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Abstract  

Through various examples, this short review presents the main X-ray based techniques that are 

available to characterize nodular cast iron at the microstructural level. Emphasis is placed on 

the enormous potential offered by the recent developments in X-ray tomography, X-ray 

diffraction and digital volume correlation, which allow collecting microstructural and 

micromechanical information in 4D (3D plus time) during both casting and subsequent 

mechanical loading. The goal is to demonstrate that for nodular cast iron, which has an 

inherently three-dimensional, composite microstructure, X-ray based techniques provide some 

significant advantages over conventional microscopy. For this reason, these techniques can be 

instrumental in unveiling the mechanisms controlling both the formation of the microstructure 

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmdp2.212&domain=pdf&date_stamp=2020-10-30


 

 

This article is protected by copyright. All rights reserved. 

as well as its micro-mechanical behavior during in-service loading, thus paving the way to the 

development of improved process-structure-property relations. 
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1 Introduction 

In nodular cast iron, also known as ductile iron (DI), minimal fluctuations of the process 

parameters can result in microstructural variations that severely alter the mechanical behavior 

of the material under in-service loading. This represents a serious obstacle to increasing the 

material reliability and expanding its application realm. Therefore, achieving improved 

understanding of the mechanisms controlling both the solidification and the subsequent 

mechanical response is imperative.  

Traditional conceptual models for solidification of DI were developed based on experimentally 

measured cooling curves and analyses of 2D micrographs at room temperature [1–5]. Such 

conceptual models have been used to develop several mathematical models which provide 

quantitative descriptions of the main solidification stages. Yet, none of the theories that have 

been presented over the years can provide a unified picture of the graphite nucleation and 

growth over a wide range of process conditions [6,7]. One reason is that most of the models 

available today are based on strictly simplified geometrical assumptions. Typically it is 

assumed that graphite grows spherically, and that it is completely and uniformly encapsulated 

by austenite [7]. Off eutectic austenite can be modelled, but how the phases impinge on each 

other in three dimensions during the final part of solidification and how this impingement 

influences the shape and distribution of graphite has not been modelled successfully. As a 

consequence, the models can capture global trends, but fall short of providing satisfactory 

results in presence of localized and inherently 3D effects like e.g. graphite degeneration [8]. 

This creates the need for 3D techniques that can capture, visualize and ultimately explain via 

more sophisticated models the complex solidification process of DI. 

A similar need exists with respect to the connection between the microstructure and the final 

mechanical properties of DI. Several ex-situ and in-situ investigations based on 2D microscopy 

have been carried out with the aim of clarifying the micro-mechanical interactions among the 

microstructural constituents during mechanical loading (see e.g. [9–11] and the references 

therein). However, the generalization of 2D surface observations to statements with general 

validity has always been critical. This is because the spherical shape of the graphite invariably 
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induces a triaxial stress state in the bulk of the microstructure, as opposed to the biaxial stress 

state existing at the surface [12,13]. Moreover, “hidden” graphite particles located just below 

the observation surface can have a strong impact on localized phenomena like plastic 

deformation and crack formation [14,15], which may go unnoticed unless full 3D examinations 

are conducted. 

The following sections will show that the powerful X-ray-based techniques available today can 

be instrumental in this context, as they allow conducting 4D studies of key microstructural-

level phenomena occurring during solidification, solid-state cooling and room-temperature 

mechanical loading. It must be emphasized that a thorough review is beyond the scope of the 

present manuscript. The focus here is rather on providing a list of examples that serve to 

highlight current capabilities and limitations of X-ray-based characterization of DI. 

2 Solidification 

During solidification of DI, spheroidal graphite particles (GPs) and pro-eutectic austenite 

nucleate independently in the liquid. After a short stage of growth, the GPs are partially/fully 

engulfed by austenite and their growth becomes governed by the diffusion of carbon from the 

remaining liquid through the austenite shell. The final solidified microstructure plays a crucial 

role in determining the mechanical properties of DI, and thus a comprehensive understanding 

of these two solidification stages is essential to optimize the material performance. 

The use of intense synchrotron X-rays enables capturing the solidification process of DI. By 

2D radiography performed using X-rays with relatively low energy [16], it is possible to 

distinguish austenite from liquid, and therefore clarify the solidification sequence. New and 

deeper understanding of the importance of Mg addition on the solidification sequence [17–19], 

the nucleation frequency of GPs [18] as well as the floating of primary GPs [20] have been 

obtained based on in-situ radiographic examinations. However, the 2D radiographic 

experiments have the natural limitation that the actual sizes and shapes of GPs cannot be 

determined. Additionally, the 2D geometric confinement has been confirmed to be incongruent 

with conditions under which the solidification of a 3D component takes place. The results 

obtained are thus not representative of bulk materials; 3D characterization is therefore highly 

demanded.   

The first 4D (x, y, z, time) study of the solidification of DI was carried out at Diamond Light 

Source by means of X-ray tomography [8]. X-ray tomography is the acquisition of a sequence 

of projection images of a sample, which is rotated at constant speed at progressively increasing 

view angles [21]. By reconstructing the set of projection images taken from a 360° rotation, 
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the 3D microstructure of the sample is obtained. In the mentioned study [8], the dynamic 

nucleation and growth of the GPs was evaluated using a 70 keV monochromatic beam with a 

spatial resolution of 5 µm × 5 µm × 5 µm and a temporal resolution of 40 s (Figure 1). Such 

4D characterization allowed not only to investigate mechanisms but also to study the nucleation 

and growth kinetics of hundreds of GPs with unprecedented level of detail. In particular, the 

nucleation rate of graphite was found to increase exponentially once a critical undercooling 

was reached, peaking and then declining sharply. Similarly, the GPs growth rate increased 

initially, peaked and then reduced in the later stage of solidification. Concerning the formation 

of degenerate graphite, which is often regarded as an element of concern for its negative impact 

on the mechanical properties [22,23], a striking result was obtained. In the beginning, GPs 

nucleated and grew with spheroidal shape and degenerate features emerged from them later on 

during solidification, e.g. the formation of ‘polyp-like’ extensions and the formation of 

spheroidal blobs at the free ends of the polyps. 

Synchrotron tomography investigations of the solidification of DI were also performed using 

pink X-ray beam [20]. Compared to monochromatic beam, the use of X-rays with a broader 

spectrum can substantially improve the temporal resolution, by a factor of ~80-100, to 0.5 s, 

respectively. Owing to the relatively high temporal resolution, the floating of GPs was captured 

and shown to stop when the GPs were engulfed by austenite dendrites [20]. Furthermore, 

secondary nucleation between the primary GPs nucleated earlier and engulfed by austenite 

dendrites was directly observed. The high temporal resolution also allows evaluation of the 

floating distance of GPs. It was found that the floating distance of the secondary GPs is much 

shorter than that of primary GPs, suggesting that the secondary GPs nucleate in the austenite 

dendrite network and are engulfed immediately by the austenite dendrites. In addition, the 

number of secondary GPs is larger than that of primary GPs, which implies that engulfment of 

GPs into the austenite dendrites contributes to increasing the number of GPs during 

solidification by incrementing the driving force for their nucleation. 

Overall, it can be concluded that the time-resolved 3D X-ray tomography studies conducted so 

far have captured the dynamic processes of the nucleation, growth and floating of GPs, and  

highlighted how the degenerate features develop from spheroidal GPs. These findings are 

crucial for the development of advanced models where some of the simplifying assumptions 

associated with the traditional solidification models are relaxed [24]. 
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3 Solid-state cooling 

During solid-state cooling, mechanical stress can build up locally around the GPs due to 

volumetric mismatch with the surrounding matrix [25]. At temperatures above the lower inter-

critical temperature (~790 °C), the main cause of such volumetric mismatch is the significant 

growth of the GPs due to Carbon diffusion from the surrounding austenite. As the austenite is 

soft, the volumetric mismatch can be accommodated by matrix creep. By contrast, as the 

temperature drops below the lower inter-critical temperature, the strength of the matrix 

increases [26] and thermal stress due to the difference in thermal expansion between the GPs 

and the matrix can build up [25,27,28]. The magnitude and distribution of this thermal stress 

locally around individual GPs are important for the mechanical properties of DI [25,29], and 

have to be characterized in detail in order to optimize the processing route and mechanical 

properties of DI. 

Over the past two decades, significant effort has been devoted to the development of 

synchrotron techniques for characterizing 3D grain structure and local stresses, including 3D 

X-ray Laue microdiffraction (3DµXRD) [30–32], and 3D X-ray diffraction (3DXRD) [33,34] 

and its variants: high-energy X-ray diffraction microscopy  [35,36], diffraction contrast 

tomography  [37,38] , dark field X-ray microscopy [39,40] and scanning 3DXRD [41]. Among 

these techniques, 3DµXRD is in particular suitable for mapping microstructure and strain/stress 

state in bulk samples, as it can provide a spatial resolution of submicrometer, angular resolution 

of 0.01° and a strain resolution of 1 × 10-4 [32,42].  

Recently, 3DµXRD has been used to characterize microstructure and elastic strains around 

individual GPs fully embedded in ferrite matrix grains in two DI samples manufactured using 

different molds: either a metal or a sand mold [27,43]. These studies conducted at room 

temperature can shed light on the formation of local residual stresses at GPs. Examples of 

microstructure are shown in Figure 2. The GP size covered in these studies ranges from 30 to 

150 µm. With the high angular resolution of the 3DµXRD operated using a polychromatic 

beam, the results reveal that the ferrite matrix in both samples is plastically deformed, 

containing dislocation boundaries with low misorientation angles. Beside the known fact that 

fast cooling rate leads on average to a smaller GP size and smaller ferrite grain size, the results 

further shows that fast cooling rate by the metal mold results in more dislocation boundaries 

with finer spacing than slow cooling rate with the sand mold.  

The high angular resolution orientation data from the polychromatic 3DµXRD allows further 

a unique quantification of local plastic deformation. As shown in Figure 3, the results of local 



 

 

This article is protected by copyright. All rights reserved. 

dislocation density determined based on the local misorientations for regions at different 

distances from the GP/matrix interfaces reveal evidently a gradient in dislocation densities in 

the matrix. And the strain gradient is affected by the GP size and is very pronounced for the 

smallest GP. If the dislocation density is plotted as a function of the reciprocal GP size, 1/RGN, 

a reasonably good linear relationship is found for regions with the same normalized distances 

(see Figure 3b). Based on the mechanism-based theory of strain gradient plasticity [44], this 

result suggests that the plastic strain field averaged over all matrix grains around the GPs is 

about the same for different GPs when normalized by RGN. That means the plastic strain field 

is scaling with the GP size, even though locally, different grains deformed differently. 

A similar scaling behavior is also seen for the residual elastic strains locally around the GPs 

(see Figure 4), which are obtained using the 3DµXRD operated using a monochromatic beam 

[31]. On average, this is in good accord with the prediction by classic analytical models [45–

48], and it reveals that the cooling rate has a minor effect on the residual elastic strain. 

Nevertheless, a large scatter in strain is seen for the regions close to the GP/matrix interface. A 

finite element study suggests that this result is likely to be related to the internal structure of 

the GPs [49].  

The maximum residual stress values estimated based on directional Young’s moduli and the 

elastic strains are in the range 110-180 MPa. This range can be compared to the yield stress of 

the ferrite matrix, which is about 300 MPa at room temperature [25], and should be taken into 

account in developing advanced models with high predictabilities and understanding the plastic 

deformation the DI [29].  

Since the measurements are non-destructive, 3DµXRD provides further possibilities to follow 

the evolution of both microstructure and strains/stresses in 3D during in-/ex-situ annealing or 

plastic deformation [50–52]. Such 4D data sets would be very valuable for tailoring both 

microstructure and micro-strain for optimizing the materials mechanical properties of DI.  

4 Mechanical loading 

The limitations of 2D methods mentioned in the introduction have fostered the application of 

3D techniques to study the microstructural behavior of DI under mechanical loading. X-ray 

Computed Tomography (CT) in particular is well suited to this purpose, owing to the good 

contrast between the graphite and the surrounding matrix. As early as almost two decades ago, 

X-ray CT was used to investigate the complex 3D shape of short cracks nucleated during cyclic 

loading [53,54], thus demonstrating the relevance of the technique within the context of fatigue 

investigations. Later, in-situ experiments were also conducted with the purpose of tracking the 
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growth of fatigue cracks over time [55]. In addition to the detection of cracks, X-ray CT has 

proved to be an excellent tool for the fast and accurate reconstruction of the graphite 

morphology [56], which is known to be strongly linked to the material mechanical properties 

[57]. In this context, X-ray CT represents a fast alternative to serial sectioning combined with 

optical microscopy and it is particularly useful in presence of irregular particles, since a 

statistical analysis of the graphite shape based on 2D images is not accurate in such a case [58]. 

Compared to optical microscopy, a limitation of X-ray CT is the difficulty of separating the 

small GPs from the porosities, due to the lack of sufficient contrast [59]. However, it is foreseen 

that image analysis techniques, possibly supported by machine learning, might solve this issue 

in the future. In fact, contrast-enhancing techniques based on image analysis have already been 

applied to distinguish the pearlite from the ferrite in DI with ferritic-pearlitic matrix [60].  

The potential of X-ray CT has been enhanced greatly by the advent of Digital Volume 

Correlation (DVC). As described in detail elsewhere, e.g. [61], DVC allows constructing a 

mapping in the form of a displacement function between two CT scans: one taken before and 

one taken after (or during) mechanical loading. The displacement function is determined by 

tracking the movement of a characteristic pattern that, for DI, corresponds to the GP 

distribution. The displacement can be used to derive the strain, meaning that the combination 

of X-ray CT and DVC provides access to local micro-mechanical information relating to the 

type of loading/deformation the material is subjected to (see Figure 5). This fact was exploited 

in a pioneering work to determine the evolution of the stress intensity factor during propagation 

of a fatigue crack in DI from in-situ measurements of the strain field near the crack front 

[62,63]. The technique was subsequently used to investigate several localized effects that could 

not be captured with 2D methods. Among these are the impact of the crack front curvature [64] 

and the role played by the 3D shape and orientation of the GPs [65] during fatigue crack 

propagation. With respect to monotonic loading, the effect of the graphite spatial arrangement 

on the ductile damage mechanisms in presence of complex stress states was deeply 

investigated, and correlations between the evolution of the volumetric part of the local strain 

and the dominant failure mechanisms were unraveled [66]. The possibility to couple X-ray CT 

and DVC with post-mortem metallographic examinations was explored as well, and used to 

reveal the connection between the plastic shear bands forming during tensile loading and the 

complex morphology of the first-to-solidify regions [67].  

An important aspect of DVC is that it enables a synergistic integration not only with X-ray CT, 

but also with numerical models. A first reason is that the model domain can be limited to a 
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small region of interest that does not need to include the points where the external loads are 

applied. This is because the displacement data from DVC – instead of the external loads – can 

be used to prescribe the boundary conditions in the model [68,69]. A second reason is that the 

displacement and strain fields reconstructed with DVC can be used to validate the models at 

the level of the microstructure, which is highly valuable since the X-ray CT data allows setting 

up models where the real microstructure can be fully resolved [70]. These two facts mean that 

it is nowadays possible to setup numerical models with superior accuracy and predictive power 

compared to the idealized unit cell models that have traditionally been used to study the micro-

mechanics of DI in the past [29]. That is, by exploiting models that integrate information from 

X-ray CT and DVC the interaction between the microstructural constituents upon mechanical 

loading can be quantified and explained with unprecedented level of detail. An example of this 

is given in Figure 6, where the 3D reconstruction of a fatigue crack that grows by linking the 

GPs is depicted. The reconstruction, obtained by segmenting the DVC data, was used to setup 

a finite element model that unveiled a correlation between the local crack growth direction – 

which controls the crack roughness and thus affects the amount of energy dissipated – and the 

predicted micro-mechanical fields developing in between the GPs [71].  

5 Conclusions and outlook 

As demonstrated by the few example studies presented in this paper, state-of-the-art X-ray 

based techniques allow collecting 4D microstructural and micromechanical information in-situ 

during solidification, solid-state cooling and mechanical loading of DI. Due to the inherently 

three-dimensional, composite microstructure of this material, the collected data can provide 

insights that are hard or impossible to obtain with 2D or destructive 3D methods. Furthermore, 

the data enables the development and validation of numerical models that can describe the 

microstructural behavior of DI with greater fidelity level.  

Even though the experimental tools at hand are very powerful, there is also a need for technique 

advancements. To distinguish the austenite from the liquid during solidification and thus reveal 

the interaction between the austenite and the GPs with greater accuracy, supplemental contrast 

modes such as diffraction and phase contrast could be adopted in the future. Addition of a 

segregating element to enhance the absorption contrast between the liquid phase and the 

solidified austenite could be considered also. 

With the third generation synchrotron source, the scanning time for a reasonable sized 3D 

orientation and strain mapping with 3DµXRD is still quite long [51,52]. Upon further 

deformation, the situation becomes even worse [72]. Additionally, full stress tensor is required 
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in order to obtain a complete picture of the effects of local residual stresses on the mechanical 

properties. This requires strain mapping of at least three components along widely deviated 

directions, and is currently possible [73], but still need more technical development to ensure 

the accuracy of the obtained stress tensor results.  

Concerning DVC-based investigations, a major limitation is the spatial resolution of the 

technique. Since the GPs are used as tracking markers, the former is limited to roughly the 

particle spacing. Consequently, it is not possible to capture information at a scale smaller than 

this limit. In this respect, a promising alternative is the application of 3DXRD and 3DµXRD, 

which, as already mentioned, provide information at the level of the individual matrix grains. 

A preliminary study suggests that 3DXRD is indeed applicable to DI and can be used to 

investigate the evolution of the grain-level strain during tensile loading [74].   

At the time of writing, the fourth-generation synchrotron source is already available at MAXIV 

in Lund, Sweden and European Synchrotron Radiation Facility, in Grenoble, France. Advanced 

photon source in US has already planned to upgrade to the fourth-generation in the next couple 

of years [75], with aim to increase the undulator source brightness by a factor of ~100. Which 

such a brighter beam, the temporal resolution for the tomography and diffraction can be 

improved by a factor of 10-100, implying that time-resolved and full stress tensor 

measurements will be prevalent in the near future. 
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Figure 1. Tomography images revealing (a) multitude of graphite morphologies observed in 

3D after solidification, (b) the post-solidification graphite morphologies in the entire 8mm 

sample at room temperature. The evolution of graphite nodules in the central volume is shown 

in 3D in (c)-(f), corresponding to a temperature range of 33 °C. Scale bar = 300 µm. 

Reproduced from [8]. 
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Figure 2. Microstructures of DI characterized using 3DµXRD. (a) - (e) showing 

microstructures around the selected GPs, I - V, respectively. GPs I-III and IV-V are from DI 

samples prepared using metal mold and sand mold, respectively. The cooling rate in the 

temperature range 810-500 °C is estimated qualitatively to be ~20 times faster for the sample 

prepared by the metal mold than that by the sand mold. In the maps, dislocation boundaries 

with misorientation angles in the range of 0.1 – 1°, 1 – 3°, and > 3° are shown in thin white, 

thick white and thick black lines, respectively. The colors of the matrix grains correspond to 

the crystallographic orientation along the specimen normal direction. The black pixels in the 

matrix away from the GPs are non-indexed. The five white boxes mark regions where elastic 

strains were measured. Reproduced from [43].  
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Figure 3. (a) Local average dislocation density as a function of distance from the GP/matrix 

interface. (b) Relationship between average local GP grain size, RGP, and local dislocation 

density at z ≈ 0 and z ≈ 0.6RGP. Reproduced from [43].  
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Figure 4. Residual elastic strains as a function of normalized distance from GP/matrix interface 

(z/RGP) for the different GPs. Reproduced from [43]. 
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Figure 5. Example of combined use of X-ray CT and DVC. Equivalent strain (in %) over the 

central cross-section of a tensile DI specimen subjected to 4 % macroscopic deformation, 

superimposed onto the CT scan of the microstructure. Adapted from [29]. 
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Figure 6. DVC-based reconstruction of a fatigue crack that grows by linking the graphite 

particles (in gray) in a compact tension specimen. The crack color is proportional to the distance 

from the ideal crack propagation plane that is perpendicular to the X-axis. Adapted from [71]. 

 


