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Abstract:



Microstructural stability is one of the utmost important requirements for metallic materials in engineering applications, particularly at high temperatures. The paper shows how Mechanical Spectroscopy (MS) (i.e., damping and dynamic modulus measurements) permits the monitoring of the evolution of lattice defects, porosity, and cracks which strongly affect the mechanical behavior of metals and sometimes lead to permanent damage. For this purpose, some applications of the technique to different metals and alloys (AISI 304 stainless steel, PWA 1483 single crystal superalloy, nanostructured FeMo prepared via SPS sintering and tungsten) of engineering interest are presented. These experiments have been carried out in lab conditions using bar-shaped samples at constant or increasing temperatures. The results can be used to orient the interpretation of frequency and damping changes observed through other instruments in components of complex shape during their in-service life.
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1. Introduction


Mechanical Spectroscopy (MS) provides damping and dynamic modulus of a material under different conditions of strain and temperature. Principles and applications of the technique are exhaustively described in some classical texts [1,2].



MS is commonly employed for investigating physical phenomena but can be very useful also for solving practical problems related to industrial processes, such as the determination of the amount of carbon, oxygen, nitrogen, and hydrogen in solid solution in steels and other metals; the monitoring of precipitation and ordering in metallic alloys; the identification of superplastic regime; and the characterization of magnetoelastic effects. Recently, this technique has been also used by some of the present authors to study the mechanical instability of metals taking place in a temperature range before melting (e.g., see [3]).



The focus of this paper is on the microstructural stability of metals and their monitoring by means of MS tests carried out at constant or increasing temperatures. Microstructural changes can be at the origin of malfunction of mechanical components during their in-service life; for some complex systems—such as aircraft, bridges, offshore platforms, and structural parts of nuclear reactors—the existence and the evolution of damage may cause catastrophic failures.



The presence of structural damage in engineering systems has been largely investigated on the basis of modification of the vibration modes (natural frequencies, mode shapes, and damping) and important results have been achieved (e.g., see Ref. [4,5,6]). In the past, MS was applied to the detection of absorbed hydrogen in steel components that can induce stress corrosion cracking and unpredictable brittle fractures [7]. The technique proved to be very effective because the amplitude of forced vibrations is dampened by the absorption of hydrogen, and the amplitude change can be correlated to the hydrogen content.



This paper aims to demonstrate that MS can be used in a much wider range of defect analysis. In particular, it permits high sensitivity detection of the evolution of dislocation structures, cell and grain growth, and porosity and cracks which strongly affect the mechanical behavior of metals and sometimes lead to permanent damage.



The reported results were obtained in experiments with bar-shaped samples (60 mm × 7 mm × 0.5 mm) excited by flexural vibrations and operating in conditions of resonance (frequencies in the range of kHz). The VRA 1604 apparatus (CANTIL Srl, Bologna, Italy) has been described in detail in [8].



The damping factor (Q−1) was determined from the logarithmic decay of flexural vibrations while the dynamic modulus E from the resonance frequency f:
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(1)




where m is a constant (m = 1.875), ρ the material density, L and h are the length and thickness of the sample, respectively. Some experiments have been carried out at constant temperature, others at increasing temperature with a heating rate of 1 °C/min (cases 2, 3, 4) and 5.6 °C/min (case 1).



To illustrate how the MS technique can be usefully employed for monitoring the mechanical stability of metals, four cases regarding different metals (AISI 304 stainless steel, PWA 1483 single crystal superalloy, nano-structured FeMo prepared via SPS sintering and tungsten) are presented.




2. Case 1—AISI 304 Steel: Isothermal Change of Dynamic Modulus E and Q−1


In Figure 1, dynamic modulus E—normalized to its initial value E0—is plotted vs. time in successive isothermal treatments of 2 h at increasing temperature T (steps of 100 °C). The temperature curve is displayed in red color.


Figure 1. AISI 304 steel: dynamic modulus E normalized to its initial value E0 evolution during isothermal stages at increasing temperature (steps of 100 °C). The temperature T curve is plotted in red.
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As expected, the modulus progressively decreases with temperature owing to anharmonicity effects. However, an increase can be observed during each isothermal step: higher the temperature, larger the modulus variation. For the sake of clarity, the relative change of modulus ∆E/E during the step at 500 °C is evidenced in Figure 1. Such changes are strictly related to microstructure evolution, in particular the density of dislocations and the mean length of dislocation segments play a fundamental role. At low frequencies, i.e., in kHz range, the Granato-Lücke string model for dislocation damping [2], predicts the following relationships:
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(3)




where β = 1.666 is a constant, ξ the dislocation density, l the mean length between dislocation pinning points, and ω/2π the vibration frequency. G is the shear modulus in absence of dislocations while ∆G is the difference between the modulus with and without dislocations. Although Equation (3) refers to G, the same effect occurs also for the modulus E because longitudinal deformation may be analyzed into pure shear plus hydrostatic deformation and
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(4)




with ν being the Poisson’s ratio.



Through X-ray diffraction (XRD), the dislocation density ξ has been determined after each stage at increasing temperatures. High precision peak profiles were collected with 2Θ steps of 0.005° and counting time per step of 5 s, the mean micro-strain ε has been determined from the most intense reflection [9], then the dislocation density ξ has been calculated by means of the Williamson-Smallman relationship [10]:
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(5)




with Ξ = 16 being a constant, b = 0.253 nm the modulus of Burgers vector, and k0 ≅ 1 a factor depending on dislocation interaction.



The ξ values reported in Table 1 show that the dislocation density does not substantially vary up to 300 °C and slightly decreases from 400 °C upwards.



Table 1. AISI 304 steel submitted to the heating treatment with isothermal stages at increasing temperatures shown in Figure 1: the mean length l of dislocation segments has been calculated from dislocation density ξ measured by XRD and ∆E/E values determined in the MS test.







	
Temperature T (°C)

	
∆E/E0

	
ξ (cm−2)

	
l (nm)






	
100

	
2.50 × 10−3

	
3.0 × 108

	
71




	
200

	
8.19 × 10−3

	
3.0 × 108

	
128




	
300

	
1.13 × 10−2

	
3.0 × 108

	
150




	
400

	
2.39 × 10−2

	
1.8 × 108

	
282




	
500

	
5.51 × 10−2

	
1.0 × 108

	
548










According to Equations (2) and (3), the mean length of dislocation segments l at increasing temperature has been calculated on the basis of ∆E/E determined from MS test and ξ measured by XRD. The results in Table 1 indicate a relevant increase of l with temperature that can be explained as a progressive depinning efficiency of dislocations from interstitial atoms (C and N) and other obstacles.



The phenomenon is highlighted by Figure 2 displaying the Q−1 and E curves of the steel during an isothermal heat treatment at 400 °C for 20 h.


Figure 2. AISI 304 steel: Q−1 and E evolution during an isothermal heat treatment at 400 °C for 20 h.



[image: Metals 06 00306 g002]






Both modulus and damping exhibit an asymptotical behavior: Q−1 progressively decreases vs. time while E has an opposite trend. From the modulus change ∆E/E = 0.05 the mean length of dislocation segments l results to be 447 nm. The asymptotical trend of both curves depends on the equilibrium reached by the dislocation structure after a long time of treatment at the same temperature; depinning from stronger obstacles requires higher energy and thus a higher temperature.




3. Case 2—PWA 1483 Superalloy: Recovery of Dislocation Structures in PFZ


PWA 1483 is a single crystal Ni base superalloy used for blades of jet-engines: the matrix of γ phase hosts the ordered γ′ phase, whose particles have the typical cube shape and an average size of about 1 μm (Figure 3a). The γ′ phase has a substantially homogeneous distribution with channels of ~100 nm between the particles; some particle-free zones (PFZ) with size of 1–2 μm can be observed in the matrix. TEM observations evidenced the presence of dislocation networks inside PFZ such as that shown in Figure 3b.


Figure 3. Microstructure of the PWA 1483 superalloy; some PFZ are evidenced by red circles (a); TEM micrograph displaying a network of dislocations in a PFZ (b).
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In successive MS test runs (heating to 800 °C/cooling to room temperature) on the same sample, a Q−1 maximum (M1) has been observed. Its position does not depend on the resonance frequency and randomly changes in each run while its intensity tends to decrease. Sometimes, M1 is accompanied by another maximum (M2) at lower temperature (~250 °C) and of lower intensity. After some test runs, Q−1 maxima disappear. In correspondence of Q−1 maxima, the modulus shows a slow decrease followed by a sharp increase.



These results, illustrated in Figure 4a, are compatible with an irreversible microstructural transformation taking place in successive steps giving rise to Q−1 maxima [11]. When the transformation has been completed, the structure is stable and the maxima are no more observed. At the end of each test run the modulus at room temperature is higher than the original one while Q−1 is lower. The variations of E and Q−1 occur mainly in the first runs, then negligible changes are observed (Figure 4b); after stabilization modulus has increased of ~4% with respect the original value. The trends of Q−1 and E0 in successive test runs confirm an irreversible microstructural evolution occurring by steps because they progressively change and finally tend to constant values when transformation has been completed.


Figure 4. Q−1 and E/E0 vs. temperature in the first test run (a); Q−1 and E after successive MS test runs (b).
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Such phenomena are connected to the growth of cells forming the dislocation networks of PFZ, which are not observed after some cycles of heating and cooling. Such growth occurs by coalescence and the process requires that the walls dividing the cells merging together disappear. For example, Figure 5 displays the evolution of a network of dislocations in a PFZ after two MS test runs. The dislocation network is less defined than in the original material (Figure 3b) and some single dislocations can be observed.


Figure 5. TEM micrograph displaying the evolution of a network of dislocations in a PFZ after two MS test runs.
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When a wall breaks up, the dislocations forming the wall become free and are able to give their contribution to the damping, thus the dislocation density ξ increases determining the initial modulus decrease and the ascending part of a Q−1 maximum (Equations (2) and (3)). When dislocations rearrange in the walls of the new cell of a larger size they cannot contribute to damping so modulus increases and Q−1 decreases (descending part of maximum). Cell growth ends when the cells reach a size comparable to that of the corresponding PFZ. At that point the material has a stable microstructure which cannot be further modified by successive heat cycling.



The scientific literature is rich of papers focused on instability phenomena occurring in superalloys at very high temperatures such as Ostwald ripening of γ′ phase and raftening. The present study evidenced that the microstructure of the PWA 1483 superalloy exhibits early instability phenomena at temperatures well below the working one (~1100 °C). Therefore, the material needs a suitable stabilization heat treatment before to be put in service. Recently, similar results have been also found by investigating the directionally solidified IN792 superalloy [12].




4. Case 3—SPS Sintering of a Nano-Structured Fe-Mo alloy: Crack Formation and Grain Growth Effects


Nano-structured materials (grain size d < 100 nm) possess a better strength as compared to the conventional ones [13,14]. They can be produced by sintering nano-structured powders obtained by mechanical milling. A fully dense material can be obtained by conventional sintering only at high temperatures, which lead to grains of larger sizes [15,16,17] thus the preparation of bulk nano-structured samples requires special consolidation processes, characterized by an overall low thermal load on the powder. Spark Plasma Sintering (SPS) is a pressure assisted consolidation technology characterized by a high heating rate, a low sintering temperature, and a short isothermal time at the sintering temperature [18,19] and has been successfully used to process FeMo nano-structured powders [20].



A mixture of powders (Fe-1.5 wt. % Mo alloy plus 1.5 wt. % of SiO2 powder with particle size of 10 nm) has been high energy milled to obtain a nanostructure and then consolidated by SPS under different conditions. SPS was carried out with the following process: 1—heating at 1.7 °C·s−1 up to the maximum temperature (varying from 800 to 900 °C); 2—holding for 1 min; 3—free cooling; 4—compressive pressure of 30–60 MPa, was applied during the heating step. SPS sintering in the aforesaid conditions always produced samples with densities ranging from 95% to 100% of that of the bulk alloy. However, remarkable differences were observed in the final grain size. In particular, the sintering temperature (TS) is a critical parameter because, passing from 840 to 855 °C, variations of average grain size from ~100 nm to ~1 μm are observed (Figure 6a,b).


Figure 6. Nano-structured FeMo powders after SPS sintering at 840 °C (a) and 855 °C (b).
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To investigate the microstructural stability, repeated MS tests (heating to 650 °C/cooling to room temperature) have been performed on samples prepared with different TS in the range 840–855 °C. Figure 7 displays Q−1 and E/E0, vs. temperature curves in successive test runs of the same samples sintered at 840°C (a) or 855°C (b).


Figure 7. Fe-Mo alloy produced via SPS from nano-structured powders. Trends of Q−1 and E/E0 vs. temperature in successive test runs carried out on samples sintered at 840 °C (a) and 855 °C (b).
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Q−1 of the sample sintered at 840 °C exponentially increases with temperature while modulus monotonically decreases except in the first run where an anomalous drop has been observed above 380 °C. All the curves of the sample sintered at 855 °C clearly exhibit the same behavior.



The as-prepared samples have nanometric grain size and homogeneously distributed nano-porosity. These features make them hard and brittle, thus small cracks may form during the first test to accommodate internal stresses. The samples do not show macroscopic ruptures also after several test cycles and cracks are not visible by an external inspection also at high magnification. The explanation of the modulus instability is based on TEM observations showing pores often separated by metallic ligaments of the order of tens of nanometers. A failure of these ligaments is supposed, thus the cracks have a nanometric size.



Crack formation reduces the effective sample thickness h and, according to Equation (1), leading to a sudden decrease of the resonance frequency f from which is calculated the modulus E. In fact, such an apparent change of the modulus reveals the formation and growth of cracks of very small size not otherwise detectable with other techniques.



In addition, Q−1 and E/E0 values change after successive test runs, indicating that irreversible transformations take place in both sets of samples. In the samples sintered at 840 °C, these values show a slight decrease after the first run then remain substantially stable whereas the changes occur in all the cycles for the samples sintered at 855 °C.



The physical origin of such behavior is the increase of the mean grain size, as shown by data in Table 2.



Table 2. SPS sintered FeMo alloy: average grain size D of samples sintered at 840 and 855 °C, in as-prepared condition and after MS test runs.







	
Material

	
D (nm)






	
Sintered at 840 °C/as-prepared

	
100




	
Sintered at 840 °C/after MS test runs

	
120




	
Sintered at 855 °C/as-prepared

	
1000




	
Sintered at 855 °C/after MS test runs

	
4000










The coalescence of grains involves rearrangement of dislocations with dissipative effects as predicted by Equations (2) and (3). The process is analogous to cell coalescence discussed in Case 2. In the first step, grain boundary breaks up and the dislocations forming the boundary become free to oscillate under the external stress; in the second step, dislocations, which formed the old boundary, in part annihilate and in part rearrange in the remaining boundaries. Grain coalescence is a random process, thus several successive maxima are observed in test runs of samples sintered at 855 °C.




5. Case 4—W as Plasma-Facing Material in Future Nuclear Fusion Reactors


Tungsten is a promising armor material for plasma facing components of nuclear fusion reactors because of its low sputter rate and favorable thermo-mechanical properties (high melting point and good thermal conductivity) [21]. Previous works demonstrated the feasibility of 5 mm thick W coatings deposited on CuCrZr substrates by plasma spraying and their capability to withstand heat fluxes up to 5 MW/m2 in condition relevant for fusion reactor plasma facing components [22].



A complete characterization of plasma facing materials is of fundamental importance because they are subjected to simultaneous high thermal and ionic fluxes. Therefore, an experimental campaign was carried out for investigating the microstructural characteristics and the mechanical properties of bulk tungsten samples for fusion applications. One of the objectives was to select the right material and MS was revealed to be a very useful technique to identify tungsten with the best characteristics. Here, we report the example of two materials (A and B) prepared by different companies. Tungsten A and B had different purity (A: 99.97%, B: 99.95%) and porosity (A: 5%, B: 9%). MS measurements of dynamic modulus at room temperature give the values of 339 and 309 GPa for tungsten A and B, respectively. The result confirms that modulus strongly depends on the residual porosity and tungsten A exhibits better elastic characteristics than tungsten B. Experimental data are in agreement with the values calculated by the equation proposed by Kováčik [23]:
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(6)




where p is the material porosity, pc the critical porosity at which the effective Young’s modulus becomes negligible (~40%), and N is a parameter dependent on the grain morphology and pore geometry [24]. The values E = 350 GPa and E = 310 GPa are obtained by introducing p values of A (5%) and B (9%) into Equation (6), respectively, and taking N = 1 [25]. Very important information about the microstructural stability of the two materials comes from the comparison of modulus curves at increasing temperature (Figure 8).


Figure 8. Dynamic modulus vs. temperature curves of tungsten samples (A and B) prepared by two different companies.
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As expected by a stable material, the modulus of tungsten A progressively decreases with temperature whereas that of tungsten B shows a trend inversion at about 500 °C that corresponds to a partial closure of pores with consequent density increase due to heating during the test. The porosity change is clearly shown in Figure 9, comparing the same sample in as-supplied condition (a) and after a MS run test (b).


Figure 9. Tungsten B: light microscopy micrographs of the same sample in as-supplied condition (a) and after a MS run test (b).
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Therefore, tungsten B is not suitable as a plasma facing material for applications in nuclear fusion reactors where geometrical and mechanical stability is a strict requirement.




6. Conclusions


The paper presents some applications of Mechanical Spectroscopy (MS) for monitoring the microstructural stability of metals and alloys. Four case studies have been presented:

	
isothermal changes of damping and dynamic modulus due to the depinning of dislocations from interstitial atoms (C and N) and other obstacles;



	
rearrangement of dislocation cells in PFZ of PWA 1483 single crystal superalloy;



	
crack formation in nano-structured FeMo alloy prepared via SPS sintering;



	
porosity evolution in two types of tungsten samples with different characteristics foreseen for application as plasma facing material in nuclear fusion reactors.








The examined cases demonstrate the high sensitivity of MS in detecting variations of the microstructure connected to different types of defects. Therefore, MS can be used to directly assess the material stability in mechanical parts of simple geometry and, in addition, to orient the interpretation of frequency and damping changes observed through other instruments in components of complex shape during their in-service life.
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