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The research discussed about the development of micro-voids in metals, leading to ductile fracture, associated

with plastic deformation, without taking into account the cleavage mechanism. Particular emphasis was placed on

the results of observations and experimental studies, the characteristics of the phenomenon itself, without in-depth

analysis in the field of widely used FEM modelling. The mechanism of void development as a fracture mechanism

is presented. Observations of the nucleation of voids in metals from the turn of the 1950s and 1960s to the present

day have been described. The nucleation mechanisms related to the defects of the crystal lattice as well as those

resulting from the presence of second phase particles were characterised.

ductile fracture  material testing  void nucleation

1. Overview

In general, voids are nucleated in the vicinity of stress concentrators on a microscopic scale . In the literature, the

most frequently mentioned mechanisms include the formation of voids at the intersection of the slip bands , at the

grain boundaries , at twin boundaries and at vacancy clusters , but most importantly around inclusions and

precipitates .

2. Nucleation with No Particles Involved

In the absence of material discontinuities, the formation of voids is observed as planar slip band decohesion or

grain boundary decohesion (homogeneous nucleation). One of the first widely known studies in which the

participation of dislocations in the formation of voids was experimentally confirmed was developed by Gardner et

al. , who noticed that the dislocation structures in iron and beryllium crystals evolved into cells at high strains. The

boundaries between individual cells were characterised by sufficient surface energy to create a void, even in the

absence of other internal stress concentrators.

The observations of the development of voids in the Nb-Cr-Ti alloy  showed that the voids formed in this way are

characterised by a flattened shape.

The concept of void nucleation as a result of vacancy condensation and the presence of dislocation boundaries

has been known for a long time , but only modern research techniques allowed for a better understanding and

documentation of this phenomenon . For example, in , by investigating the fracture mechanism of copper

containing copper oxide particles, it was found that the voids are first nucleated at the nanoscale, most often
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without any relation to the presence of the second-phase particles. An example of a photograph of nanovoids,

made with the use of the high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM),

is shown in Figure 1.

Figure 1. (a) HAADF-STEM image presenting nanoscale voids (black areas) in copper subjected to tension (plastic

strain); (b) Enlargement of the boxed area in (a), from . White rectangle in (b) indicates the twin boundary.

In the next stage, only a small quantity of the nanovoids grew to the microscale, contributing to the initiation of

cracking. It was noted that all microscale voids were associated with a dislocation boundary. By carefully analysing

the microstructure of the material in the neck area, the authors distinguished three basic groups of microvoids,

depending on their location and the mechanism of formation, namely: (i) voids related to intragranular, inclusion-

free dislocation boundaries; (ii) voids associated with the inclusion-free intersection between one or more

dislocation boundaries and one or more grain boundaries; (iii) voids associated with an inclusion intersected by a

dislocation boundary.

As mentioned before, voids can be initiated by grain separation. This mechanism is favoured by the following

conditions: high share of the hydrostatic stress; small value of the void spacing to void diameter ratio; and high

value of the precipitate-free zone (PFZ) thickness to void spacing ratio .

3. The Role of Second-Phase Particles

In technical alloys, voids are often initiated by the failure of second-phase particles, randomly distributed over the

material matrix (heterogeneous nucleation). The presence of a hard particle locally limits elastic and plastic

deformation of the matrix, which in turn causes local stress concentration. With the increase in plastic strain, the

stress value also increases, which ultimately leads to the particle cracking or its separation from the matrix . As

the result, a void is formed (Figure 2).
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Figure 2. Two mechanisms of void nucleation in AZ31 magnesium alloy: (a) Particle fragmentation/fracture; (b)

Matrix–particle separation .

The occurrence of one of the two mentioned mechanisms depends largely on the mechanical properties of the

matrix and the particle (strength, ductility) and the strength of the matrix–particle interface. In general, the

phenomenon of particle separation is primarily observed in relatively soft, ductile matrices. However, high yield

stress and hardening exponent of the matrix as well as the high particle stiffness promote particle cracking.

Moreover, the nucleation mechanism depends on the particle geometry (size, shape) and its orientation with

respect to the direction of the principle tensile stresses. Larger particles usually break, as do elongated particles

parallel to the principal stress direction. In practice, engineering materials have different void populations;

therefore, both mechanisms occur simultaneously. The local stress state is also of great importance, namely the

predominance of normal stress over shear stress, which most often forces the particle fracture .

Due to the heterogeneous stress state changing with time, the nucleation of voids is continuous across the entire

range of plastic strain. In other words, the development of microdamage includes the simultaneous growth and

coalescence of existing voids as well as the nucleation of new ones .
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Among the experimental studies, the process of nucleation of voids and microcrack formation by fracture of silicon

particles in Al-Si alloys is relatively well-documented. The most important results described in the literature are

summarised in . As shown in , cracking of silicon particles and their separation from the matrix were

observed already at strain values of 1–2%, while the quantity of damaged particles increased linearly with the

increasing strain . According to the results of observations described in , a maximum of 10% of the particles

were damaged in the samples subjected to tension or compression. In general, larger particles crack first ,

which is often explained by a greater probability of internal defects in this type of particles. Smaller-sized particles

tend to detach from the matrix, initiating voids.

As noted in , the phenomenon of fracture of silicon particles in the Al-7Si-0.4Mg alloy subjected to tension and

bending occurs mainly in the case of elongated particles. The authors also analysed the structure of the alloy

deformed to failure. In the areas with a homogeneous deformation (a few mm from the fracture surface) between 3

and 10% of the Si particles cracked. However, in the immediate vicinity of the fracture surface, the proportion of

fractured particles locally increased to about 15–20%. In the coarser structures, the fracture of the particles was

sudden and occurred at low strains. The development of microdamage in the finer structures was gradual.

4. Estimating Particle Strength

To understand the phenomenon of void nucleation by fracture of the second-phase particles, it is important to

estimate their mechanical properties, especially strength. The first and best-known attempts were described in 

. In , the microscopic maps of the locations of cracked and separated MnS inclusions were compared with the

numerically determined stress and strain distributions, which gave rise to assessment of the critical fracture stress

of MnS particles of about 1120 MPa. Additionally, in a similar manner, the critical stress of separation of the MnS

particle and the matrix was determined, where the stress value was about 810 MPa.

A similar approach was used in , but this time the X-ray technique was used to assess the particle deformation.

The tests were carried out on a sample made of an aluminium alloy, subjected to pure bending. Using the X-ray

method, the strain values of silicon particles were determined, and then the stresses in the particles were

determined as a function of the measured strains.

The typical research methods used so far did not take into account the internal defects of the particles; therefore,

the obtained results are not precise.

The significant progress made in recent years in the field of methods of microstructural materials testing allowed for

a more in-depth analysis of this issue. An interesting attempt to determine the strength of silicon particles in the

A356 aluminium alloy is described in . In order to expose the silicon particles, the ground surface of the sample

was subjected to deep etching with a mixture of phosphoric, acetic and nitric acids. As a result, the particles to be

tested were exposed to a height of several dozen micrometres. In the next step, using the focused ion beam (FIB)

method, the geometric notch of the selected particles was cut. The prepared particles were subjected to an

eccentric compression test in which the load was transferred to the particle by a tungsten needle. The test scheme
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is shown in Figure 3. The entire course of the process, up to the particle fracture, was recorded using a scanning

electron microscope (SEM) with the video recording. In the next stage, based on the values of the measured force,

the evaluation of the stress values in the particle was performed, using the simplified analytical method and with

the use of the finite element method (FEM). For the defect-free particles, the particle strength was determined to be

around 16 GPa. Detailed visual inspection of particles using SEM, combined with FEM modelling, made it possible

to evaluate the effect of different types of particle defects on their strength. It was found that the presence of

defects can reduce the strength of the silicon particles to 2–3 GPa.

Figure 3. Strength test of silicon microparticles in A356 aluminium alloy: (a) Scheme of the micromechanical test;

(b) C-shaped particle and the tungsten tip before test; (c) Last frame before particle fracture, from .

The article  also provides an example of particle strength assessment by means of a microscopic three-point

bending test. First, the silicon particles were extracted from the Al-Si alloy by dissolving the aluminium matrix.

Then, after cleaning and selecting the particles, microscopic beams were cut from them using the above-

mentioned FIB technique. The beam prepared in this way was placed on a steel base with a cut-out hole and

subjected to load. Figure 4 illustrates the tested sample. The results obtained during the experiment were

compared with the results of analytical and numerical calculations, which resulted in determining the strength of

silicon at the level of about 9 GPa, assuming no particle defects.

Figure 4. (a) Eutectic silicon particle extracted from the Al-Si alloy; (b) Microscopic three-point bending specimen

prepared from the particle in (a), from .
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A significant technical problem during the microscale strength tests is the measurement of deformations and

stresses. Recently, the Raman spectroscopy technique offers a wide range of analysis of stress values on a

microscopic scale, and thus also the evaluation of particle strength. The Raman effect is related to inelastic light

scattering. After filtering, the light scattered on the sample goes to the spectrometer, which records its spectrum.

The spectrum is presented as a function of the Raman shift, defined as the difference between the frequency of the

scattered light and the input light . In materials science, spectrum analysis enables the recording of the stress

values, especially in the case of uniaxial stress states. However, the authors of  present the methodology of

plane stress analysis in Si wafers on a microscopic scale.

A more complex analysis is discussed in , where the stress state in eutectic silicon particles in the Al-Si alloy

was analysed. The alloy was tested in as-received condition under uniaxial loading. Cracking of silicon particles

was observed already at the stress value of 600 MPa. Importantly, the use of Raman spectroscopy enables the

assessment of the effect of particle size and its neighbourhood on the strength.

As already mentioned above, the second mechanism of void formation involves the decohesion of the matrix and

the second-phase particles. Due to technical difficulties in a detailed, experimental study of this phenomenon, there

are relatively few works of this type. Thus, numerical analyses are of particular importance. The solutions

described in the literature are most often theoretical in nature. For example, in  a hypothetical aluminium

matrix–silicon particle interface strength was determined in the range of about 4–7 GPa in tension, while the shear

strength was only about 300 MPa. As this research deals primarily with experimental research, these issues will not

be described in detail here. More information on the simulation of this phenomenon, and the use of cohesive

models, can be found in .

5. Effect of Martensite Cracking in DP Steels

As it has been shown in many studies, for example , the mechanism of void formation in dual-phase (DP) steels

is only slightly based on the fracture and separation of the second-phase particles, because the fracture of

martensite plays the most important role. The development of microdamage of DP1000 steel subjected to tension

was analysed in detail in . Strength tests were carried out inside the scanning electron microscope (SEM)

chamber and stopped at regular intervals, each time photographing the microstructure of the material in the

selected area. Cracking of the particles was observed at overall small strain, of the order of 2%. With the increase

in plastic deformation, the voids created in this way grew, but no crack development in its vicinity was observed. As

the strain value was increased further, the martensite phase cracked. Due to increasing deformation, the crack

turned into a void, which, being a stress concentrator, became the cause of crack propagation in the ferrite. The

high intensity of this phenomenon accounted for its dominant role in the failure of DP1000 steel.

Using advanced research methods, the authors of  attempted to estimate the local values of strains and

stresses accompanying martensite cracking and void initiation. The obtained photographs of the microstructure

were processed using the digital image correlation (DIC) technique. The photograph of the undeformed structure

was divided into subset windows, then an algorithm was applied to track these areas in the photographs of the

[29]

[30]

[31]

[32][33][34]

[35][36][37][38]

[39]

[39]

[39]



Void Nucleation in Metals | Encyclopedia.pub

https://encyclopedia.pub/entry/28174 7/17

deformed structure. The results obtained in this way made it possible to determine the vectors of displacements

and local deformations. Further, the experimentally determined values of displacements were used as boundary

conditions in the finite element method (FEM) model of the tested sample, which allowed for the estimation of

martensite cracking stress at the level of about 1700 MPa.

The dominant role of martensite cracking in the formation of voids in DP steels, mainly of the coarse structure, was

also emphasised in . This is the leading mechanism at low strains. At a later stage, voids were formed mainly by

the decohesion of ferrite and martensite. The latter mechanism dominated in steels with the finer structure in the

entire range of deformation. The occurrence of the decohesion is mainly attributed to the lower deformability of

martensite.

Observations of martensite cracking in DP600 steel under uniaxial tension at low strain values were also described

in , although as the authors point out, the importance of this mechanism in the entire process of void nucleation

is not great. The process of fracture and separation of second-phase particles led to the formation of a few voids,

which, however, were characterised by large dimensions, and therefore their area fraction was significant.

The dominant mechanism for the formation of voids was, as in , decohesion at the interface between ferrite and

martensite, observed in the entire range of deformation of the tensile sample. The voids were initiated mainly at the

interfaces perpendicular to tensile stresses and enlarged along the ferrite grains. The authors of  also noticed

that with the increase in strain, the mean size of the voids decreased, which indicates a high intensity of nucleation

of new voids also immediately before failure.

The authors of  drew similar conclusions. While examining the development of microdamage in DP600 and

DP800 steels under uniaxial tension, it was noticed that at low strain, the void initiators were the globular

aluminium oxide inclusions, but with higher deformations the voids were formed near to the ferrite–martensite

interfaces as well as in the ferrite matrix and close to martensite islands.

6. Quantitative Description of Void Nucleation

Regardless of the single void nucleation analysis, it is important to evaluate the void nucleation globally,

determining the number of nucleated voids as a function of remote strain and the location of the analysed area. In

this case, it is particularly important to continuously track changes in the microstructure of the material throughout

the deformation range up to the failure.

In recent years, the widespread use of the X-ray microtomography method gave great opportunities in this regard,

and has contributed to a much better understanding of the phenomenon of failure and void development .

For example, in , the tomography method was used to assess changes in the microstructure of JIS SUM24L

free-cutting steel under uniaxial tension. The tests were carried out on tensile specimens subjected to uniaxial

stress state. The tests were interrupted at various stages, each time taking tomographic photographs of the
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microstructure in one selected area. In order to precisely determine the value of strain, especially after necking,

changes in the width of the specimen were recorded using tomographic images. As part of the microtomographic

research, in the first step, the region of interest (ROI) was distinguished, along with the voids present in the

unstrained material. The photographs were then binarised, indicating base material and voids. In the next stage, a

3D labelling algorithm was applied to the binarised images, and then the volume and position of each of the

detected voids was determined. In this way, over four thousand voids and the second-phase particles were marked

in the ROI, which allowed for their tracking in the entire range of given deformation.

A separate issue was the development of an algorithm that allows for tracking each of the voids in subsequent

stages, with increasing values of strain. The adopted procedure included the determination of a transformation

matrix that was calculated by minimising the sum of distance difference between corresponding pairs of objects

detected in subsequent stages of loading. Due to the heterogeneity of deformation and the different quality of

individual photos, the obtained results were not fully accurate, hence the matching probability parameter Mp was

introduced into the analysis. The algorithm developed in this way took into account the translation and rotation of

the voids related to the occurrence of plastic deformation. A detailed description of the voids tracking algorithm is

presented in .

The results of the observation of microstructure changes indicate that the nucleation of voids was continuous

throughout the analysed range of deformations, up to failure. This phenomenon is well illustrated by the graph in

Figure 5, where the number of voids in the unit volume [mm ] of ROI was determined as a function of true strain.

From the very beginning, a constant increase in the number of voids is visible. Just before failure, one can see a

flattening of the curve, which seemingly means a reduction in the intensity of void nucleation at this stage. In fact,

as noted by the authors of , nucleation of voids is still present; however, at this stage, the ductile fracture

process is controlled primarily by the void coalescence phenomenon, which explains the flattening of the curve in

Figure 5.
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Figure 5. Experimentally determined relation between density of voids and plastic strain in JIS SUM24L free-

cutting steel, from .

Figure 6 presents tomographic cross sections of ROI, made at different strains. The vertical axis in the individual

figures is equated with the direction of loading. Dark areas represent voids, while lighter areas represent the matrix.

In Figure 6b (with the strain 0.23), the neck is clearly visible.

Figure 6. Free-cutting steel (JIS SUM24L grade) microstructure at different strains: (a) 0; (b) 0.23; (c) 0.50; (d)

0.64, from .

Detailed analysis of the individual pictures shows that the nucleation of voids occurs primarily at the interface

between the matrix and the particles. The voids are also initiated at the places where the particles of the second

phase break. As can be seen from the comparison of the subsequent photographs, some voids seem to disappear

as the strain increases. This is due to their rotation and displacement, because the strains are not uniform

throughout the tested sample. The void-tracking algorithm described above allowed for the inclusion of this

phenomenon in the void development analysis.

Additionally, on the basis of the obtained results of tomographic examinations, changes in the volume and diameter

of voids as a function of plastic strain were determined. While, as predicted, the total volume of the voids in the

sample increased with increasing strain, the mean diameter of the voids was almost constant, regardless of the

strain level. The authors of  indicate the nucleation of new small voids at higher strain levels as a possible

reason.
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The authors of  also emphasised the key role of small voids in the initiation of fracture. Using the 4D X-ray

microtomography technique (3D + time), changes in the microstructure of SA508 steel were analysed in the entire

range of tensile strains up to failure. It was observed that large Al O  and MnS  particles (with sizes ranging from

several to tens of micrometres) cracked or separated from the matrix at zero values of plastic strain (elastic range).

Considering the fact that such particles were scattered and spaced far apart, the voids they initiated did not

coalesce, and therefore their contribution to the fracture initiation was insignificant. On the other hand, the

elongation of voids along the tensile axis was observed, but the their contraction in the perpendicular direction was

not significant. Moreover, the rotation of the elongated voids took place as a result of the increase in the value of

shear stresses after the formation of the neck.

On the contrary, small particles of cementite (with a size of the order of 100–500 nm) detached from the matrix

when the remote strain of the order of two was achieved. The initiation of small voids was, however, sudden. A

large accumulation of small voids favoured their coalescence, which led to formation of a crack. The

microtomographic image of the microstructure of the sample before failure is shown in Figure 7. In the central part

of the region of interest, a cluster of small voids initiating a crack is clearly visible.

Figure 7. Microtomographic 3D image of the distribution of voids in SA508 steel, at the onset of failure, in the

central part a cluster of small voids initiating a macroscopic defect is present, from . The colour scale indicates
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the distance between void and sample centre.

Larger elongated voids predominate at a greater distance from the centre of the sample. The two largest voids

(marked in the figure as stringer 1 and 2) were formed from an agglomerate of particles. Additionally, the

researchers carefully analysed the void nucleation around the inclusion marked as “inclusion 1” in Figure 7,

indicating the mechanism of matrix–particle decohesion.

7. Effect of Stress State on Void Nucleation Intensity

In the previously mentioned work , the influence of the type of load on the intensity of void nucleation was

determined. Figure 8 illustrates an exemplary dependence of the number of nucleated voids per unit volume of the

cast Al-Si-Mg sample as a function of strain for various loading conditions. The results were obtained using the

proprietary analytical void nucleation model. The lowest intensity of void nucleation was obtained for compression

and torsion. As expected, among the simple load cases, the voids in the sample subjected to tension showed the

highest nucleation intensity. The simultaneous action of tension and torsion resulted in the most intense nucleation

of the voids.

Figure 8. Effect of the loading type on the intensity of void nucleation in cast Al-Si-Mg alloy as a function of strain,

based on .

Regardless of the above, the authors of  defined the material constants of void nucleation for simple loading

conditions (tension/compression, torsion).

Recently, the authors of  conducted a thorough experimental analysis of the impact of the stress state on void

nucleation in DP780 and CP800 steels. In order to obtain different components of the stress state, various strength

tests were carried out: simple shear, hole tension, v-bending and biaxial tension. In each case, the tests were

stopped, recording the material microstructure in the region of interest, using microtomography. Nucleation

intensity was measured as the average number of nucleated voids in 1 mm  of material in the process zone. At

failure, the highest number of voids (about 30,000/mm ) was observed in the biaxial tension specimens. In the
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case of hole tension, this value was much lower and ranged from about 9500 to 18,000, depending on the material

tested. The specimens subjected to shearing were characterised by the lowest nucleation intensity, i.e., at failure,

values between 3000 and 4000 voids in 1 mm  of material were recorded.

One of the most frequently analysed issues related to the dependence of void nucleation on stress state is the

influence of stress triaxiality T on the value of the strain needed to initiate the void. Stress triaxiality T describes the

effect of the spherical component of the stress tensor (hydrostatic tension or compression) and is defined as the

quotient of the mean stress (arithmetic mean of the principal stresses) and the Huber von Mises stress. The works

published so far, for example, , unanimously indicate that the increase in triaxiality (increase in the hydrostatic

pressure share) is accompanied by an exponential decrease in the value of nucleation strain.

The author of  drew similar conclusions, at the same time indicating the large influence of the Lode parameter

on nucleation and the growth of voids. The Lode parameter takes into account the influence of the third stress

tensor invariant. According to Yu , the value of the Lode parameter does not significantly affect the value of the

void nucleation strain; however, it plays an important role, as interfacial cracks nucleate from different positions for

different Lode parameters and propagate in different patterns. This is due to the fact that the Lode parameter

changes the principal stress distribution, even at constant triaxiality.

Han et al. , studying the development of voids in QP980 steel under shear load, noticed that a large number of

small voids (less than 5 μm in size) was formed at phase interfaces. In turn, a few microvoids generated from

inclusions had more than 5 μm.

The phenomenon of the development of voids under shear was also analysed in detail by the authors of , also

indicating the low intensity of nucleation in these conditions. The combination of microtomographic tests with FEM

simulation allowed for the determination of the mechanism of ductile fracture of FB600 steel, initiated by separation

of the matrix from CaO particles. The voids created in this way grew towards the largest local deformations,

forming microcrack-like defects. As noted, a shear-band type of failure was formed on the microscopic scale even

with a small volume fraction of voids, of the order of 0.015%. The void volume fraction measured before failure did

not exceed 0.1%.

In recent decades, computer simulations have made a huge contribution to understanding the phenomena of void

development . As this research focuses primarily on experimental observations, the review of FEM results will

not be discussed in detail here. However, it is worth paying attention to molecular dynamics simulation ,

which offers new possibilities compared to traditional continuum solutions, as it enables material modelling at the

atomic level. For example, in , the mechanism of decohesion of the AlCu  particle and the aluminium matrix was

analysed. In the first stage, the breaking of the bonds between single-inclusion and matrix atoms was observed,

which initiated the particle separation. In the next stage, the crack grew steadily, with no dislocation involved. The

fracture development in this case was driven by the lattice trapping phenomenon. After the fracture reached a

critical size, nucleation of Shockley partial dislocations at the crack tip was observed. Then, the dislocations moved

from the particle towards the matrix, whereby the rate of crack propagation increased suddenly, leading to the
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complete separation of the particle and the matrix. The authors called this stage of separation dislocation-mediated

delamination.

References

1. Horstemeyer, M.F.; Gokhale, A.M. A Void–Crack Nucleation Model for Ductile Metals. Int. J. Solids
Struct. 1999, 36, 5029–5055.

2. Chan, K.S.; Davidson, D.L. Evidence of Void Nucleation and Growth on Planar Slip Bands in a
Nb-Cr-Ti Alloy. Metall. Mater. Trans. A 1999, 30, 579–585.

3. Gardner, R.N.; Pollock, T.C.; Wilsdorf, H.G.F. Crack Initiation at Dislocation Cell Boundaries in the
Ductile Fracture of Metals. Mater. Sci. Eng. 1977, 29, 169–174.

4. Nowak, Z. The Method of Identification in Mechanics of Ductile Materials with Defects; IFTR
Reports; Institute of Fundamental Technological Research Polish Academy of Sciences: Warsaw,
Poland, 2006.

5. Crussard, C.; Plateau, J.; Tamhankar, R.; Henry, G.; Lajeunesse, D. A comparison of ductile and
fatigue fractures. In Proceedings of the Fracture, Swampscott, MA, USA, 12–16 April 1959; pp.
524–561.

6. Puttick, K.E. Ductile Fracture in Metals. Philos. Mag. A J. Theor. Exp. Appl. Phys. 1959, 4, 964–
969.

7. Rogers, H.C. The Tensile Fracture of Ductile Metals. Trans. Metall. Soc. AIME 1960, 218, 498–
506.

8. Orowan, E. Fracture and Strength of Solids. Rep. Prog. Phys. 1948, XII, 185–232.

9. Koppenaal, T.J. Porosity in Plastically Deformed Cu-10 at.% Al Single Crystals. Acta Metall. 1961,
9, 1078–1079.

10. Noell, P.; Carroll, J.; Hattar, K.; Clark, B.; Boyce, B. Do Voids Nucleate at Grain Boundaries during
Ductile Rupture? Acta Mater. 2017, 137, 103–114.

11. Noell, P.J.; Sabisch, J.E.C.; Medlin, D.L.; Boyce, B.L. Nanoscale Conditions for Ductile Void
Nucleation in Copper: Vacancy Condensation and the Growth-Limited Microstructural State. Acta
Mater. 2020, 184, 211–224.

12. Pardoen, T.; Dumont, D.; Deschamps, A.; Brechet, Y. Grain Boundary versus Transgranular
Ductile Failure. J. Mech. Phys. Solids 2003, 51, 637–665.

13. Ashby, M.F.; Gandhi, C.; Taplin, D.M.R. Overview No. 3 Fracture-Mechanism Maps and Their
Construction for f.c.c. Metals and Alloys. Acta Metall. 1979, 27, 699–729.



Void Nucleation in Metals | Encyclopedia.pub

https://encyclopedia.pub/entry/28174 14/17

14. Henseler, T.; Osovski, S.; Ullmann, M.; Kawalla, R.; Prahl, U. GTN Model-Based Material
Parameters of AZ31 Magnesium Sheet at Various Temperatures by Means of SEM In-Situ
Testing. Crystals 2020, 10, 856.

15. Pineau, A.; Benzerga, A.A.; Pardoen, T. Failure of Metals I: Brittle and Ductile Fracture. Acta
Mater. 2016, 107, 424–483.

16. Wciślik, W.; Pała, R. Some Microstructural Aspects of Ductile Fracture of Metals. Materials 2021,
14, 4321.

17. Cox, T.B.; Low, J.R. An Investigation of the Plastic Fracture of AISI 4340 and 18 Nickel-200 Grade
Maraging Steels. Metall. Mater. Trans. B 1974, 5, 1457–1470.

18. Tiryakioğlu, M. Intrinsic and Extrinsic Effects of Microstructure on Properties in Cast Al Alloys.
Materials 2020, 13, 2019.

19. Gangulee, A.; Gurland, J. On the Fracture of Silicon Particles in Aluminum-Silicon Alloys. Trans.
Metall. Soc. AIME 1967, 239, 269–272.

20. Finlayson, T.; Griffths, J.; Viano, D.; Fitzpatrick, M.; Oliver, E.; Wang, Q. In stresses in the eutectic
silicon particles of strontium-modified A356 castings loaded in tension. In Shape Casting: 2nd
International Symposium; The Minerals, Metals & Materials Society: Warrendale, PA, USA, 2007;
pp. 127–134.

21. Caceres, C.H.; Griffiths, J.R. Damage by the Cracking of Silicon Particles in an Al-7Si-0.4 Mg
Casting Alloy. Acta Mater. 1996, 44, 25–33.

22. Yeh, J.-W.; Liu, W.-P. The Cracking Mechanism of Silicon Particles in an A357 Aluminum Alloy.
Metall. Mater. Trans. A 1996, 27, 3558–3568.

23. Poole, W.J.; Charras, N. An Experimental Study on the Effect of Damage on the Stress–Strain
Behaviour for Al–Si Model Composites. Mater. Sci. Eng. A 2005, 406, 300–308.

24. Argon, A.S.; Im, J.; Safoglu, R. Cavity Formation from Inclusions in Ductile Fracture. Metall.
Mater. Trans. A 1975, 6, 825.

25. Beremin, F.M. Cavity Formation from Inclusions in Ductile Fracture of A508 Steel. Metall. Mater.
Trans. A 1981, 12a, 723–731.

26. Coade, R.W.; Griffiths, J.R.; Parker, B.A.; Stevens, P.J. Inclusion Stresses in a Two-Phase Alloy
Deformed to a Plastic Strain of 1%. Philos. Mag. A 1981, 44, 357–372.

27. Mueller, M.G.; Žagar, G.; Mortensen, A. In-Situ Strength of Individual Silicon Particles within an
Aluminium Casting Alloy. Acta Mater. 2018, 143, 67–76.

28. Mueller, M.; Fornabaio, M.; Žagar, G.; Mortensen, A. Microscopic Strength of Silicon Particles in
an Aluminium–Silicon Alloy. Acta Mater. 2016, 105, 165–175.



Void Nucleation in Metals | Encyclopedia.pub

https://encyclopedia.pub/entry/28174 15/17

29. Grodecki, K.; Bozek, R.; Strupinski, W.; Wysmolek, A.; Stepniewski, R. Micro-Raman
Spectroscopy of Graphene Grown on Stepped 4H-SiC (0001) Surface. Appl. Phys. Lett. 2009,
100, 261604.

30. Harris, S.J.; O’Neill, A.E.; Yang, W.; Gustafson, P.; Boileau, J.; Weber, W.H.; Majumdar, B.;
Ghosh, S. Measurement of the State of Stress in Silicon with Micro-Raman Spectroscopy. J. Appl.
Phys. 2004, 96, 7195–7201.

31. Harris, S.; O’Neill, A.; Boileau, J.; Donlon, W.; Su, X.; Majumdar, B. Application of the Raman
Technique to Measure Stress States in Individual Si Particles in a Cast Al–Si Alloy. Acta Mater.
2007, 55, 1681–1693.

32. Ward, D.K.; Curtin, W.A.; Qi, Y. Aluminum-Silicon Interfaces and Nanocomposites: A Molecular
Dynamics Study. Compos. Sci. Technol. 2006, 66, 1151–1161.

33. Ward, D.K.; Curtin, W.A.; Qi, Y. Mechanical Behavior of Aluminum-Silicon Nanocomposites: A
Molecular Dynamics Study. Acta Mater. 2006, 54, 4441–4451.

34. Noreyan, A.; Qi, Y.; Stoilov, V. Critical Shear Stresses at Aluminum–Silicon Interfaces. Acta Mater.
2008, 56, 3461–3469.

35. Needleman, A. Some Issues in Cohesive Surface Modeling. Procedia IUTAM 2014, 10, 221–246.

36. Galkiewcz, J. Cohesive Model Application to Micro-Crack Nucleation and Growth. Procedia
Struct. Integr. 2016, 2, 1619–1626.

37. Gałkiewicz, J. Microscopically Based Calibration of the Cohesive Model. J. Theor. Appl. Mech.
2015, 53, 477–485.

38. Kossakowski, P.; Wciślik, W. The effect of stress state triaxiality on the value of microvoid
nucleation strain in S235JR steel. Przegląd Mech. 2013, 3, 15–21.

39. Alharbi, K.; Ghadbeigi, H.; Efthymiadis, P.; Zanganeh, M.; Celotto, S.; Dashwood, R.; Pinna, C.
Damage in Dual Phase Steel DP1000 Investigated Using Digital Image Correlation and
Microstructure Simulation. Model. Simul. Mater. Sci. Eng. 2015, 23, 085005.

40. He, X.J.; Terao, N.; Berghezan, A. Influence of Martensite Morphology and Its Dispersion on
Mechanical Properties and Fracture Mechanisms of Fe-Mn-C Dual Phase Steels. Met. Sci. 1984,
18, 367–373.

41. Avramovic-Cingara, G.; Saleh, C.A.R.; Jain, M.K.; Wilkinson, D. Void Nucleation and Growth in
Dual-Phase Steel 600 during Uniaxial Tensile Testing. Metall. Mater. Trans. A 2009, 40, 3117–
3127.

42. Szewczyk, A.F.; Gurland, J. A Study of the Deformation and Fracture of a Dual-Phase Steel.
Metall. Mater. Trans. A 1982, 13, 1821–1826.



Void Nucleation in Metals | Encyclopedia.pub

https://encyclopedia.pub/entry/28174 16/17

43. Santos, R.O.; da Silveira, L.B.; Moreira, L.P.; Cardoso, M.C.; da Silva, F.R.F.; dos Santos Paula,
A.; Albertacci, D.A. Damage Identification Parameters of Dual-Phase 600–800 Steels Based on
Experimental Void Analysis and Finite Element Simulations. J. Mater. Res. Technol. 2019, 8, 644–
659.

44. Landron, C.; Maire, E.; Adrien, J.; Bouaziz, O. Damage characterization in dual-phase steels
using x-ray tomography. In The Optical Measurements, Modeling, and Metrology; Proulx, T., Ed.;
Springer: New York, NY, USA, 2011; Volume 5, pp. 11–18.

45. Wu, S.C.; Xiao, T.Q.; Withers, P.J. The Imaging of Failure in Structural Materials by Synchrotron
Radiation X-Ray Microtomography. Eng. Fract. Mech. 2017, 182, 127–156.

46. Seo, D.; Toda, H.; Kobayashi, M.; Uesugi, K.; Takeuchi, A.; Suzuki, Y. In Situ Observation of Void
Nucleation and Growth in a Steel Using X-Ray Tomography. ISIJ Int. 2015, 55, 1474–1482.

47. Kobayashi, M.; Toda, H.; Kawai, Y.; Ohgaki, T.; Uesugi, K.; Wilkinson, D.; Kobayashi, T.; Aoki, Y.;
Nakazawa, M. High-Density Three-Dimensional Mapping of Internal Strain by Tracking
Microstructural Features. Acta Mater. 2008, 56, 2167–2181.

48. Toda, H.; Maire, E.; Aoki, Y.; Kobayashi, M. Three-Dimensional Strain Mapping Using in Situ X-
Ray Synchrotron Microtomography. J. Strain Anal. Eng. Des. 2011, 46, 549–561.

49. Guo, Y.; Burnett, T.L.; McDonald, S.A.; Daly, M.; Sherry, A.H.; Withers, P.J. 4D Imaging of Void
Nucleation, Growth, and Coalescence from Large and Small Inclusions in Steel under Tensile
Deformation. J. Mater. Sci. Technol. 2022, 123, 168–176.

50. Pathak, N.; Adrien, J.; Butcher, C.; Maire, E.; Worswick, M. Experimental Stress State-Dependent
Void Nucleation Behavior for Advanced High Strength Steels. Int. J. Mech. Sci. 2020, 179,
105661.

51. Wcislik, W. Experimental and Numerical Determination and Analysis of Selected Parameters of
the Gurson-Tvergaard-Needleman Model for S355 Steel and Complex Stress States. Ph.D.
Thesis, Kielce University of Technology, Kielce, Poland, 2014.

52. Testa, G.; Bonora, N.; Ruggiero, A.; Iannitti, G.; Gentile, D. Stress Triaxiality Effect on Void
Nucleation in Ductile Metals. Fatigue Fract. Eng. Mater.Struct. 2020, 43, 1473–1486.

53. Yu, Q. Influence of the Stress State on Void Nucleation and Subsequent Growth around Inclusion
in Ductile Material. Int. J. Fract. 2015, 193, 43–57.

54. Han, S.; Chang, Y.; Wang, C.; Han, Y.; Dong, H. Experimental and Numerical Investigations on
the Damage Induced in the Shearing Process for QP980 Steel. Materials 2022, 15, 3254.

55. Tancogne-Dejean, T.; Roth, C.; Morgeneyer, T.; Helfen, L.; Mohr, D. Ductile Damage of AA2024-
T3 under Shear Loading: Mechanism Analysis Through In-Situ Laminography. Acta Mater. 2020,
205, 116556.



Void Nucleation in Metals | Encyclopedia.pub

https://encyclopedia.pub/entry/28174 17/17

56. Shakoor, M.; Bernacki, M.; Bouchard, P.-O. Ductile Fracture of a Metal Matrix Composite Studied
Using 3D Numerical Modeling of Void Nucleation and Coalescence. Eng. Fract. Mech. 2017, 189,
110–132.

57. Nguyen, T.D.; Plimpton, S.J. Aspherical Particle Models for Molecular Dynamics Simulation.
Comput. Phys. Commun. 2019, 243, 12–24.

58. Lucchetta, A.; Brach, S.; Kondo, D. Effects of Particles Size on the Overall Strength of
Nanocomposites: Molecular Dynamics Simulations and Theoretical Modeling. Mech. Res.
Commun. 2021, 114, 103669.

59. Zhao, Q.Q.; Boyce, B.L.; Sills, R.B. Micromechanics of Void Nucleation and Early Growth at
Incoherent Precipitates: Lattice-Trapped and Dislocation-Mediated Delamination Modes. Crystals
2021, 11, 45.

Retrieved from https://encyclopedia.pub/entry/history/show/68810


