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Influence of interstitials content on the sensitivity of alloy 718 to oxidation assisted intergranular fracture
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Alloy 718 is known to be sensitive to oxidation assisted intergranular cracking. It is also demonstrated that the occurrence of jerky flow (also called Portevin-Le Châtelier effect) stops the intergranular damaging mechanism. As dynamic strain ageing is known to be linked with the alloy content of interstitial species, the aim of the present work is to study the effect of carbon, nitrogen and oxygen concentrations on the mechanical behaviour of thin tensile specimens tested under oxidation conditions close to those encountered industrially for turbo machine disks. Thanks to heat treatments performed under reducing atmosphere, the content of interstitial species in tested alloy 718 samples is gradually curbed. Tensile specimens were then tested between 550 and 700°C for the strain rate range [10 -5 , 10 -1 ] s -1 . The key point of this work is that, for a given testing temperature, the tensile tests clearly demonstrated that the transition from an intergranular fragile fracture mode to a transgranular ductile one was always linked with the occurrence of Portevin-Le Châtelier phenomenon but for slower strain rates in comparison with what was observed on the as received aged material tested in the same conditions. This shift of the transition of fracture mode through the lower strain rates remained true until a threshold value of the heat treatment time under reducing atmosphere. Specimens heat treated over this value systematically exhibited a fully transgranular ductile fracture mode, whatever the plastic flow regime was. Implication of such a finding on the intergranular embrittlement of alloy 718 by high temperature oxidation is then discussed.

Introduction

Alloy 718 is well-known to be sensitive to intergranular stress corrosion crack growth at temperatures close to those encountered industrially for turbo machine disks (650°C -air). Recent works proposed for this domain of temperatures some mechanisms of oxidation assisted intergranular cracking on alloy 718, based on the effect of oxygen penetration in the material [1][2][3]. Exploring the detrimental effect of oxidation on the mechanical behaviour of alloy 718, Fournier et al. [4], noted that, during tensile tests under air at temperature range 400°C-600°C and at a strain rate of 5.10 -7 s -1 , the disappearance of the intergranular brittle area on the fracture surface corresponded systematically to the occurrence of Portevin-Le Châtelier (PLC) phenomenon. The same tests under inert atmosphere systematically exhibited a fully transgranular ductile fracture mode, whatever the plastic flow regime was. For Fournier et al. [4], this correlation is connected to the strong localization of the strain in the PLC bands which confers a ductile character to the fracture and stops the growth of cracks induced by oxidation. During tensile tests realized under air for temperatures higher than 400°C and in a larger strain rate range, Garat et al. [5] found the same results. Thanks to the establishment of experimental DSA-fracture mode-PLC map, they represented and completed the results previously obtained. Moreover, they suggested that the occurrence of stress instabilities during the plastic flow, which characterized the PLC phenomenon after a critical strain level has been reached, decreases the local stress in grain boundaries or in front of the defect, so preventing the development of a fragile intergranular crack.

The effects of plastic instabilities, also called jerky flow or Portevin-Le Châtelier phenomenon [6][7][8][9][10][11][START_REF] Weaver | 706 and various derivatives[END_REF][13][14], are known in nickel based alloys, more particularly for dilute metallic alloys [6][7][8][9][10][11]. The principal actors of this phenomenon are the dislocations and the interstitial species. As PLC phenomenon is connected to interstitial species and as PLC occurrence has an influence on the rupture mode, the objective of the present work was to investigate the effect of carbon, nitrogen and oxygen concentrations on the mechanical behaviour of thin tensile specimens tested under oxidation conditions.

Material and experimental procedures

The material used in this study was obtained through a double melting process: vacuum induction melting plus vacuum arc remelting. The nominal composition of the alloy is given in Table 1. The cast ingot was hot and cold rolled down to the thickness of 4 -5 mm, followed by a solution annealing heat treatment at 1000°C for one hour ended by air quenching. 1 mm thick tensile specimens were machined by milling from the plate and could then be thinned to the thickness of 0.3 mm along the gage length. Tensile specimens (dimension are given in Fig. 1) were first heat treated under hydrogenated argon at 980°C for 0h (HT 1), 15h (HT 2), 30h (HT 3) and then heat treated under argon atmosphere following the conventional aeronautical route: hold 720°C-8h, cooling 50°C/h down to 620°C, hold 620°C-8h and final air cooling to room temperature. The heat treatment under reducing atmosphere aims at gradually curbs the content of interstitial species. Chemical analyses by glow discharge mass spectrometry (GDMS) for each heat treatment were realized. Finally, sample were mechanically polished using SiC paper and diamond paste to the grade 1 µm in order to remove the heat affected zone and/or the oxide scale formed during the treatments.

Fig. 1. Geometry of tensile thin specimens (thickness = 0.27mm). Specimen dimensions are given in mm.

Mechanical tests were performed in air with a hard electro-mechanical tensile machine with controlled displacement rate in the temperature range [550°C-700°C]. Different imposed strain rates were tested in the range [10 -5 s -1 , 10 -1 s -1 ]. A laser extensometer was used to measure the deformation of the specimen and the heating was ensured by a radiation furnace. The critical strain rate triggering flow instabilities was collected after each test.

After mechanical testing, the fracture surfaces of the samples were examined in a LEO 435VP scanning electron microscope.

Results

Characterisation of PLC types. In the light of recent modelling of PLC mechanism, Weaver et al. on conventional alloy 718 [START_REF] Weaver | 706 and various derivatives[END_REF] as well as on alloy 718SPF [13]. For the conventional alloy 718, they studied the occurrence of PLC on three different metallurgical states: just solutionised state, underaged state and overaged state. They noticed that for the underaged material, the alloy had normal / inverse strain rate sensitivity as a function of the testing temperature. They also observed that, for low temperatures, the PLC effect gave rise to load drops above the general level of the stress-strain curve (oscillations of type A or B) and, for high temperatures, to load drops below that level (oscillations of type C), according to Rodriguez's definitions of PLC types [9]. This transition of regimes seems to correspond to the transition from a normal to an inverse mechanical behaviour. For the overaged material, in the investigated experimental conditions, the behaviour is always inverse and the oscillations are always of type C. Finally, for the material just solutionised, there are no oscillations in the field of temperature and strain rate studied. As an example, Fig. 2 shows the type of serrations on the stress-strain curve for a tensile test performed at 650°C under laboratory air with a strain rate of 5.10 -3 s -1 . The facts that serrations produce load drops below the general level of the stress-strain curve and their amplitude is rather regular correspond to type C PLC. This type is associated with an audible emission and with the random nucleation of deformation bands all along the specimen. Evolution of the critical strain triggering flow instabilities. In the temperature range of this study, the critical strain for the onset of PLC instabilities slightly increases when temperature increases (or strain rate decreases). This critical plastic strain ranges from 2.4% to 3.1%, which is in fair agreement with the results of former studies on the same kind of materials [5]. For the HT 1 and HT 2 conditions, a fully transgranular ductile mode of rupture is observed when the plastic flow shows PLC instabilities, whereas in the other case, the fracture surface presented intergranular brittle areas. So a double frontier can be systematically drawn which separates on the strain rate-temperature diagram, both nature of the plastic flow and mode of rupture (Fig. 3 and Fig. 4). The main difference between HT 1 and HT 2 is the shift of the borderline DSA-fracture mode-PLC. Compared to HT 1, the frontier of HT 2 moves for almost a decade on lower strain rates (or higher temperatures). Samples treated following the HT 3 conditions systematically exhibit a fully transgranular ductile fracture mode, whatever the plastic flow regime was (Fig. 5). Only a single DSA-PLC frontier can be drawn. Compared to HT 2, this frontier moves also on lower strain rates.

Fig. 5. Rupture modes and plastic flow modes map for the HT 3 heat treating conditions.

Discussion

The phenomenon of dynamic strain ageing, of which the PLC instabilities are a particular demonstration, is strictly connected and controlled by the concentration of interstitial content of alloys such as the carbon, the nitrogen or the oxygen [6][7][8][9][10][11][START_REF] Weaver | 706 and various derivatives[END_REF][13]. The Table 2 sums up the concentration of interstitial species in each heat treating conditions. Excluding the concentration of sulphur, it seems that the contents in carbon, nitrogen and oxygen are significantly reduced between HT 1, HT 2 and HT 3. The contents of carbon and nitrogen for HT 1 are more than two times that of the HT 3 and the content of oxygen more than three times. Influence of the concentrations of interstitial species on PLC. All of the HTs 1, 2 and 3, present PLC plastic instabilities in the range of temperatures and macroscopic strain rates investigated, even if the frontier of the occurrence of PLC change for each HT. The shift of this borderline to lower strain rates (or higher temperatures) is concomitant with the reduction of the concentration of interstitial species. Moreover, the amplitude of the PLC oscillation is also affected. Indeed, the are 75 MPa for HT 1, 52 MPa for HT 2 and 31 MPa for HT 3.

Studying the circumventing of obstacles during the PLC phenomenon on the alloy 718 in various microstructural states, Chen et al. [14] propose, according to the size of precipitates, two mechanisms of PLC and validate them by the correspondence between these mechanisms and the normal / inverse behaviour of the alloy. The PLC mechanism, connected with the precipitates and the interstitials content, is complex.

The results of the present work show that the interstitial content has two effects on the PLC mechanism in alloy 718. Firstly, lower the concentrations of interstitials species are, lower the amplitudes of plastic instabilities are. In fact, the pined dislocations need less strain to liberate them from there atmosphere. Secondly, the frontier of the occurrence of PLC is more shifted with lower concentrations of interstitials species. This fact may be explained thank to McCormick works [15][16]. In one of his numerical model, McCormick expresses the solute concentration at arrested mobile dislocations C s as:
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where C m is the saturation value of C s , C 0 is the solute composition of the alloy, D is the solute diffusion coefficient, t a the effective ageing time, and K and n are two constants. If steady state conditions are considered, t are supposed to be equal to the waiting time of dislocations, as given by the Orowan equation:
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Where ρ is the mobile dislocation density, L is the effective obstacle spacing and b is the Burgers vector. For each heat treated material some parameters of the equations Eq. 1 and Eq. 2 are the same, like C m , D, ρ, L, b. Moreover a threshold value of the solute concentration at arrested mobile dislocations C sc , when the critical strain rate triggering flow instabilities c ε& is reached, is considered constant for a cast. It may be expressed as:
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Therefore, if the concentration of interstitial content of alloy decreases for each HT, it seems to be logical that the critical strain rate of the occurrence of PLC decreases in order to get constant the critical solute concentration at arrested mobile dislocation.

Influence of the concentrations of interstitial species on rupture mode. For having a, it is necessary that firstly the level of strain in front of the defect is constant or positive and that secondly the local strain rate is slower than the kinetics of damage linked to the environment. As content acts on PLC mechanism and PLC bands, by decreasing the local load, act on the rupture mode [4,5], it logically plays a role on the rupture mode. Effectively, for lower concentrations of interstitials species the transition from an intergranular fragile fracture mode to a transgranular ductile one, shifts to lower strain rates, as the frontier of the occurrence of PLC shifts. Meanwhile, this shift of the transition of fracture mode through the lower strain rates remained true until a threshold concentration of interstitials species. Indeed, specimens of HT 3 systematically exhibit a fully transgranular ductile fracture mode, whatever the plastic flow regime was.

Bricknell and Woodford [17][18][START_REF] Woodford | Interstitials Content on the Sensitivity of Alloy 718 to Oxidation Assisted Intergranular Fracture[END_REF] listed the different mechanisms of high temperature oxidation for nickel and nickel base alloys. The first one is the trapped of oxygen in grain boundary and other one is the internal oxidation assisted by the formation of gases bubbles (CO-CO 2 ) close to carbides. The fact that direct strain ageing drains interstitial carbons through grains boundaries while PLC let them where they pin dislocations is well-known. So when DSA occurs, oxygen may react with interstitial carbons bringing by dislocations on grains boundaries in order to form the weakening gases bubbles while the occurrence of PLC not allows this kind of oxidation mechanism. Thus, for HTs 1 and 2, this explanation well-expresses the perfect concomitance between rupture mode and PLC phenomenon. For HT 3 the low concentration of interstitials species may be insufficient for activate the oxidation assisted by gases bubbles mechanism even if DSA occurs. So whatever the plastic flow regime was, the rupture mode of HT 3 is systematically transgranular ductile.

Conclusions

The effect of carbon, oxygen and nitrogen concentrations on the sensitivity of alloy 718 to oxidation assisted intergranular fracture are clearly shown. For HTs 1 and 2, the influence of interstitials content on rupture mode is perfectly connected to the influence of interstitials content on PLC mechanism and for HT 3 another role is proposed. As a result, this study proves the three different roles played by the interstitials content in such alloy: on the occurrence of PLC phenomenon, on the amplitude of the stress oscillations, on the resistance to oxidation assisted intergranular cracking.
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 2 Fig. 2. Stress-strain curve at 650 °C under laboratory air with an imposed strain rate dε/dt equal to 5.10 -3 s -1 .
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 34 Fig. 3. Rupture and plastic flow modes map for HT 1 heat treating conditions.

  

  

Table . 1

 . Chemical composition of as-received alloy 718 [weight %]

	Al	C	Co	Cr Cu Mn Mo	Ni	Nb+Ta Si	Ti
	0.54 0.056 0.040 18.1 0.03 0.11 2.88 53.71	5.15	0.12 1.04

Table . 2

 . Carbon, nitrogen, oxygen and sulphur nominal content for the three tested heat treating conditions as determined by GDMS [weight ppm]

	Heat treatment conditions	Carbon Nitrogen Oxygen Sulfur
	HT 1	581	87	39	3.3
	HT 2	340	69	24	2.4
	HT 3	261	42	12	2.6