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Abstract

:

The creep behaviour of as-built additive-manufactured Ti-6Al-4V alloy was studied through small punch creep test (SPCT) experiments at 450 and 500 °C. The couple stress/minimum strain rate deduced from these tests made it possible to draw a Norton plot showing good agreement with tensile test creep results. The microstructure characterisation within the SPCT specimen evidenced the effect of local strain on microstructure evolution. After interrupted creep at 450 °C, in most deformed areas, the as-built martensite structure was fully decomposed to the α + β equilibrium phases, giving rise to a submicron equiaxed grain structure.
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1. Introduction


Due to the combination of very good mechanical properties, low density, and high corrosion resistance and biocompatibility, titanium alloys are commonly used in a wide range of industrial fields, such as aerospace, health, and chemistry [1]. Among titanium alloys, the most widely used is by far the Ti-6Al-4V alloy (Ti64), which has been called the workhorse of the titanium industry [2]. This alloy is usually obtained via conventional cast and wrought processes, and industrial parts are manufactured through material removal machining. The more recent development of additive manufacturing (AM) processes has had a strong impact on the production of Ti64 alloy parts by means of various techniques such as laser–powder bed fusion (L-PBF), through which complex parts are built layer by layer. The very fast cooling rate associated with this process results in a very fine fully martensitic α’ microstructure, in contrast to the classical α + β microstructures obtained through classical thermomechanical processing. Such an AM as-built martensitic microstructure is also recognised to be out of equilibrium, and the martensite may evolve to further decompose and form the more stable α + β microstructure. The progress of decomposition, as well as its kinetics, depends of course on thermal conditions but can also be influenced by the local mechanical state. The L-PBF process also induces a strongly anisotropic structure due to the solidification of large β grains through the successive layers along the building direction. These grains are then transformed into martensite during rapid cooling. The microstructure may depend on the local thickness and fabrication path within the final part [3]. Several authors assessed this purpose in the literature. For example, in a complex industrial part such as a rocket engine impeller, it was shown by Barriobero-Vila et al. [4] that the microstructure and thus the material properties may strongly depend on the local thermal history during part fabrication. The authors showed that in regions in contact with the powder bed (downskin regions), for which heat transfer is less important, the amount of β phase could reach 4–6 vol%. Munk et al. worked on the effect of the built geometry on both microstructure and mechanical properties. Two geometries were printed. The reference geometry is a constant cross-section cylinder. The second geometry is a cylinder with a small cross-section and whose upper layers have an increased cross-section due to an increased diameter. This last geometry exhibits heat transfer gradient due to varying the cross-section. The evolution of the microstructure was studied along the heat transfer gradient zone. Zones with less heat transfer showed higher β phase fraction. This amount varies from 0% to 20% within only 5 mm [5]. For these reasons, it seemed important to use methods to probe the mechanical properties of the material locally. The small punch testing method may be relevant for this purpose, and its applicability is worth investigating. This method, which was initially developed for the nuclear industry, consists of punching a disc of 10 mm in diameter and 0.5 mm in thickness with a hemispherical tip [6,7]. It is thus very easy to take specimens on different positions and orientations. The method was first developed on an imposed displacement rate mode in order to characterize the yield of the material, mainly on nuclear industry steels [8]. The method then evolved for testing different materials such as Al [9], Mg [10], Ni [11], or Fe-Al [12]-based alloys or composites. It was also used on load control mode to test the creep behaviour of the material; this latter technique is known as small punch creep testing (SPCT). The creep technique was already presented in the good practice guidelines [13] and is further developed in the more recent standard to the small punch methods [14]. The SPCT technique was mainly used for studying the creep properties of power plant steels [8,13,15,16,17,18,19] and has recently been extended to the study of nickel-based superalloys [20]. Regarding the behaviour of the Ti64 alloy, the small punch technique was used to study yielding in both wrought and AM elaborated materials through SPT testing [21,22,23]. However, the creep behaviour of AM Ti64 was only studied using uniaxial tests either in compression or tensile mode [24,25,26]. To the author’s knowledge, no study of the creep properties of additive manufactured Ti64 alloy using the SPCT technique has yet been published.



The purpose of the present study is to verify the possibilities of investigating L-PBF Ti64 through SPCT and to check if the results are consistent with uniaxial creep testing. Moreover, we would take advantage of the variety of mechanical states, in terms of strain and stress, over the SPCT specimen to investigate the role of creep on phase transformation and martensite decomposition.




2. Materials and Methods


For the present study, we elaborated cylindrical specimens of Ti64 alloy through additive manufacturing using the L-PBF technique. We used a gas atomised Ti-6Al-4V powder in the size range 15–45 µm from OerlikonTM and a COHERENT CREATOR machine. The powder bed was pre-heated at 80 °C in the chamber that was filled with Ar gas. The manufacturing parameters were as follows: laser power, 93 W; scan speed, 500 mm/s; hatch space, 50 µm; layer thickness, 25 µm; and spot diameter, 40 µm; resulting in an energy density of 148.8 J/mm3. Cylinders of 10 mm diameter and 40 mm length were manufactured normal to the building plate so that the cylinder axis was along the building direction. For SPCT experiments, 0.7 mm thick slices were cut using an electro-discharge machine in order to avoid mechanical damage to the sample surfaces that might have resulted from machining using conventional cutting tools. The disks were ground down to 500 µm thick, removing 100 µm on each side to get rid of the heat-affected zone from the cutting process. Final polishing was achieved using P4000 SiC abrasive paper for the surface in contact with the punch and complemented by Oxide Polishing Suspension for the opposite surface. The thickness of the specimen was controlled throughout the polishing process using a Mitutoyo palmer micrometer. Special preparation was carried out for EBSD analysis. Interrupted test specimens were cross-sectioned via diamond wire saw close to top of the punching dome. They were then clamped between non-magnetic rings, followed by the embedding process in a phenol formol GEPD/Ca ESCIL resin, and finally ground until the observation surface corresponds to the actual deformation dome. The analysed surface was polished with P2400 abrasive SiC paper. The final polishing step was achieved thanks to a diluted solution of oxide polishing suspension and hydrogen peroxide H2O2 (70 mL + 30 mL) for 35 min.



The microstructure was examined using a scanning electron microscope (SEM) from Centre de Microcaractérisation Raimond Castaing, Toulouse, France. A Jeol 7800F microscope equipped with a field emission gun was used for high-resolution imaging. A Jeol JSM 7100F equipped with a CMOS electron back-scattered diffraction (EBSD) detector (Symmetry S2, Oxford Instruments, Abingdon, UK) and Aztec 5.0 acquisition software was used for grain and misorientation analysis. An accelerating voltage of 20 kV, a probe current of 13 nA, and a working distance of 15 mm were used. The microstructure of the as-built state is presented in Figure 1. It is fully martensitic (α’) and exhibits numerous twins within α’ laths. This out-of-equilibrium microstructure is related to high cooling rates (105–107 K/s), as commonly observed [27,28].



Mechanical testing through SPCT was performed on a dedicated rig mounted on a Zwick Roell Z010 electrically driven testing machine. Further details on the experimental rig have been presented elsewhere [29]. The disk specimen was placed at the centre of a three-zone light furnace but not directly exposed to the lamp’s radiation. Three thermocouples fixed in the chamber allowed to monitor the specimen temperature, heating was performed at 10 K/min, and the specimen was held at the test temperature for 10 min prior the test for temperature homogenisation. SPCT experiments were performed under constant load; the target load was obtained under the displacement motion of the punch at 0.2 mm/min, and then the machine was switched to load control mode. The value of the load (Fintial) was calculated from the target nominal initial stress (σinitial) according to the European Code of Practice’s semi-empirical relationship [13]:


    F   i n i t i a l   =   σ   i n i t i a l   ∗ 3.33 ∗   k   S P       r   1.2     h   0       ( 0.5 ∗ D )   0.2      



(1)




where D is the receiving hole diameter, h0 is the initial sample thickness, and r is the punch radius. SPCT has been performed at 450 and 500 °C under initial stresses ranging from 350 MPa to 450 MPa. The testing temperatures were selected, first of all, because they correspond to the maximum operating temperature for parts made of Ti64 alloys. This temperature is also a compromise. Indeed, on the one hand, the temperature range is sufficiently high so that creep deformation is significant and may lead to the rupture of the specimen (at a lower temperature, the Ti64 alloy would exhibit logarithm creep that is exhausted before rupture). On the other hand, the martensite is supposed to be sufficiently stable in this temperature range (the usual heat treatments for stress relief and martensite decomposition are carried out at 700 °C). Thus, we are investigating the mechanical behaviour of the as-built martensite and its evolution. Furthermore, performing tests at these temperatures will allow us to make comparisons with existing studies in this temperature range [25,30]. The tests were carried out up to rupture. Few experiments were interrupted in the secondary creep stage.



During the creep deformation, the load is kept constant and the stress state is fully non uniform in the specimen as indicate finite element analysis (FEA) which allow to map stress and strain states within the specimen all along the creep test [31]. However, it was shown that it is possible to extract a mean value of minimum creep strain rate/stress couple that compares well with such couples deduced from uniaxial tensile creep tests [13]. In the present study, we followed Kappou et al. [32] method for the determination of minimum deflection       u  ˙    m i n    :


      u  ˙    m i n   =     u  ˙      1   2     =     u     2   3     −   u     1   3         1   2     t   f   −     1   3   t   f      



(2)




where tf is the time to failure, and u2/3 and u1/3 are, respectively, the deflection at 2/3tf and 1/3tf.



From       u  ˙    m i n    , we deduced the values of the minimum creep strain rate       ε  ˙    m i n     and stress σ using empirical equations and coefficients reported as Equations (3) and (4) [13].


      ε  ˙    m i n   = 0.3922       u  ˙    1.191     m i n    



(3)






  σ =   F   1.920 ∗     u   0.653     m i n      



(4)




where umin is the deflection at the minimum deflection rate.




3. Results & Discussion


Figure 2a shows the SPCT results obtained at 450 °C and an initial stress of 400 MPa, which corresponds to a load of 844 N.



The black line is associated with a test conducted up to rupture. The whole curve looks very much like a uniaxial creep test curve showing the three conventional stages: primary, secondary, and tertiary creep regimes. The corresponding ruptured sample is shown as an insert in the figure. A second curve on the same graph is associated with an interrupted test that was performed under the same conditions (450 °C/400 MPa) but stopped after 140 h of creep. Is it worth noting that both curves exhibit the same trend concerning the primary stage and the beginning of the secondary stage, indicating the repeatability of the test. From the test conducted to rupture, we estimated the minimum deflection rate (at the point shown with an arrow on the graph in Figure 2a) which was measured as 1.17·10−3 mm/h. From that value, we calculated the corresponding minimum creep rate       ε  ˙    m i n      = 3.52·10−8 s−1 and stress σ = 388 MPa according to Equations (3) and (4). Figure 2b shows the SPCT results obtained at 500 °C and under initial stresses of 350 MPa corresponding to a force of 728 N and under 400 MPa, corresponding to an initial force of 751 N. Similarly to what was observed at 450 °C, the curves exhibit the three conventional creep stages. Moreover, as the stress increases, the creep rate increases significantly and the time to failure decreases. As previously performed for the 450 °C tests, the minimum creep rates and corresponding stress were calculated. An initial stress of 350 MPa led to a minimum creep rate of 5.91·10−7 s−1 for a stress value of 315 MPa, and an initial stress of 400 MPa led to 2.04·10−6 s−1 and 388 MPa.



Those values are plotted on a Norton representation as shown in Figure 3, together with previous data from the literature [25], arising from uniaxial tensile creep tests performed on as-built L-PBF Ti64 specimens. The presented SPCT values are displayed using full symbols, while open symbols represent data from tensile tests. First of all, one can recognize that the data obtained in the present study are in line with previous data from tensile creep testing. Experiments from Viespoli et al. [25] were performed at the temperatures 650 °C, 550 °C, and 450 °C. From their results, the authors measured stress exponents of, respectively, n = 3.7, 4.8, and 5.8. The data from the present study align quite well with Viespoli et al.’s results for the 450 °C tests. The presented data from the tests performed at 500 °C lie between the uniaxial tests performed at 450 °C and 550 °C, which is fully consistent. A first estimate of the stress exponent derived from our two points obtained at 500 °C gives a value of 5.4 for a stress range of 300–400 MPa, in good agreement with the values obtained by Viespoli et al. Moreover, the higher the temperature, the lower the stress exponent, which also agrees with the literature on the creep of Ti64 [30]. These preliminary results, based on a few tests, indicate that SPCT seems to be well adapted to study the creep behaviour of L-PBF Ti64. From the range of stress exponent values, it appears that the creep mechanism in L-PBF Ti64 may be based on dislocation-driven plastic flow.



Since the as-built microstructure of Ti64 presents an out-of-equilibrium martensitic microstructure, it is likely that such a microstructure may evolve during the creep test. Such evolution was characterised via SEM observation of interrupted SPCT specimen’s cross-section. Interrupted tests and the characterisation of the microstructure were performed for SPCT conducted at both 450 and 500 °C. However, in the present paper, we focus on the microstructure evolution observed after 450 °C creeping. More precisely, we report observations performed on the interrupted SPCT presented with the red curve in Figure 2a. Indeed, in order to assess the effect of mechanical loading on the phase transformation, we selected a temperature for which we did not observe phase transformation without loading (unloaded heat treatment at 500 °C resulted in a slight transformation of the martensite with some small β particles forming at boundaries). The interrupted test specimen cross-section was obtained by means of a cut through the centre of the deformed dome that was then embedded and prepared for metallographic observations. The central image in Figure 4 is a SEM secondary electron image showing half of the specimen cross-section gripped by clamping rings. The disc specimen is bent downwards by the deflection caused by the punch during SPCT. It is noticeable that the thickness of the section is not constant along the section, indicating inhomogeneous creep deformation. The upper left part, which was between the dies, did not undergo plastic deformation and retained its initial thickness (500 µm). The rest of the sample is more or less deformed. It can be seen that the thinnest section, i.e., the most deformed part—indicated by a white arrow—does not correspond to the apex at the bottom of the image but is located on the side of the dome, in good agreement with FEA calculations reported in the literature [31,33].



The microstructure variations along the transverse section were observed via SEM EBSD and are presented in the five inserts showing the inverse pole figure along the z direction (normal to the image)—IPF-Z. Note that all EBSD images that are displayed in this paper include the mentioned signal (e.g., here IPF-Z), which is superimposed to the index quality map and large-angle grain boundaries. The IPF taken from the left part of the section shows the typical acicular feature of the martensitic microstructure (insert a). Acicular microstructure is also retained at the top of the punched zone in insert b, while this microstructure is heavily disrupted in between with a paroxysm shown in insert c, which corresponds to the maximum of plastic strain. The microstructure of those three zones, a, b, and c, were analysed in more detail, as will be presented in Figure 5 below. From the cross-sectional thicknesses at the location of each zone, it is possible to associate each microstructure with a plastic deformation level. Zone a, located between the dies, is not deformed; zone b, located at the apex, corresponds to a creep strain of 16%, and zone c, to 36%. For this latter case, the literature on the FEA of SPCT indicates that the local strain level would even be higher than 36% since the strain is also heterogeneous over the disc thickness [31]. Figure 5 reports observations of these three zones using different observation conditions. In the two left-hand columns, we show EBSD analyses complementary to the IPF-Z. The images in the first column show the grains in random colours; adjacent grains are defined by a disorientation of 10°. This series clearly shows the overall changes in grain microstructure in terms of morphology and size along with the increase in creep strain. The second column is the grain orientation spread (GOS) angle, which reveals the amount of misorientation and thus the plastic strain within the grains. The two right-hand columns are SEM back-scattered electron (BSE) images, allowing higher resolution in order to visualize the fine microstructure. The third column corresponds to the same magnification and area as the EBSD maps, while the fourth column is a zoom on the selected area indicated by the dashed frame. These last images evidence the very fine morphology of the microstructure and reveal the decomposition of the α’ martensite that gives rise to the precipitation of β phase, visible with white contrast in those BSE images due to the higher V content. The evolution of the microstructure can be described as follows. In case (a), the microstructure remains martensitic and no change could be noticed as compared to the as-built state as reported in Figure 1. The martensitic microstructure is characterised by tangled lamellae with a high aspect ratio and quite a large distribution of lamellae sizes. The smallest ones are 80 nm wide by 1.3 µm long, while the largest are around 1 µm wide by up to 10 µm long and exhibit internal features that were identified as twins [27]. As the level of plastic/creep deformation increases, like in zone (b), the microstructure still shows an acicular aspect; however, significant changes occurred. The smaller needles have disappeared and are replaced by sub-micron globular grains, while the larger ones are fragmented. For the maximum of creep deformation, which corresponds to zone (c), the microstructure is completely transformed. Most of the grains are globular with a diameter around 250 nm. This transformation is associated with an evolution of the GOS values in the different grains of the microstructure. In Figure 5, the GOS values are indicated using the same colour scale for all three areas, allowing a direct comparison. The unstrained (a) area exhibits very small and quite uniform GOS values throughout the area analysed. In zone (b), the GOS values increase significantly in acicular regions but are very low in areas with globular grains. And finally, in zone (c), all the areas exhibiting nanograins show very low values of GOS. These observations clearly indicate that the nanograins were formed through dynamic recrystallisation during creep deformation. The column to the right in Figure 5 shows an increasing presence of the white precipitates which correspond to the β phase. Image analysis gives some rough estimate of the β phase volume content, which is less than 0.5% for zone a, around 1.5% for b, and 2.3% for zone c. There is a clear correlation between the volume fraction of the β phase and the amount of creep strain, evidencing the fact that plastic deformation locally enhances martensitic decomposition.



Microstructural observations subsequent to interrupted creep testing reveal two main features that were observed to be related to the amount of local creep deformation. These are (i) the decomposition of the α’ martensite to give the equilibrium phases α and β and (ii) the recrystallisation of the structure, modifying an entangled acicular structure to a globular nano-sized morphology. AM parts are often heat-treated to relieve internal stresses and stabilize the microstructure. This treatment is usually carried out for about one hour at a temperature of at least 700 °C. It induces a total decomposition of the α’ martensite and a decrease in the yield strength [34]. Heat treatments performed at lower temperatures lead to partial and limited decomposition of the martensite [35]. However, it was noticed that martensite decomposition may be favoured during compression creep tests performed at 500 °C [24]. In the present study, we observed that complete decomposition of the martensite may be achieved in those areas that undergo maximum plastic strain. The present observations prove that local plastic strain enhances phase transformation and allows a complete transformation of the α’ martensite, even at temperatures as low as 450 °C.



The optimisation of the thermomechanical processes of α/β titanium alloys is of continuous concern in order to optimize their mechanical properties [36]. In particular, obtaining an ultrafine microstructure in such alloys enables superplastic behaviour. In Ti64 cast and wrought alloys, the possibility to obtain a sub-micrometre equiaxed microstructure was demonstrated [37,38]. The best results have been obtained through the transformation of martensitic microstructures [39,40]. These observations were related to the phenomenon of dynamic recrystallisation on martensitic microstructures occurring during compression tests performed in the temperature range 600–800 °C. In the present study, we observed dynamic recrystallisation of the α’ martensite at much lower temperature (450 °C). This results in a fully equiaxed microstructure with grain size well below the micron scale (250 nm) and an even distribution of β phase as shown in Figure 5c. The present results show that for such a low temperature, the progress of martensite decomposition and microstructure refinement strongly depends on the mechanical state, in particular, the local plastic strain. Work is in progress with the help of finite element calculations in order to quantify the correlation between mechanical state and local phase transformation. Further investigations are also underway using transmission electron microscopy. This is necessary to characterise the microstructure evolution within the transformed areas in a finer way and to assess the role of defects such as dislocations on phase transformation and martensite decomposition.




4. Conclusions


In this paper, we report the first creep characterisation of additive manufactured Ti64 using the SPCT technique. Preliminary creep results obtained through SPCT are in line with tensile creep test results, comforting the relevance of small punch testing in the case of AM Ti alloys. Microstructural evolution analysis was performed on an interrupted creep test specimen and showed that plasticity induced phase transformation. The plastic strain gradient within the SPCT sample shows that the decomposition of the α’ martensite is assisted by the creep strain level. Thanks to the plastic deformation, the decomposition of the martensite is complete even at temperatures as low as 450 °C. Furthermore, this process induces an equiaxed nanosized α + β microstructure due to dynamic recrystallisation.
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Figure 1. Martensitic microstructure of the tested material within the plane perpendicular to the building direction: (a) BSE image and (b) IPF-Z. 
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Figure 2. SPCT curves showing the evolution of deflection versus time for tests performed at 450 °C and σinitial = 400 MPa (a); SPCT curves showing the effect of the initial stress σinitial at 500 °C (b). Note the different time scale in both figures. 
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Figure 3. Comparison of present SPCT results (full symbols) with tensile creep tests results (open symbols) from Viespoli et al. [25] on as-built L-PBF Ti64. 
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Figure 4. Cross-section of an SPCT specimen after interrupted test performed at 450 °C under σinitial = 400 MPa for 140 h. The IPF-Z images show the evolution of the microstructure depending on the location and associated strain level (see text). The location corresponding to the three images label (a–c) are examined in details in Figure 5. 
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Figure 5. The three zones identified in Figure 3 are imaged using different signals: randomly coloured grains, grain orientation spread, and BSE FEG-SEM. The corresponding local creep strain levels are (a) 0.000, (b) 0.163, and (c) 0.358. See text for details. 
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