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Abstract 

The study of mushy-zone deformation in steels is important for limiting defect formation in 

continuous casting. Here, we use in situ synchrotron radiography to quantify the shear 

deformation mechanisms of an equiaxed carbon steel at a solid fraction >0.9 and to understand 

how these mechanisms lead to casting defects. We show that the grain assembly undergoes 

shear-induced dilation (Reynolds’ dilatancy) which opens liquid-filled fissures and cracks at 

high solid fraction.  We further show a complex interaction between grain rearrangement, grain 

deformation and local coarsening, where rearrangement reduces the grain-grain contact area 

and coordination number which alters the stress network and also drives coarsening as grains 

move apart. 

 

1. Introduction 

Deformation of the solidifying shell is an important part of the continuous casting of steel 

[1, 2].  For example, unwanted deformation caused by bulging or roll misalignment leads to 
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macrosegregation [3-5] and can cause internal cracking [1]. On the other hand, external 

deformation can be beneficial such as the application of a ‘soft reduction’, a small rolling 

reduction (e.g. a few % strain) near to the end of the sump to compensate for solidification 

shrinkage and reduce centreline segregation and porosity [6-8]. Despite this importance, there 

remains only limited understanding of the mechanical behaviour of the mushy-zone in steels 

and, in particular, of their microstructural response to load and how this leads to defects.  This 

is an obstacle to the development of thermo-mechanical models and, therefore, to defect 

mitigation strategies and the design of improved processes. 

During continuous casting, the semi-solid region spans the full range of solid fraction from 

the edge of the fully-solid shell, through a mushy region to the liquid interior and, therefore, 

external loads act on a complex solid fraction gradient with a microstructure that can be 

columnar, equiaxed or mixed.  It is known that the most severe deformation defects occur in 

high solid fraction material [1, 9], where liquid flow is difficult due to the low permeability; 

this can result in pore opening or semi-solid cracking, and the motion of liquid gives rise to 

more severe macrosegregation because CL-C0 is larger at higher solid fraction.  High solid 

fraction deformation has also been identified as one of the least understood areas of continuous 

casting [10]. 

In this paper, we aim to investigate the deformation mechanisms operating in equiaxed semi-

solid steels undergoing shear loading at high solid fraction, which is relevant to regions within 

the continuous caster being deformed during the final stages of solidification.  We study an 

equiaxed microstructure since this is a desired continuous casting microstructure that can be 

achieved industrially by, for example, electromagnetic stirring [11].  In order to directly image 

the microstructural response to load, we use synchrotron radiography building on the 

techniques developed for steel solidification by Yasuda et al. [12]. We study deformation under 

conditions of fully-fed deformation and deformation with inadequate feeding with the 
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following specific aims: (i) to identify and quantify the deformation mechanisms, (ii) to 

compare the observed mechanisms with those assumed in models of the continuous casting 

process and those measured in steels at lower solid fraction previously [13-15], and (iii) to 

develop an understanding of how shear deformation can generate macrosegregation and 

cracking during the final stages of solidification. 

 

2. Experimental 

A sample of Fe-0.1C-0.6Mn-0.3Si-0.3P (mass pct) was cut with dimensions of 10 x 10 mm 

with a thickness of approximately 180 µm. The synchrotron experimental procedure has been 

described in previous publications [8, 14, 16] and is schematized in Figure 1. It consisted of 

the specimen being held in a square, hollowed out, 200 µm thick Al2O3 mould sandwiched in 

between two 100 µm thick sapphire plates and held in between two boron nitride plates. A 150 

µm Al2O3 pushplate was then inserted at the bottom of the specimen to push half the specimen 

up and produce direct shear loading at a constant pushplate speed of 10 µm s-1, which 

corresponds to a global strain rate of 0.001 s-1. Radiographic images were captured on a CCD 

camera at the BL20B2 beamline at the SPring-8 synchrotron in Hyogo, Japan, with a beam 

energy of 22 keV and an exposure time of 500 ms. The working field of view was 4.8 x 4.8 

mm with a pixel size of 4.7 µm. 

X-ray images were processed using commercial softwares ImageJ [17], Avizo 7.0.1 [18] 

(Visualization Science Group, Mérignac, France) and MATLAB 7.1 [19] (The Mathworks Inc., 

MA, USA). Images were cropped and aligned using a normalised mutual information metric 

similarity measure [20]. Due to radiography artefacts, the solid phase was manually 

thresholded and the grains manually separated. Grains were tracked using code from refs.[21, 

22] and translation calculated from the tracked coordinates of the centroid of each grain. 
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Rotation and major length were calculated using principal component analysis [23, 24]. By 

examining the change in the width of the liquid channels between the grains with the motion 

of the pushplate, grain neighbors were determined via a 3×3 pixel morphological dilation of 

each grain and its intersection with neighboring grains. Grains were deemed not to touch if the 

greyscale profile between their centroids showed greyscale values higher than 10,600 over 5 

pixels. Examples of such boundaries are shown in Figures S1 and S2 of the Supplementary 

Information. Determining grain neighbors allowed the calculation of the coordination number 

(i.e. the number of contacting neighbors of each grain), as well as the contact index, which is 

defined as the fraction of perimeter pixels that are contact pixels (i.e. grain-grain contacts). A 

contact pixel was defined here as any pixel belonging to both a grain and one of its neighbors 

after the morphological dilation operation and satisfying the greyscale intensity requirement, 

and it would cease being a contact pixel once the grains stop overlapping after morphological 

dilation. 

 

3. Results and discussion 

3.1 Shear-induced dilation 

The initial undeformed microstructure is shown in Figure 2(a). The solid grains appear dark 

grey and quasi-polygonal, and are separated by thin liquid channels that appear light grey 

(Figure 2(a)). The dark features are due to diffraction of the -Fe crystals or of the sapphire 

confining sheets (the dark bands). The bright white feature to the bottom-left of the field of 

view is a pre-existing pore.  

The projected area fraction of liquid is ~1% as estimated by the thin liquid channels in between 

the grains, but the volume fraction of liquid is higher as there is some additional liquid in front 

of and behind the solid in the X-ray direction of the thin sample.  There is also some liquid 
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entrapped within the grains which appears in the radiography images as ‘mottling’ in each grain 

(e.g. Figure 3). This greyscale mottling within grains remained constant throughout the 

experiment and the shape of the internal liquid spaces did not measurably change, indicating 

that the entrapped liquid remains confined within each grain. Similar entrapped liquid is 

commonly created by semi-solid processing routes (such as forced convection or extended 

semi-solid coarsening) [25, 26], and is usually treated as effective solid in semi-solid rheology.  

Thus, the effective solid fraction in the field of view can be conservatively stated as > 0.9.  

Four stages of deformation are shown in Figure 2, spanning ~900m of pushplate 

displacement, to give an overview of the range of phenomena that occur during high solid 

fraction shear deformation. Note that the pushplate moves vertically upwards from the bottom 

right of each image.  It can be seen that, as the pushplate intrudes into the sample, the space 

between the grains increases and fills with liquid, seen in lighter grey in Figure 2(b).  At the 

same time, the pore to the left-side of the field of view opens (cf. Figure 2(a) vs. (b)).  With 

increasing pushplate displacement (Figure 2(c) and (d)), further pores and cracks (bright 

regions) develop throughout the sample. 

The opening of spaces between the grains as the pushplate shears the sample is the phenomenon 

of shear-induced dilation or Reynold’s dilatancy [27] which is widespread in particulate 

materials [28-30] and has been shown to occur in semi-solid alloys [13, 31, 32]. This is shown 

at higher magnification in Figure 3 and supplementary movie S3, both showing region (m) 

highlighted in Figure 2(a). It is clear, particularly in the supplementary movie S3, that the grains 

push and lever each other apart as they rearrange under load and that liquid flows into the 

expanding interstitial spaces such that the shear-induced dilation is fully-fed.  

The shear-induced dilation deformation mechanism can be understood from the group of four 

grains shown in Figure 4(a) (which is from the region highlighted in Figure 3(a)) and the simple 
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geometrical model of four close-packed hexagons in Figure 4(b). In the 2D model of Figure 

4(b), there are no paths for liquid to be drawn into the expanding interstice but, in our 

experiments, there is some liquid between, in front of and behind the solid in the thin sample, 

as depicted in Figure 4(c), which enables the shear-induced dilation to be fed by liquid flow in 

Figures 3 and 4(a). 

The lack of grain-grain cohesion indicates that most grains are separated by liquid films and 

not coalesced grain boundaries. The formation of solid-solid interfaces between the grains 

(coalescence) requires a new grain boundary that has a lower energy than the two solid– liquid 

interfaces it replaces (i.e. ss > 2sl) and depends on grain orientation, temperature and liquid 

composition. For a range of metals, it has been proposed that solid–solid interfaces are stable 

at only 1–7% of boundaries, typically corresponding to low angle or special grain boundaries 

[33, 34] and other grain boundaries require an undercooling to drive coalescence [33]. Based 

on this, ~93-99% of grain boundaries would be expected to be liquid films (i.e. S-L-S 

interfaces). Therefore, the lack of coalescence is likely to be partly because coalescence is not 

thermodynamically favoured for most contacts and partly because the solid fraction is 

somewhat too low for significant coalescence. In this experiment there is a percolating solid 

network in the sense that shear and compressive forces can be transmitted throughout the 

sample via a force-chain network that passes through all grain-grain contacts, which is a 

common definition of a percolating solid network in granular mechanics [35]. However, there 

is not a percolating network of coalesced grains.  Note that the term ‘solid network’ used in 

this paper does not imply anything about grain-grain coalescence. 

Experiments and models [36] of deformation of simple packing geometries such as that in 

Figure 4(b) using rigid cohesionless rods have shown that, when the grain assembly contains 

numerous grains, the homogeneous shear in Figure 4(b) cannot be maintained and strain readily 
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localizes into a dilatant shear band approximately one grain thick.  A typical example is shown 

in Figure 4(d) from experiments in reference [37]. Note that this band thickness is significantly 

narrower than the dilatant shear bands that form at lower packing fraction (i.e. lower solid 

fraction) where shear bands tend to be ~10 grains wide [31, 38].   

Strain-localization behavior arises very early in the steel sample in this work and is 

examined in Figure 5, with the pushplate location and movement represented by the red 

rectangle and arrow in Figure 5(a). Figure 5(a) shows that the start of pushplate motion causes 

immediate separation of some of the grains and the widening of the some of the liquid channels. 

Figure 5(b) highlights in red where grains are no longer in contact after a pushplate motion of 

approximately 40 µm, and shows a region of localized deformation where the liquid path has 

widened preferentially directly above the pushplate. This is linked to the decrease in the median 

grain coordination number from 5 to 4 with the start of pushplate motion in Figure 5(c). Once 

this major liquid path has widened above the pushplate, increasing motion of the pushplate 

(here seen at ca. 65 µm) creates a second liquid path that emerges on the left hand side of the 

sample, at approximately 45°. This secondary strain localization is expected in particulate 

materials [39]. In Figure 5(d), it can be seen that the grain contact index distribution decreases 

from a mode of 100% to approximately 74%, indicating an overall shortening of the contacts 

between the grains similar to that in Figure 4(b).  The decrease in contact index as the median 

coordination number remains at 4 after a pushplate motion of ca. 40 µm is linked to strain 

localization as grains continue to slide past each other and shorten their contacts in the strained 

regions highlighted in red in Figure 5(b).  

By isolating the solid phase, Figure 6 enables the quantification of the movement of each 

grain with respect to its neighbor as well as the amount of contact between neighbors.  
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Figure 6(a) is a Delaunay triangulation of all grain centroids, where each doublet vector 

shows the change in separation vector for four increments of pushplate motion. It can be seen 

in Figure 6(a) that grains rearrange heterogeneously, with pockets of grains coming closer 

together (blue dashed lines) and others moving apart (red lines) during deformation. The 

thicker the line, the more the grains have moved either towards or away from their neighbors. 

Shear-induced and fully-fed dilation starts on the right hand side, above the pushplate, as a 

result of the strain localization in this region. It is worth noting that, similar to the perfect 

hexagons in Figure 4(b), most grains in the specimen also start with a contact index of 100% 

(Figure 6(b)) which decreases during deformation as liquid-filled interstices open between the 

grains. This decrease occurs first on the side of the sample directly above the pushplate before 

propagating to the grains on the bottom left hand-side of the specimen, where the second 

strained region occurs at a ca. 45° angle to the pushplate.  

Figure 6(c) shows the decrease in coordination number between the undeformed and the 

current stage, where it can be seen that many grains go one color ‘colder’ from one stage to the 

next and then remain constant. The decrease in coordination number from 5 to 4 marks the start 

of strain localization, first on the right side of the specimen after a pushplate motion of ca. 40 

µm, then on the left side of the specimen for a pushplate motion of ca. 221 µm and beyond. 

The quasi-polygonal grains underwent very little rotation during the entire experiment, with 

40% of grains rotating less than 0.5° and a further 38% rotating up to 2°. The rest of the grains 

rotate up to absolute angles of 4°. This is owed to the difficulty of rotating complex shapes in 

very tightly-packed environments with large contact indices. 

3.2 Defect formation 

Shear-induced dilation increases the local liquid fraction and, therefore, directly causes 

positive macrosegregation. When dilatancy is not fully-fed it causes more severe defects. 
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The liquid that allows the fully-fed dilation in Figure 3 and Figure 5 is finite and, if there 

is not adequate inflow of liquid from other regions of the sample that are outside of the field of 

view and not being locally deformed, dilatancy will reduce the liquid pressure.  In these 

experiments, unfed shear-induced dilation has two effects.  First, it causes pre-existing pores 

to grow. For example, the pore at the bottom-left of Figure 2 increases in size between Figure 

2a and b.  This indicates that, even for the relatively low strain rate in this work, the liquid 

pressure was decreased by shear-induced dilation and liquid flow did not fully compensate for 

the expanding spaces between grains.  This is due to the very high solid fraction which causes 

a low permeability, and also due to the limited volume of feed liquid in these small samples. 

Second, unfed dilatancy causes cracking. Figure 7 shows a region close to the corner of the 

pushplate, at the bottom of the sample which is from the region labelled (n) in Figure 2(a). 

With increasing pushplate motion (uz > 245 µm), a meniscus forms between two grains as they 

move apart due to dilatancy.  This meniscus originates from thinning of the liquid in the X-ray 

beam direction as the gas-liquid interface is sucked into the sample in response to the 

decreasing liquid pressure. This meniscus propagates through the liquid between the grains 

following the widening liquid channels, and takes on a crack-like appearance due to the very 

high solid fraction. This meniscus also propagates in front of or behind the grains as extra liquid 

is being sucked ahead of the meniscus, which can be seen as brighter patches over the grains 

at uz > 252 µm.   

The curvature of a meniscus is linked to the pressure difference between the surrounding 

gas or vacuum and the local liquid according to ∆𝑃 = 2𝛾/𝑅 , where 𝛾  is the liquid-gas 

interfacial energy and R is the radius of curvature. In this study, there were a range of meniscus 

curvatures as can be seen in Figure 8, partly due to the complex shapes between grains.  Most 

menisci had radii of curvature in the range 20- 60 µm which corresponds to a pressure drop in 

the liquid of 30–10 kPa, assuming a value of 1.890 N/m for the interfacial energy [40]. 
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3.3 Deformation of individual grains 

Figure 2 to Figure 6 demonstrate that shear-induced dilation occurred at fs>0.9, which is 

significantly higher than has been reported previously in steels or Al alloys [13-16, 32, 41, 42]. 

Indeed, combining this work with these previous studies on equiaxed mushy-zones, it can be 

concluded that shear-induced dilation can occur at all solid fractions from the dendrite 

coherency point up until at least fs 0.9.  However, a significant difference compared with this 

previous work at lower solid fraction, was that shear-induced dilation was accompanied by the 

mechanical deformation of the individual grains here. This is overviewed in Figure 8, which 

examines the cluster of 5 grains outlined in Figure 8(a), highlighted in Figure 2(a(m)), and 

shown in the supplementary movie S4. Before deformation, all grains are in contact with their 

neighbors and the region of interest has a packing fraction of ~1. As the motion of the pushplate 

increases, it can be seen that all the grains visibly deform (see grain 31, for example). The 

change in the shape of the grains is quantified in Figure 8(b), where the grains are colored by 

their change in convexity and where convexity is defined as the area of the grain divided by 

the area of the convex hull formed by the grain. The convexity of three of the five grains 

decreases significantly (5% < Δconvexity < 8% for grains 31, 32 and 33 as plotted in Figure 8(f)), 

indicating a significant change in shape, while two others do not vary much (Δconvexity of ca. 3% 

for grains 36 and 38 as plotted in Figure 8(f)). 

In conjunction with varying decreases in contact lengths with pushplate motion highlighted 

in yellow in Figure 8(c), illustrated in Figure 8(d), and plotted in Figure 8(g), the change in 

shape of the grains seems to be mechanically-induced by the increase in stress applied as a 

result of their shortening contact lengths. Note that the stress applied by the pushplate varied 

during the experiment and this contributes to the deformation; in the absence of stress 

measurements, however, a quantitative decomposition of the various factors contributing to 

grain deformation cannot be made. 
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As an example, grains 31, 32, 36 and 38 show a convexity change as a result of a decrease 

in their contact lengths: this decrease is shown in yellow in Figure 8(c) and quantified in Figure 

8(g). As a result of the shear-induced dilation, the contact lengths and hence contact indices of 

all four grains decrease. The decrease in coordination number, which indicates loss of contacts 

(Figure 8(c)), leads to a redistribution of stress through the solid network.  These two 

mechanisms mean that the remaining shorter contacts carry more load, causing grain 

deformation. Grains 31 and 32, for example, are compressed on one side by contact with 

neighboring grains but are squeezed out into nearby interstices where they have lost a contact, 

causing significant decrease in convexity, as plotted in Figure 8(g). In contrast, Grain 33, which 

shows no change in contact index, is being compressed on all sides by its neighbors, changing 

its convexity as a result. Different changes in convexity are therefore linked to different 

changes in contact indices, which is indicative of heterogeneity in the sample network’s stress 

transmission during deformation. While heterogeneity is a well-known mark of granular 

deformation, this work reveals a complex situation of grain rearrangement and grain 

deformation occurring together, whereby grain rearrangement alters the contact index, reduces 

both the contact length and the coordination number, and thereby promotes the mechanical 

deformation of the grains. This stands in contrast to traditional granular (i.e. particulate) 

materials such as soils, for example, where individual grains undergo brittle fracture and do 

not deform [38, 39]. 

Additional phenomena include local coarsening at the grain corners after the grains lose 

contact. Grain shape change is therefore not uniquely mechanical and due to stress-induced 

deformation but, at these temperatures, also thermodynamically driven, with a complex 

interaction between mechanical deformation, rearrangement and the coarsening process. 

3.5 Implications for continuous casting 
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As the liquid is enriched in S, P and C at this solid fraction, the liquid drawn in to feed shear-

induced dilation causes positive macrosegregation. After complete solidification, these regions 

will have higher fractions of carbides, MnS, and other nonmetallic inclusions. 

Some models of continuous casting treat the deformation of the mushy-zone similar to the 

compression of a sponge” which leads to the expulsion of liquid [43]. The shear-induced 

dilation observed here is an additional phenomenon and provides a mechanism for the inflow 

of solute-enriched liquid (and positive macrosegregation) and/or the local reduction of liquid 

pressure in a region undergoing shear deformation. Given that spongy behavior and dilatancy 

give the opposite result (liquid expulsion versus liquid inflow respectively), the competition 

between these phenomena is expected to be important in determining defect formation which 

will be governed by the competition between viscoplastic deformation of the solid skeleton 

(giving spongy behavior) and the rearrangement of the cohesionless grains within a solid 

network (giving dilatancy). 

This work also shows that liquid-filled fissures can open at ‘very small’ macroscopic shear 

strains of 1-5% because, at such high solid fraction, samples undergo a large degree of shear-

induced dilation [31, 32] as a result of the solid grains being so tightly packed. In the case of 

thin sample radiography where the sample has a large free surface area and no liquid reservoir, 

the decreasing liquid pressure due to inadequate or insufficient liquid flow to the expanding 

liquid-filled interstices causes the drawing-in of menisci from the sample surface in a crack-

like manner.  In continuous casting, there is a much smaller surface area to volume ratio and it 

is likely that unfed dilatancy will be accommodated by other mechanisms, such as the opening 

of internal pores (which has been demonstrated previously in semi-solid Al alloys by some of 

the authors [44]) or the formation of internal cracks.  Additionally, the work done in sucking 

liquid into the expanding interstices of a low-permeability mush is expected to lead to ‘dilatant 

hardening’ as occurs in partially-molten rock mechanics [45], whereby the suction in the liquid 
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increases the effective normal stress on the expanding interstices/internal cracks and continuing 

deformation requires higher stresses. 

It is probable that individual grain deformation would become a more dominant mechanism if 

the (compressive) hydrostatic component of stress were increased, as may be the case in 

continuous casting due to the ferrostatic head and compressive action of the rolls.  Indeed, it is 

well known that an increase in confining pressure suppresses dilatancy in particulate soils [39].  

However, the competition between grain deformation and dilatancy at different confining 

pressures could not be tested with the current experimental set-up.  It will be important in future 

work to develop methods to study the semi-solid deformation mechanisms at a range of 

confining pressures. 

Note that these experiments were conducted on isothermal samples at near-constant 

solid fraction. In contrast, the continuous casting process contains solid fraction gradients 

inside the strand which provide a source of feed liquid and also add complexity as liquid can 

flow perpendicular to isotherms. Thus, additional macrosegregation phenomena would interact 

with the shear-induced dilation measured here. 

It is often stated or implied that cracking in continuous casting requires tensile strains 

acting on the mushy-zone [1]. Here it has been demonstrated that liquid filled fissures and 

semi-solid cracking can also occur due to shear-induced dilation where there is a compressive 

hydrostatic component of stress.  Therefore, a defect mitigation strategy that focuses on 

minimising tensile stresses by applying compressive-deformation, could cause shear-induced 

dilation which would generate positive macrosegregation and, possibly, cracking. 

While it has been shown here that dilatancy plays a role in solidification defects in steels 

and has been sometimes ignored, further work is required to understand its role during the 
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series of expansion-compression cycles between the rolls, and how it interacts with the 

viscoplastic deformation of the shell and the 3D aspects of continuous casting. 

 

Conclusions 

In situ synchrotron radiography has been used to investigate the shear deformation mechanisms 

of a Fe-1C-0.6Mn-0.3Si-0.3P steel at solid fraction >0.9.  The microstructural response to load 

has been quantified by image analysis of the radiography sequences, leading to the following 

main conclusions.  

 The dominant deformation mechanism in these experiments was grain rearrangement 

which led to dilatancy (shear-induced dilation), whereby grains pushed and levered one 

another apart opening spaces between the grains. 

 A complex interaction was measured between grain rearrangement and grain 

deformation. Dilatancy during rearrangement altered the grain-grain contact area which 

reduced the contact length and coordination number which altered the stress network 

and promoted deformation of the individual grains.  At the same time, as grains moved 

apart and grains originally at triple points coarsened, providing a further mechanism for 

shape change of the grains. 

 Deformation was highly heterogeneous and localised into two narrow shear bands. 

Liquid flow into these regions of localised dilatancy created liquid-filled fissures. 

 The mechanism of dilatancy directly causes positive macrosegregation, and the 

decreasing liquid pressure caused by incomplete feeding of dilatancy was observed to 

lead to pore opening and shear-cracking.  
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Figures 

 

Figure 1 Schematic of the experimental setup. a) Exploded view of the radiography setup 

and b) radiograph of the carbon steel sample before deformation, with the region of interest 

that will be analysed outlined in yellow. 
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Figure 2 Radiographs of the deformation of the carbon steel assembly (b-d) in the field of 

view for increasing pushplate motion from the (a) undeformed state. The pushplate is located 

on the bottom right of the image. The region of interest (m) examined in Figure 3 is outlined 

in yellow, while the region of interest examined in Figure 7 in outlined in (n). 
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Figure 3 Radiographs of the shear-induced dilation of a carbon steel grain assembly. The 

region of interest shown in Figure 4 is outlined in yellow. 

 

Figure 4 Shear-induced dilation in steels and other media. (a) Region of interest in the 

carbon steel showing four grains moving apart and their common interstice filling with liquid 

with increasing motion of the pushplate; (b) schematic of the deformation of four cohesionless 

packed hexagons under uniaxial compression; (c) schematic of the sample showing the 

behavior of the liquid and solid phases under load, with the red arrows showing the movement 

of the liquid; (d) strain localization in hexagonally packed rods under uniaxial compression. 
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Figure 5 Change in contacts at the beginning of deformation. a) Radiographs of the 

beginning of deformation in the undeformed state with the field of view of interest shown in 

(1) and the pushplate schematized in (2), at a pushplate position of 37.6 µm, and at a pushplate 

position of 65.8 µm; b) the contacts broken shown in red at 0 µm, between 0-37.6 µm, and 

between 37.6-65.8 µm ; c) the change in grain coordination number distribution with increasing 

pushplate movement; d) the change in contact index with increasing pushplate movement. 
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Figure 6 (a) Change in neighbor distance at different stages of the deformation. Solid red 

lines are increase in distance between neighbors between two images, blue dashed lines are 

decrease in distance between neighbors between two images. The line thickness indicates the 

magnitude of the change. The black areas are grains which weren’t considered; (b) contact 

index of the grains during deformation; (c) coordination number of each grain during 

deformation. 
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Figure 7  Radiographs of the opening of porosity along the liquid channels in the carbon 

steel specimen with increasing pushplate motion. 
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Figure 8 Mechanical deformation of individual grains. a) grain assembly of interest at the 

undeformed stage and after a global pushplate movement of 253.8 µm and 582.8 µm; b) change 

in convexity of each grain as compared to the undeformed stage at all three stages, where 

convexity is defined as the ratio of the area of the grain over the convex area of the grain; c) 

contact lengths (in yellow) of the grains during deformation; d) change in the contact lengths 
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of the grains during all three stages of the deformation; e) contact index of each grain during 

all three stages of the deformation; f) evolution of the convexity of each grain with increasing 

pushplate movement; g) evolution of the major length of each grain with increasing pushplate 

movement. 

 

Supplementary information 

 

 

Figure S 1 Analysis of the grain boundary of two grains moving apart. (a) Image of the two 

grains of interest, (b) identification of the grain centroids, (c) contour plot of the greyscale 

profile between the two grain centroids. 
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Figure S 2 Analysis of the grain boundary of two grains that don’t move apart. (a) Image of 

the two grains of interest, (b) identification of the grain centroids, (c) contour plot of the 

greyscale profile between the two grain centroids. 
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Figure S 3 Movie illustrating shear-induced dilation of a carbon steel grain assembly at 

1430°C. 

Figure S 4 Movie illustrating the rounding of the grain corners of a carbon steel grain 

assembly at 1430°C. 

 


