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Abstract:

 Tensile and compression tests were carried out on a ductile cast iron for temperatures up to 1073 K. The damage caused inside and around graphite nodules was evaluated as a function of the local equivalent plastic strain by using microstructural quantifications. The mechanical properties are strongly dependent on a temperature above 773 K. Concerning tensile behavior, an evolutional law issued from the Gurson model representing the void growth as a function of the deformation and temperature was successfully employed. It is demonstrated that the strain state and the temperature have a strong influence on the void growth function. In the case of compression tests, the temperature has a weak influence on the nodule deformation for temperatures lower than 773 K, and the mechanical behavior is driven by the viscoplastic properties of the ferrite. For higher temperatures, the mechanical properties in compression are progressively modified, since graphite nodules tend to remain spherical, and ferrite grains are severely deformed. A synthesis of the damage mechanisms is proposed in the studied range of temperature and plastic strain. It appears that the graphite nodule aspect ratio can be used as an indicator of the deformation under compression loading for temperatures ranging from room temperature to 673 K.
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1. Introduction

Ductile cast iron (DCI) is widely used in the automotive industry for several applications, such as manifolds. This structural part must withstand complex stress states at high temperature, typically up to 1073 K [1]. Good mechanical properties of DCI are provided by its specific microstructure, consisting of spherical graphite particles embedded in a ferritic-based matrix. Various DCI are available for industrial applications. Among them, the ferritic SiMo DCI presents great ductility and a high tensile strength, comparable to those of ferritic steels. This alloy represents a good compromise between economic considerations and mechanical properties for high temperature applications.

Damage and fracture of DCI were exhaustively studied at ambient temperature, especially in the case of cyclically-loaded components [2,3,4]. The ductile fracture of DCI is usually explained in terms of nucleation, growth and coalescence of voids. The damage micro-mechanisms are attributed to the void growth corresponding to the debonding occurring at the graphite/matrix interface [5], even if crack mechanisms within graphite nodules were also identified [6]. Recently, in situ scanning electron microscopy (SEM) observations during tensile tests evidenced a so-called “onion-like” damage mechanism corresponding to an internal debonding of graphite nodules [7,8]. This damage evolution can also be successfully monitored by means of non-destructive tools, such as electrical resistance [9] or ultrasonic [10] measurements.

Until recently, relatively few works have investigated the evolution of the mechanical properties of DCI and corresponding damage with a temperature increase. Yanagisawa and Lui [11] studied the evolution of the ductility and tensile strength with temperature and observed that a transitory brittleness appears for temperatures around 673 K. For temperatures higher than 673 K, a quick increase of the ductility was evidenced. Damage evolution of DCI was also studied after creep tests for temperatures ranging from 923 K up to 1173 K [12]. Nevertheless, the damage evolution of DCI with temperature under tension and compression stress remains less analyzed. The evolution of the graphite geometry was exhaustively studied for compression tests at room temperature (RT) [13,14,15,16,17]. In these works, nodule aspect ratio (the ratio between the major and minor axis of the nodules) was proposed as a parameter allowing for predicting the whole material strain. Qi et al. [18] quantitatively investigated the strain behavior of DCI at a high strain rate for temperatures ranging from 923 K up to 1223 K and showed that graphite nodule deformation depends both on plastic strain and temperature.

All of the previous cited works were mainly concerned with the damage evolution on the sample surface. The stress state differences between the sample surface and its core together with damage mechanisms were rarely considered. This paper is devoted to the effect of complex stress states on the damage mechanisms in DCI with increasing temperatures. Tensile and compression tests were carried out for temperature values ranging from RT up to 1073 K. Damage mechanisms after tensile and compression tests were studied in the sample core thanks to an experimental procedure detailed elsewhere [16,19]. Experimental results concerning the thermomechanical behavior and the damage growth of DCI are presented. Microstructural observations and quantitative measurements of the graphite nodules and void dimensions were also carried out to understand the damage evolution. Observations performed in tension samples were discussed following the work of Liu et al. [20], who used a mathematical model to represent the damage evolution of DCI at RT. Concerning compression tests, the nodule aspect ratio was found to be a suitable parameter for estimating their deformation with temperature. Finally, the main results of this work are discussed in terms of local damage evolution and plastic straining of the graphite nodules and ferritic matrix.



2. Experimental Section


2.1. Material Properties

The material investigated is a ferritic (silicon, molybdenum) SiMo DCI with the chemical composition given in Table 1. Microstructural features were studied based on a previously detailed methodology [12,16]. Figure 1 shows the general microstructure observed by scanning electron microscopy (SEM, ZEISS Supra 55 EDS, Marly le Roi, France), which consists of graphite nodules surrounded by ferritic grains. These observations combined with energy dispersive spectrometry (EDS) enable one to obtain the mapping of the additional elements’ location. This highlighted that pearlite (about 10% on the surface) is located close to rich molybdenum carbide areas.

Figure 1. Typical initial microstructure of the studied ductile cast iron (DCI) (SEM observations).
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Table 1. Chemical composition in wt. % of the studied SiMo ductile cast iron (Fe: balance).



	
Compsition wt. %






	
Si

	
C

	
S

	
Mg

	
Mn

	
Cr

	
Mo

	
Sn

	
Cu

	
P




	
4.24

	
3.00

	
0.005

	
0.028

	
0.220

	
0.070

	
0.610

	
0.009

	
0.020

	
0.020













Mean grain size and crystallographic texture were obtained by electron back-scattered diffraction (EBSD, ZEISS, Marly le Roi, France) on electropolished samples. Samples exhibit a weak crystallographic texture [16], and the ferritic grain size follows a normal distribution with a mean value equal to 16 μm and a standard deviation of 4.4 μm. Nodule geometrical parameters (i.e., surface fraction, mean size diameter and aspect ratio) were obtained thanks to a numerical treatment of surface images of polished samples using light microscopy (Olympus Europa, Hamburg, Germany) and SEM. The mean fraction graphite surface is 10.5%, in accordance with a volume fraction of 10.8% obtained by Archimedes’ balance measurements. The corresponding mean nodule equivalent diameter (i.e., the diameter of a circle with the same surface as the particle) is 12.6 ± 6.4 μm, and the nodule aspect ratio (i.e., the ratio between the major and the minor axis lengths) follows a normal distribution with an average value of 1.23 ± 0.35.



2.2. Mechanical Testing and Damage Analysis

Tensile and compression tests were carried out at different temperatures from RT up to 1073 K. Tensile samples are axisymmetric cylindrical dog bone shaped with 6 mm in diameter and 25 mm in gauge length. Compression samples are cylindrical with 5 mm in diameter (d0) and 5 mm in height (l0). Compression tests were performed in dry friction conditions involving a complex local stress and strain state with a severe barreling. A constant strain rate of 10−3 s−1 was used for both tensile and compression tests. During tensile tests, the temperature was controlled (±5 K) along the gauge length by a thermocouple, and the strain measurement was made by an alumina contact-type high temperature extensometer. During compression tests, the deformation along the axis of the sample was measured with a laser extensometer at room temperature and computed with the crosshead displacement for higher temperatures.

The damage mechanisms were analyzed using microstructural observations and quantitative measurements of the primary graphite dimensions. This approach is closely related to previous works [12,21,22], where mechanistically-based parameters were successfully used to quantify cavitation creep damage. After tensile and compression tests, samples were longitudinally cut and polished to measure the nodule parameters: surface fraction, mean size diameter and aspect ratio. These parameters were measured on the void created around the graphite nodules when debonding occurred and around the graphite nodules when they are severely damaged. Damage mechanisms were examined within the sample core, where the stress state is different from the sample surface [5,7,8].

Pictures of the microstructure were taken at low magnification along the specimen width, in the necking area close to the fracture in the mid-thickness of samples. These pictures were then analyzed in a region of interest (ROI) consisting of a rectangular zone of one millimeter in height moving from the fractured area to a homogeneous strain area corresponding to undamaged material. For each position of the ROI, the accumulated surfaces represented by voids are quantified, and so, void area fraction f values can be obtained in this way.

The equivalent plastic strain associated with the ROI is evaluated by the measurement of specimen cross-section at various distances to the fractured area [19], considering that the section remains circular. The average equivalent plastic strain over the cross-section εeq is estimated by the following relation (neglecting in the first approach macroscopic dilatation due to the existence of voids):
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(1)




A0 is the sample initial area in the transverse direction and Ai the sample mean transverse section where the deformation measurement is performed.




3. Experimental Results


3.1. Tensile and Compression Behavior of the DCI with Temperature

Tensile and compression stress-strain curves are shown in Figure 2. Two distinct stages can be evidenced for both tension and compression solicitations, with a temperature of transition between 673 K and 773 K. The mechanical behavior in tension (Figure 2a) is weakly affected for temperatures lower than 673 K. From this temperature, mechanical properties (i.e., yield stress and ultimate stress) quickly decrease (Figure 2c). An important strengthening of DCI samples during the tensile test also occurs for temperatures in the range of 293 to 673 K. For higher temperatures, the plastic yielding occurs for a constant stress value, very close to the yield stress [12]. An embrittlement of the cast iron is also evidenced around a temperature of 673 K, corresponding to a strong decrease of the ultimate plastic strain level. This phenomenon was reported in several previous works and can be related to the local triaxial stress field inside the sample [23], the phosphorus segregation [24], the composition (silicon and carbon amount) [11] or the ageing by dynamic deformation [25].

Figure 2. (a) True monotonous tensile curves and (b) engineering compression curves as a function of the temperature. (c) Evolution of the conventional yield stress σ0.2 and the ultimate stress σu with the temperature.
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Figure 2b displays the evolution of the mechanical properties with the temperature during compression tests. As for tensile experiments, the mechanical properties in compression strongly decrease when the temperature is higher than 673 K. Only engineering stress is represented due to the heterogeneous stress state inside the sample and the large dispersion on the strain measurement. A barreling effect is generated by the friction involved between the sample and the compression platens. Thus, the stress state is not uniaxial during compression tests. Furthermore, friction involves complex local stress and strain states, which are responsible for a hydrostatic pressure that closes the possible damage, which could occur in some regions of the sample between the soft graphite nodules and the ferritic matrix. This phenomenon allows a higher DCI strain under compression.



3.2. Evolution of the Damage Mechanisms with Temperature in Plastically-Deformed DCI

Figure 3a shows the damage mechanisms observed in samples deformed in tension mode for temperatures lower than 773 K. Observations were performed in the necking area. Damage mechanisms are identical to the ones previously identified at RT [26]: nodule plastic deformation with cracks and an onion-like mechanism related to nodules [7]. The latter consists of an internal debonding of graphite due to the difference of mechanical properties between the graphite core directly obtained from the melt and the carbon shield obtained by means of solid diffusion during cooling [27,28]. Debonding at the nodule/matrix interface rarely occurs for temperatures between RT and 673 K.

Figure 3. Typical damage mechanisms in tension for temperatures (a) lower than 673 K and (b) above 773 K after tensile tests (TD, tensile direction).
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The evolution of the damage in tension for temperatures between 773 K and 1073 K is given in Figure 3b. The debonding at the nodule/matrix interface progressively becomes the predominant damage mechanism. Nodule deformation progressively decreases, and their shape remains almost spherical inside large cavities after the tensile test carried out at 1073 K. Voids coalescence can be observed for these temperatures. The viscoplastic behavior of DCI previously highlighted by Szmytka et al. [4] for temperatures higher than 773 K is confirmed in this work in terms of damage mechanism evolution.

Observations performed after compression tests carried out up to 673 K reveal that the ferritic grains are qualitatively deformed in the same way as graphite nodules (Figure 4a). In these pictures, the average plastic strain level εp= Δl/l0 along the sample symmetry axis is roughly constant, around 0.5. However, the strain repartition is not homogeneous, and several deformation levels are evidenced depending on the location within the specimen [16,26]. Deformation is maximal in the middle and in the corners of the samples. Faces in contact with compression platens are dead zones where the aspect ratio of nodules does not change. No voids are evidenced within or around the nodules, and no debonding is identified. Thus, up to 673 K, compressive deformation is characterized by the absence of voids in the material in accordance with the high negative stress triaxiality present in the center of the samples [16].

Figure 4. (a) Microstructures and damage after compression tests in the stress direction for temperatures of 573 K (εp = 0.40), 773 K (εp = 0.65), 873 K (εp = 0.56) and 1073 K (εp = 0.60). (b) Deformation and damage in the direction transverse to the stress direction after compression tests carried out at 873 K (εp = 0.56).
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For temperature higher than 773 K, mechanical behavior in compression dramatically changes, since graphite nodules remain spherical while ferritic grains are severely deformed after large strain stages. This phenomenon is first observed on the sides and in the edge of compression samples for temperatures around 873 K. It becomes more pronounced and also occurs in the center of the specimens when the temperature increases up to 1073 K. At this temperature, the ferrite grains remain approximately unchanged in shape due to a possible recrystallization. The damage can be highlighted on the sample sides, as well as in the longitudinal plane, transverse to the stress direction (Figure 4b).








4. Quantification of the Damage Mechanisms in Plastically-Strained DCI at Various Temperatures

The mechanical behavior of our DCI was studied through tensile and compression tests carried out at temperatures between RT and 1073 K. Damage mechanisms and local deformations of the samples after testing were quantified, and the main results are given in this section. A thermomechanical interpretation is also proposed in order to understand the mechanical behavior and the damage mechanisms of the ductile iron with temperature.


4.1. Damage Evolution with Temperature during Monotonous Tensile Tests

The mechanical behavior becomes very viscous for temperatures starting from 773 K, in accordance with previous results [4]. This change has been qualitatively highlighted in terms of damage mechanisms in the last section. Figure 5 shows the variation of the equivalent diameter and the aspect ratio of nodules in the transverse and longitudinal planes near the fracture area (post-mortem measurements). In the transverse plane, these parameters remain constant and close to the values observed in the pristine material, independently of the temperature. In the longitudinal plane, they remain almost constant up to 673 K, and the values linearly increase above this temperature. The evolution of these parameters can be related to a significant microstructural change for temperatures higher than 673 K, revealing the material’s ability to coexist with the damage when the temperature increases. This explains the increase of the material ductility with the temperature.

Figure 5. Variation of (a) the aspect ratio and (b) the equivalent diameter of voids around graphite nodules with the temperature in the transverse and longitudinal planes, close to the fracture zone after tensile tests.
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Figure 6 gives the evolution of the microstructural parameters as a function of the local equivalent plastic strain εeq (Equation (1)), for temperatures ranging between 293 K and 1073 K. The aspect ratio linearly evolves with the equivalent strain independently of the temperature (Figure 6a). The equivalent diameter presents one linear regime for temperatures between RT and 673 K, highlighted in the inset of Figure 6b, and two distinct linear regimes for temperatures higher than 673 K (Figure 6b). This result demonstrates the existence of a threshold equivalent plastic strain for which the damage evolution of the DCI markedly changes. The effect of the plastic deformation on the void area fraction f, for temperatures between RT and 1073 K, is shown in Figure 6c. f linearly increases with the plastic deformation for temperatures between RT and 673 K. However, above 673 K, two stages can be identified, as for the equivalent diameter evolution. In the first stage, f slightly increases with the deformation, and the second stage is related to a strong damage increase with the local plastic deformation. Several authors [20,29] consider the graphite fraction as a void volume fraction or as an initial damage, considering the weak mechanical properties of graphite, the facilities of debonding at the nodule/matrix interfaces and the damage inside the nodules at the beginning of the plastic deformation [8,29]. The critical debonding stress at the nodule/matrix interface has been evaluated at RT to be less than 80 MPa [5], which is a weak value in comparison to the yield stress. Thus, the void germination in our DCI samples can be neglected, in a similar way as previous works on high-strength steels [19]. In the following, f represents the growth of the voids around the damaged nodules.

Figure 6. Evolution of (a) the aspect ratio, (b) the equivalent diameter of voids around graphite nodules and (c) the void area fraction as a function of the equivalent plastic strain εeq, after tensile tests performed for temperatures ranging from RT to 1073 K (measurements in the longitudinal plane).
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4.2. Void Growth Damage Model with Temperature for Monotonous Tensile Tested DCI

In order to predict the thermomechanical behavior and the final fracture of a material, it is necessary to establish an adequate model to describe the evolutional process of microstructural damage. In the case of DCI, this damage evolution can be conveniently described by several models. For instance, Dierickx [30] uses the Eshelby model [31] in order to study the critical debonding stress at the nodule/matrix interface. The Rice and Tracey model [32], which analyzes the growth of a single globular void in an infinitely rigid plastic body, is also often encountered [33,34] to describe the void growth in steels as a function of both strain and stress state. However, the Gurson model [35], describing the DCI damage, is the most currently used [5,20,29,36,37]. This model is able to capture continuous nucleation and growth of voids in cast irons, but few studies were focused on the impact of temperature.

In this work, the Gurson model modified by Tvergaard and Needleman [38] will be considered, following a previous work of Liu et al. [20] in which the void growth was investigated as a function of the deformation for DCI with different nodularity. In this model, the yield function ϕ takes the following form:
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(2)




f is the void area fraction, σh is the mean normal stress, σeq is the traditional von Mises equivalent stress, σy is the yield stress and q1, q2 are material constants. In absence of any damage mechanisms, f = 0, and Equation (2) gives the well-known von Mises plasticity criterion.

In the following, the damage is considered as an isotropic scalar variable, which is expressed by the volume fraction rate [image: there is no content], including two distinct parts: nucleation ([image: there is no content]) and growing rate ([image: there is no content]):
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(3)




Since [image: there is no content] can be neglected, the metal matrix is assumed to be incompressible, and [image: there is no content] is linked to the equivalent plastic deformation εeq. Taking into account these hypothesis, Liu et al. [20] suggest the following void evolution relation:
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(4)




This model considers the yielding condition and the interaction between voids through the parameters q1 and q2 introduced by Tvergaard and Needleman [38,39]. Poisson’s ratio ν and the stress triaxiality η (equal to 0.33 in the case of a smooth specimen) can be considered as constant values. This value depends only on the geometry of the specimen [20,33,34]. This allows defining a coefficient C, which represents the shape and distribution of the voids and the interactions between them:
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(5)




Equation (4) can therefore be rewritten in a differential form as:
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(6)




A simple analytical model of void growth can therefore be obtained by integrating Equation (6) between the initial state (f0) and the current situation (f). This gives the following expression:
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(7)




This equation represents an incremental evolution law of the void volume growth as a function of the strain. The left side of Equation (7) is termed Δ in the following. It can be computed using the experimental values of f represented in Figure 6c (f0 is the initial void fraction and was taken as the initial graphite surface fraction of 10.5%).

Figure 7a shows the evolution of Δ as a function of the equivalent strain for temperatures between RT and 1073 K. Results are similar for temperatures ranging between RT and 673 K, and one single stage is demonstrated. C stands around a mean value of 1.5 (Figure 7b), slightly decreasing in this range of temperatures. For temperatures higher than 773 K, two distinct linear regimes can be demonstrated: an initial stage for which the slope C decreases as the temperature increases and a second stage in which the slope C2 strongly increases with temperature. C2 is a coefficient that represents the shape and distribution of the voids and the interactions between them in the necking area, where the voids’ coalescence occurs.

Figure 7. (a) Evolution of the parameter Δ of Equation (7) as a function of the equivalent strain for temperatures between RT and 1073 K. (b) Effect of temperature on C and C2 coefficients. (c) Evolution of the critical void fraction as a function of the temperature.
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The evolution of C and C2 as a function of the temperature is shown in Figure 7b. Temperature has a significant effect on the C coefficient, which decreases as the temperature increases. C stands around a mean value of 1.5, slightly decreasing for temperatures lower than 673 K; from this temperature, C strongly decreases. According to Equation (5), the decrease of C with T corresponds to a decrease of η and ν. C2 takes higher values than C, reaching a value of four for higher temperatures. This can be correlated to the strong interaction between the voids in the coalescence area. The increase in temperature reduces the void growth rate, which allows an increase in ductility. However, in the necking region, the stress triaxiality η also increases. According to Equation (5), the evolution of C2 with temperature mostly represents an indirect measurement of the variation of η with T in the necking area.

During a tensile test, the void fraction f created around or inside the nodules increases until a critical value fc for which the fracture of the material occurs. Figure 7c shows the evolution of the critical void fraction for samples tested at various temperatures. fc was measured in a squared region of one millimeter square corresponding to the diameter of the specimen near the fracture surface. fc does not significantly change for low temperatures and reaches a value close to 0.12 to 0.13. These results are in good agreement with other studies reporting a critical void fraction of 0.16 at room temperature for DCI [20]. Tvergaard suggested that the value of fc can be taken as 0.15 [39], when the failure of ductile materials is induced by void coalescence. Moreover, fc is not only a material parameter, but depends on several factors as f0 or stress triaxiality. For instance, fc increases if f0 increases [40]. Our results show that for DCI, fc is also dependent on temperature when a critical value is reached. A noticeable decrease of fc can be observed at 673 K; indeed, at this temperature, samples present an embrittlement corresponding to a strong decrease of the ultimate plastic strain level [11,23,24,25]. For temperatures higher than 773 K, fc strongly increases with the temperature, which is directly connected to the increase of the C2 parameter. This underlines the increase in ductility of our DCI samples in tension for higher levels of temperature, associated with a better damage resistance.



4.3. Nodule Deformation after Compression Tests with Temperature

The aspect ratio evolution of the graphite nodules was evaluated after compression tests carried out at temperatures from RT to 1073 K. Cartographies of this parameter through the thickness of samples plastically strained to values of εp in the range 0.4 to 0.7 were generated using a methodology previously described in detail [16]. The distribution of the aspect ratio inside the sample is not homogeneous (Figure 8). Maximal values are reached in the middle and at the corners of samples, which indicates a larger local strain level than εp.

Figure 8. Nodule aspect ratio mapping of the DCI samples compressed at several temperatures, for plastic strain values ranging around 0.4 to 0.7.
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Figure 8 shows that the temperature has a weak influence on the nodules’ deformation for temperatures lower than 773 K. The aspect ratio does not drastically change with temperature, and only the plastic strain seems to have a significant influence: the aspect ratio tends to increase with the plastic strain level. In this temperature range, the nodule aspect ratio appears to be a good indicator of the local deformation, generalizing our previous results performed at room temperature [16]. However, for temperatures higher than 773 K, a gradual homogenization of the aspect ratio distribution is depicted. This phenomenon is displayed in Figure 8 for εp = 0.66 ± 0.01 at temperature levels of 373 K, 773 K and 973 K. For the higher temperature 1073 K, the nodules are almost spherical in shape for a plastic deformation of εp = 0.60. It is known that the mechanical properties of the ferrite are strongly dependent on the temperature [41,42,43], unlike those of the graphite in this temperature range [44,45,46]. The yielding stress and the ultimate strength of the ferrite remain higher than those of graphite between RT and 773 K. Beyond this temperature, the difference between the mechanical properties of ferrite and graphite is reduced until the graphite properties become greater than the ferrite ones. This could explain the absence of the deformation of the graphite nodules at higher temperature levels.






5. Synthesis of the Tension-Compression Damage Mechanisms as a Function of Temperature in Ferritic SiMo DCI

To conclude, an attempt at the synthesis of the main damage mechanisms is proposed in this section for ferritic DCI materials submitted to tension or compression strengths at different temperature levels. First, the typical mechanical behavior of a mild ferritic steel and graphite for tensile and compression tests carried out at low and high temperatures is schematically represented in Figure 9. In this graph, the mechanical properties of graphite nodules were assumed to be similar to those of polycrystalline graphite reported in the literature for a wide range of temperature [44,45,46]. An extrapolation of the corresponding graphite stress-strain curve is used to estimate the graphite mechanical properties for higher equivalent strain values. The typical tensile stress-strain curves of ferritic steels between RT and 1073 K are also shown. These curves are extrapolated considering previous works performed on ferritic steels [41,42,43] and silicon-iron alloys [47,48]. Second, Figure 10 gives a general overview of the DCI damage mechanisms under different thermomechanical loads, which can be deduced from our experimental results.

Figure 9. Schematic mechanical properties of the ferrite and graphite as a function of temperature (after data given in [41,42,43,44,45,46,47,48]).
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Figure 10. Overview of the damage mechanisms within and around graphite nodules. Low temperature refers to T < 673 K, typically. These mechanisms depend on the ferrite and the graphite mechanical properties, the temperature and the stress state (tensile and compression tests).
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For tensile tests monitored at room temperature, the mechanical properties of graphite and ferrite are very different. For a given strain level, the yield stress of ferrite occurs for levels much higher than elastic stresses present inside graphite. Therefore, the plastic deformation and work hardening of the ferrite matrix cannot be reached by the nodules, involving the development of a multiaxial stress state in their core. This causes the damage and the failure of the graphite in the early stages of the plastic deformation. When the temperature increases, the mechanical properties of the ferrite decrease while those of graphite remain constant (Figure 9). Thus, the incompatibility between the graphite and the ferrite behavior generates a critical stress that causes nodule/matrix debonding, instead of the fracture process inside the nodules. The void growth progressively takes place with the increase of the deformation (Figure 10).

Mechanical behavior is quite similar in compression and tension for temperature levels close to RT. The significant difference between the mechanical behavior of ferrite and graphite causes the nodule crushing by the ferritic matrix at the beginning of deformation. This results in damaged graphite nodules evidenced by the decrease of their mechanical properties [16]. Thus, the compression test coupled with friction existing between the samples and the platens involves a high hydrostatic pressure, closing the voids that could develop around the nodules. When the temperature increases, the graphite mechanical properties become no longer negligible. During the compression test, the plastic matrix flow occurs while graphite nodules still have an elastic behavior. Ferrite grains are plastically deformed, whereas graphite nodules remain spherical (Figure 10).





6. Conclusions

This paper brings new experimental results concerning the evolution with temperature of the mechanical properties of ductile cast irons. Tensile and compression tests were carried out in order to investigate the thermomechanical behavior of DCI samples for temperatures ranging from 293 K to 1073 K. The damage inside samples was analyzed using microstructural observations and quantitative measurements. Moreover, this damage evolution was successfully captured by a Gurson modified model quantifying the evolution of the void area fraction with the equivalent strain and temperature. The main results obtained in this study can be summarized by the following points:


	The mechanical properties are weakly affected by temperatures lower than 773 K. For these temperatures, the main damage mechanisms in tension are nodule plastic deformation, cracks inside the nodules and onion-like mechanisms. No voids are evidenced after the compression test. For temperatures higher than 773 K, the debonding at the nodule/matrix interface becomes the predominant damage mechanism for tensile experiments. In the case of compressions tests, voids are evidenced around nodules.


	The critical void fraction depends not only on f0, but also on the temperature. fc is weakly dependent on temperature for values below 773 K and strongly increases for higher levels of temperature.


	After compression tests performed at low temperatures, nodules are crushed by the deformation of the ferritic matrix. Beyond this temperature, the graphite deformation decreases up to 1073 K. In the case of compression tests carried out for temperatures below 673 K, it is shown that the nodules’ strain can be used as a relevant parameter allowing the determination of the local strain level. For higher temperatures, the plastic matrix flow occurs around graphite nodules, which remain spherical in shape.




Finally, this paper proposes a synthesis of the DCI damage mechanisms under different thermomechanical loads, which can be deduced from our experimental results. This work can therefore be of interest in the case of the investigation of cast iron formability at high temperature.
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