically in Fig. 7(d).
Currently, there are several studies on the inhibition of thin films on grain growth. An in-situ TEM heating of UFG thin foil experiments indicated that the diffusion is significantly suppressed by thin foil, which prevents the precipitation of phase particles and leads to a stable microstructure [33]. Similarly, a comparison of the microstructural evolution during the annealing of a TEM thin foil and the bulk material showed that the boundary migration and precipitate coarsening are retarded in the thin foil due to a thickness effect [29]. In addition, it is found that solute drag is introduced by impurity atoms as a source of boundary pinning, thereby significantly retarding the grain growth of thin film, but it is mostly about the alloys and rarely about the pure materials [47,48]. Modelling the effects of grain-boundary grooving at the free surface of a film by introducing a stagnation condition on grain-boundary migration achieved the same results as in experiments [49]. This was attributed to a stagnation of grain growth in thin films due to the pinning of grain boundaries by grooves. Further, many studies suggest that grain growth in thin film is determined by the net driving force during annealing [50,51]. As shown in Fig. 7(d), thermal grooves formed gradually at the junctions of the grain boundaries and the free surface during the annealing process [52]. The net driving force was controlled by the combined impact of the driving force resulting from less total grain boundary energy and the drag force exerted by the thermal grooves. Thus, the force balance between the surface energy, γs, and the grain boundary energy, γb, plays an important role in grain boundary migration during TEM heating.

According to this theory, the limiting grain size, dlim, during in-situ TEM heating is given by [53]:
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where kcrit is the critical curvature for grain boundary movement and is given by
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, ϕ is the angle at the bottom of the groove as illustrated in Fig. 7(d) where this is given by 
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and h is the thickness of the TEM sample.

To explain the microstructure evolution in thin films, some simulation and experiments of grain growth process were proposed and developed [35]. In the early stage of heating, the driving force provided by reduction of the total grain boundary energy results in a normal grain growth pattern until forming columnar grain. Subsequently, a complete arrest of grain growth along the film thickness direction were detected since the faces of the grains touch the film surfaces [35]. Meanwhile, the intersection of grain boundaries with the film surfaces formed a grain boundary grooves prevented a further growth in grain size in the direction of the film surface [52]. Finally, the grain sizes in thin films reach to a critical value until the driving force and the drag force are equivalent (Eq. 3). In practice, the formation of grain boundary grooves as in Figs. 7(b-d) retards the curvature-driven boundary migration and leads to a limit on the occurrence of grain growth during in-situ heating. This grain growth ceases with time, and the final size depends on the film thickness, which is consistent with the earlier report of the deposited nanocrystalline films [35,54]. These results demonstrate also that the thickness effect is the main factor in achieving superior thermal stability at nanoscale thicknesses in UFG pure Ti undergoing TEM heating at the very high temperature of 800 ℃. Meanwhile, this interpretation of the role of net driving force in the growth of grains can be reconciled with the the experiments.
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Fig. 7. (a) schematic illustration of the microstructures for the UFG pure Ti after in-situ TEM heating at 800 ℃ for 30 min; (b) AFM surface topography near the grain boundaries; (c) the profile taken along the green line across a grain boundary; (d) illustration of the inhibition force of the surface energy and grain boundary energy at grain boundary groove junctions.

To compare and verify the thickness effect on thermal stability of UFG pure Ti during in-situ TEM heating, the microstructural of in-situ TEM sample and ex-situ bulk UFG Ti sample heating at 800 ℃ for 30 min is investigated. Fig. 8 shows the EBSD results of the UFG Ti after in-situ and ex-situ heating tests at 800 ℃ for 30 min, a typical recrystallized feature including equiaxed grains and random orientation were observed in these two samples. The equiaxed grains surrounded by high-angle grain boundaries is consistent with the earlier report of the ex-situ annealing in pure titanium after HPT processing [10]. The most intriguing results are observed when comparing the grain size in the two samples detailedly. For the bulk material, the grain become noticeably coarser due to heat treatment at 800 ℃ for 30 min. The initial average particle size increases from ~96nm to ~14.4 μm. For thin films, however, the average grain size increases to ~2.85 μm, significantly less than that of the bulk materials. The critical grain size is specifically associated with thickness and lead to superior thermal stability at nanoscale thickness in UFG Ti , as outlined before.
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Fig. 8. The inverse pole figures and grain size distribution of UFG Ti samples annealed at 800℃ for 30 min: (a) and (c) samples with micro thickness, (b) and (d) bulk samples.

4. Summary and conclusions

In this study, we investigated the role of the thickness at thermal stability in a ultrafine-grained pure Ti by in-situ TEM thin film and bulk sample annealing. The main findings are summarized as follows:

(1) The thicknesses of the TEM sample at the nanoscale were accurately measured using a convergent-beam electron diffraction method and the results showed there was a gradient structure with grain sizes from ~129 to ~655 nm corresponding to sample thicknesses of ~130 to ~702 nm after the in-situ TEM heating.

(2) The critical grain size in a thin foil (~2.85 μm) are significantly smaller than that in the bulk material (~14.4 μm), which indicates that the growth of grain was inhibited in the UFG pure Ti thin film.

(3) The origin of the grain growth is attributed to combined effects of the driving force and the drag force on grain boundary migration during the in-situ heating. Grain boundary grooves are generated during the heating and this inhibits the curvature-driven boundary migration and leads ultimately to a limit on the extent of grain growth.

(4) Recovery and recrystallization behaviour in bulk UFG materials cannot be studied by in-situ TEM as the kinetics in thin foils are different.
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