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A B S T R A C T   

This paper presents the main findings acquired in an experimental investigation into where voids form in mi
crostructures of pure Mg, Mg–3Zn alloy, and pure Ti after tension to near fracture. To facilitate a statistical study, 
52 voids in Mg and 62 voids in Ti along with local microstructures surrounding them were observed using a high- 
resolution electron backscattered diffraction (EBSD) mapping. Distributions capturing shape and orientation of 
voids with respect to loading direction were created as these geometric features give rise to local stress con
centrations. Microstructural evolution and, in particular, the formation of deformation twins as local hetero
geneities in the structures was observed to significantly influence the formation of voids in both Mg and Ti since 
these metals accommodate plastic strains by profuse twinning and grain fragmentations in addition to slip. To 
this end, distributions featuring the number of twin families neighboring each void, specific twin family 
neighboring each void, and voids taking shape of prior twins were formed. The observations and distributions 
reveal that formation of voids is driven by local microstructural heterogeneities, which are predominantly twins 
for Mg and predominantly grain fragmentations including shear bands for Ti. While substantial number of voids 
neighbor at least one twin family in both Mg and Ti, voids are predominantly twin-like i.e., lamellar in Mg but 
predominantly spherical in Ti. While the lamellar voids in Mg are elongated in the direction of twins, which is 
typically greater than ±30◦ from a pulling direction, a minor content of elongated voids in Ti align with the 
pulling direction. Such statistical distributions along with qualitative observations are presented and discusses 
highlighting the comparisons between the two metals exhibiting substantial differences in ductility and fracture 
behavior.   

1. Introduction 

Understanding and predicting fracture is fundamental to the design 
and adoption of improved and new structural materials with enhanced 
strength, ductility, and toughness. Strong yet sufficiently ductile mate
rials are of special importance in engineering design to avoid rapid 
brittle fracture of critical structures [1–3]. Ductile fracture typically 
happens by nucleation, growth, and coalescence of voids [4–7]. It is well 
established that voids can be induced by plastic deformation, especially 
in microstructural regions of intense localized deformation [8–13]. 
Previous research has shown that microstructural features such as grain 
boundaries [8,14–16], phase boundaries [17–20], twin-parent bound
aries [14,21–23], inclusions/precipitates [13,24–29], hydrides [30], 
vacancies [31,32], softening due to local recrystallization [11,33], and 
dislocation interaction heterogeneities [34–37] can act as initial void 

nucleation sites. While twins provide an additional degree of freedom to 
facilitate plasticity [38–44], they introduce heterogeneities in the 
microstructure and therefore influence the formation of voids [45,46]. 
To formulate microstructure-based models for predicting fracture, it is of 
special importance to know on which microstructural feature voids 
preferentially nucleate during plastic deformation of ductile metals. 
Knowing such weak links in structures and having the models can enable 
creation of metals more resistant to fracture. 

From the perspective of fracture mechanics, it is essential to deter
mine shape and orientation of discontinuities in the microstructure [47, 
48] as these govern mechanical fields responsible for crack propagation 
behavior and ultimate fracture [5,49]. Elongated defects present much 
higher stress concentrations then spherical ones [50–52]. For example, 
value of the stress concentration factor determined from Ingles equation 
[53] will be almost 4 times higher for an elongated defect with an ellipse 
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ratio of 5 compared to a circular defect with an ellipse ratio of unity. The 
effect of void orientation on stress concentrations can be estimated from 
the equations of the stress intensity factors [5]. An angle between the 
loading axis and the long axis of the defect is a variable in those 
equations. 

Attempts to link the local microstructure and void nucleation are not 
new though studies are typically performed on datasets of a few obser
vations [10,21,54,55]. However, the observed local phenomena do not 
always represent a homogenized behavior of the material. Therefore, 
statistical studies are needed to establish more reliable correlations since 
fracture should be studied in a statistical and not in a deterministic way 
[56–60]. Lack of statistical studies such as [17,61,62] is explained by 
complexity and time demands of the required experimental techniques 
[63–65]. In an attempt to alleviate this problem, in this work we present 
findings derived from a comprehensive dataset of microstructural data 
acquired around 114 voids in Mg and Ti. With numerous observations of 
different voids in Mg and Ti, we provide statistical information on void 
characteristics as well as correlation between location of voids and local 
microstructures. 

Mg and Ti and their alloys are metals, which have many desirable 
intrinsic properties (e.g. lightweight, biocompatible) [66–75]. In 
particular, these metals are receiving increasing interest for structural 
components, because of their high strength-to-weight ratio. While both 
are anisotropic, they exhibit substantial differences in ductility and 
fracture behavior. The particular samples for the study, pure Mg, 
Mg–3Zn alloy, and pure Ti, are treated to have coarse-grained initial 
microstructures to magnify the grain-scale phenomena taking place 
during deformation and fracture [76–79]. The samples are pulled in 
tension to near fracture, then voids are confirmed using X-ray tomog
raphy, and finally characterized using electron back-scattered diffrac
tion (EBSD). Results of the characterization are presented qualitatively 
and in the form of statistical distributions. Insights from these are 
described and discussed in the paper. 

2. Materials and experimental procedures 

In this work, three different materials are used: Ti with nominal 
purity 99.999%, Mg with nominal purity 99.99%, and a Mg-3 wt.%Zn 
alloy. These materials will be referred later in the text as pure Ti, pure 
Mg, and Mg–3Zn, respectively. Pure Mg and pure Ti have no second 
phase particles that can act as a void nucleation sites [14,25]. Therefore, 
the complexity of the analysis of these two pure metals renders to het
erogeneities such as grain boundaries, grain fragmentation, twins, and 
shear bands. Similarly, with light alloying of Mg with 3 wt% of Zn and 
following annealing with relatively fast cooling, the alloy forms super
saturated solid solution of Zn in Mg with minimal presence of very fine 
precipitates that are unlikely to serve as void nucleation sites in contrast 
to coarse coagulated particles. 

Pure Ti was rolled into a 10 mm thick plate and annealed at 800 ◦C 
for 24 h. Pure Mg was also rolled in a 10 mm thick plate and annealed at 
450 ◦C for 24 h, while the Mg–3Zn alloy was extruded at 350 ◦C with an 
extrusion ratio 9:1 and annealed at 413 ◦C for 24 h. All anneals were 
done in an argon atmosphere. Samples of pure Mg and pure Ti were 
cooled in the furnace with flowing argon. Samples of Mg–3Zn were air 
cooled to minimize nucleation of coarse precipitates of the MgZn second 
phase. The idea behind the designed heat treatments was to grow grains 
to magnify microstructural phenomena occurring during plastic defor
mation [76–78]. With larger grains, we expect nucleation of larger voids 
that are easier to capture by standard experimental techniques such as 
X-ray tomography and SEM/EBSD. 

The annealed materials were cut into 2 mm thin plates by spark 
erosion and milled or spark cut into tensile specimens. Geometry of the 
specimens is presented in the appendix. Mechanical testing was per
formed using a Gatan microstage with max load of 2 kN. Tension was 
performed along the rolling direction (RD) of the rolled sheets and the 
extrusion direction (ED) of the extruded rods. Tension tests were inter
rupted at strain levels with anticipated formation of voids. X-ray to
mography imaging followed to confirm presence of voids. Verification 
by tomography was necessary for samples of pure Ti in particular 

Fig. 1. (a–d) IPF maps showing the initial microstructure in the tensile specimens of (a,b) pure Ti, (c) Mg–3Zn, and (d) pure Mg. (a–d). The maps correspond to 
samples 1, 2, 4, and 7 in Fig. 2, respectively. The sample direction perpendicular to the maps is ND or perpendicular to ED as indicated in the standard IPF triangle. 
The colors in the IPF maps represent the orientation of ND/PED sample axes with respect to crystal lattice frames according to the coloring in the standard IPF 
triangle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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because these samples exhibited prolongated deformation and pro
nounced necking. Samples of pure Mg and Mg–3Zn alloy fractured right 
after reaching ultimate tensile strength (UTS), so samples of these ma
terials were tested approximately to right after UTS. Nevertheless, some 
of the Mg samples fractured during testing. Voids were observed near 
fracture surfaces for these samples. The exact numbers of samples that 
were pulled to near fracture and to fracture and characterized is eight, as 
will be described shortly. 

X-ray computer tomography (μXCT) was performed on a Zeiss Xradia 
610 Versa instrument under applied voltage of 40 kV and power at the 
tube of 1 W. The distance between source and the sample was 17 mm 
and the distance between 4x objective (detector) and the sample was 
also 17 mm, which resulted in the voxel size from 1.5 to 3 μm with 
binning 1 × 1 and 2 × 2, respectively. Scans were performed in 1601 
projections per 360◦ and then reconstructed into 3D tomograms with 
drift correction using the Dragonfly software. If sufficient number of 
voids were present per tomogram (typically, a few tens of voids), the 
specimen was mount into a 1.25-inch polymer mount and polished for 
SEM/EBSD according to the procedure described below. If no voids were 
found or too few voids were observed, the tension test continued to 
create more voids or another sample was tested to near fracture. 

For Ti, sample preparation for SEM/EBSD included the following: 
mechanical grinding on an abrasive paper of 320 grit, polishing using 9 
μm diamond suspension, and final polishing using a mixture of 5 parts of 
colloidal silica and 1 part of H2O2. For Mg, the preparation included 
mechanical grinding on abrasive papers up to 2500 grit, polishing using 
3 μm diamond suspension, and 1 μm diamond suspension, and final 
polishing using MasterPolish suspension (mixture of colloidal silica and 
alumina). 

EBSD scans were performed at 10 kV with step size selected so every 
map contained about 600,000 points for undeformed samples and 
200,000 points for deformed samples. EBSD data processing was per
formed in TSL OIM 8.6. Cleanup procedures included neighbor confi
dence index (CI) correlation, where points with CI less than 0.1 are 
replaced with neighboring points that have CI more than 0.1. Then, any 
remaining points with CI less than 0.1 were discarded from the dataset. 
EBSD scans were taken around 62 voids in Ti and 52 voids in Mg. The 
number of scans was sufficient to plot statistical correlations as analysis 
of the data casting about 75% of the data into the same statistical dis
tributions as the full data did not change the trends. After EBSD scans 
were taken from the surface per specimen, polishing continued inside 
the specimens to observe more voids inside. Continued polishing was 
repeated usually five times. Example images along with identified voids 
at different depth in one of the samples are presented in the appendix. 
We would like to point out that acquisition of such a comprehensive 
experimental dataset of voids and surrounding microstructures was a 
significant challenge. Successful EBSD of heavily deformed Mg and Ti 
demanded preparation of many samples not all of which were successful 
and slow data acquisition speeds to achieve good quality of diffraction. 
Acquiring of over 100 scans took over 500 h of the SEM time, which was 
several months of data acquisition. 

3. Results 

This section begins by presenting the initial microstructures and flow 
stress response of the studied materials followed by a number of ex
amples of qualitative observation, and finally presents a set of statistical 
distributions for properties of voids. 

3.1. Initial microstructures and mechanical response in tension 

Fig. 1 presents inverse pole figure (IPF) maps showing the initial 
microstructure in the tensile specimens of pure Ti (Fig. 1a and b), 
Mg–3Zn alloy (Fig. 1c), and pure Mg (Fig. 1d). Microstructures of two 
other pure Mg samples tested in this work are presented in Ref. [54]. The 
sample direction perpendicular to the maps is the normal direction (ND) 

for the rolled sheets and perpendicular to the extrusion direction (PED) 
for the extruded rods as indicated in the standard IPF triangle. The colors 
in the IPF maps represent the orientation of the ND/PED sample axis 
with respect to the crystal lattice frame according to the coloring in the 
standard IPF triangle. Microstructures presented in Fig. 1a,b,c,d corre
spond to those of the stress-strain curves of the samples 1, 2, 4, and 7 in 
Fig. 2, respectively. 

As we can see from these IPF maps, samples of pure Ti and Mg–3Zn 

Fig. 2. Engineering stress-engineering strain curves measured for the speci
mens indicated in the legend in tension. Black arrows indicate strain levels at 
which EBSD scans were taken per specimen. 

Fig. 3. X-ray tomogram of sample 1 necked region at an engineering strain of 
1.1. In the tomogram, light blue color represents surface mesh, which is semi- 
transparent, while voids are highlighted with the opaque red color. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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alloy have relatively homogeneous microstructures. The calculated 
grain size is 236, 368, and 265 μm for the samples in Fig. 1a, b, and c, 
respectively. Calculation of the grain size is not applicable for the sample 
presented in Fig. 1d as well as other pure Mg samples presented in Fig. 2 
and in Ref. [54] because these are oligocrystalline specimens with grain 
size reaching a few mm. 

Fig. 2 shows engineering stress versus engineering strain curves 
recorded for eight specimens tested in tension. Engineering and not true 
quantities are plotted to show post-necking portions of the curves. As it 
was described in the experimental section, tensile tests were interrupted 
at strain levels with anticipated formation of voids and followed by X- 
ray tomography to determine presence of voids. A typical tomogram 
with observed voids is presented in Fig. 3. If no voids to too few voids 
were present in a tomogram, the tensile test continued or a new spec
imen was tested. Specimens 1–5 were not pulled to fracture, while 
specimens 6–8 were pulled to fracture. 

As evident from the stress-strain curves presented in Fig. 2, samples 
of pure Ti exhibited elongation of up to 105–115% with substantial 

reductions in their cross-sectional areas (Figs. 3a and 4a). The difference 
in the mechanical response between samples 1 and 2 is attributed to the 
differences in the initial microstructure as shown in Fig. 1. The lower 
strength specimen had slightly larger grain size (sample 2). Given that 
the tests were interrupted, elongation-to-fracture would even be higher 
for these specimens if deformed to fracture. Samples of the Mg–3Zn alloy 
exhibited much lower elongation at the observed void nucleation stage, 
on the order of 20%. Finally, the specimens of pure Mg showed signif
icant differences in their mechanical response due to highly heteroge
neous microstructures, which varied substantially from specimen to 
specimen [54]. Measured elongations ranged from 10 to 22%. 

In this work, we do not attempt to establish correlations between the 
mechanical response and the initial and/or deformed microstructure as 
it lies beyond the research objective. The stress-strain curves are pro
vided rather to illustrate at what strain (elongation) levels voids were 
observed and characterized in each material. 

Fig. 4. (a) A secondary electrons (SE) SEM 
image of the gauge section after tension to 
an engineering strain of 1.1 of pure Ti 
(sample 1 after first polishing). Red squares 
in (a) highlight locations of pores. (b,d) IPF 
maps of the areas around pores indicated on 
(a) and (c,e) corresponding IQ maps with 
overlay of identified twin boundaries. Twin 
color code presented in (c) applies to all the 
following figures. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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3.2. Qualitative characterization of deformed microstructures 

After the tensile specimens were appropriately strained and voids 
confirmed, the samples were observed using SEM/EBSD. Figs. 4–7 
illustrate first SEM images of gauge sections of tested samples of Ti 
(Figs. 4a and 5a) and Mg–3Zn (Figs. 6a and 7a). Red squares on the SEM 
images highlight locations of EBSD scans taken around voids. 

Subsequently Figs. 4–7 show IPF maps (b,d) and corresponding 
image quality (IQ) maps (c,e) around pores that are indicated on the 
SEM images (Figs. 4a–7a). The IQ maps are plotted with an overlay of 
identified twin boundaries with color code presented in Fig. 4c. Note 
that the color code is applicable to all IQ + twin maps presented in the 
paper. 

As evident from Figs. 4–7, deformed microstructures of both Ti and 
Mg become highly developed, fragmented and heterogeneous, with 

fragments to sub-μm scale. We do not provide quantification of grain 
size for deformed microstructures because large calculation errors 
would be inevitable. However, even qualitative judgement can highlight 
the significance of grain fragmentation. The fragmentation is dependent 
on twinning, which is clearly revealed in the IQ + Twin maps (Fig. 4c 
and e − Fig. 7c and e). From these figures, it is clear that almost all voids 
neighbor with twins and thus, twinning plays an important role in the 
formation of voids. This will be further considered in the statistical an
alyses that follows. 

As far as spatial location of voids, it is evident that some voids 
nucleate on grain boundaries or junctions as in Fig. 4b and e, Fig. 5d and 
e, and Fig. 7d and e. In most cases, voids nucleate at multiple (>4) 
neighboring grains/fragments surrounded by numerous twins (Fig. 4d 
and e, Fig. 5b and c). Fig. 5 also illustrates an example of a void 
nucleated within a local shear band that is oriented ~45◦ to the loading 

Fig. 5. (a) An SEM image of the gauge section after tension to an engineering strain of 1.1 of pure Ti (sample 1 after second polishing approximately 15 μm below the 
surface of Fig. 4a). Red squares highlight locations of pores. (b,d) IPF maps of the areas around pores indicated in (a) and (c,e) corresponding IQ maps with overlay of 
twin boundaries. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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direction and contains highly fragmented microstructure. In such a case, 
the number of fragments neighboring the void is as high as 10–20 
making establishing any reliable correlation between these fragments 
and the void difficult. 

In summary, the qualitative observations show that voids in Mg and 
Ti have different, shape, size, and orientation with respect to the loading 
direction. Voids in Ti are more round (Fig. 4b–e, Fig. 5d and e) with a 
smaller number of elongated voids within shear bands (Fig. 5b and c). 
The size of these voids is typically within 10 μm. In contrast, in Mg, some 
ellipsoidal and many lamellar voids are observed that resemble shape of 
lenticular twins (Fig. 6b–e) and have size reaching 100 μm. Most of the 
voids in both Mg and Ti neighbor deformation twins. 

To complement the above qualitative assessments, we performed 
analyses of Schmidt factors (SFs) for slip and kernel average mis

orientations (KAM) around voids. The SF analyses reveal the likelihood 
of basal 〈a〉slip {0001} as the easiest in Mg [80–85] and prismatic 〈a〉slip 
{1100} as the easiest in Ti [86–90] to operate around voids. The results 
are presented in Figs. 8 and 9. Fig. 8 shows color-coded SF maps for basal 
slip (a,c) and KAM (b,d) around voids in Mg, where (a,b) correspond to 
the location depicted in Fig. 6b and c, while (c,d) correspond to Fig. 6d 
and e. Fig. 9 displays color-coded SF maps for prismatic slip (a,d) and 
basal slip (b,e) as well as KAM maps (c,f) of areas around voids in Ti. 
Images shown in Fig. 9a, b and c and Fig. 9d, e and f correspond to the 
maps shown in Fig. 5b and c and Fig. 5d and e, respectively. The SF 
analyses reveal that lamellar-shaped voids in Mg are located on the 
boundary between prior contraction twins with high SF for basal slip 
and parent grains with low SF for basal slip. In contrast, no reliable 

Fig. 6. (a) An SEM image of the gauge section after tension to an engineering strain = 0.24 of Mg–3Zn (sample 3 after initial polishing). Red squares highlight 
locations of pores. (b,d) IPF maps of the areas around pores indicated in (a) and (c,e) corresponding IQ maps with overlay of twin boundaries. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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correlations can be established between location of voids and orienta
tion of neighboring grains, SFs for basal or prismatic slip, and KAM in Ti, 
though voids are typically located in highly deformed regions. In the 
next section, we fit these qualitative observations into statistical distri
butions for further analyses. 

3.3. Quantitative characterization of deformed microstructures 

Given sufficient number of observations for each material (EBSD 
scans around 114 voids for Mg and Ti combined), the qualitative de
scriptions presented above are cast into statistical correlations. The 
following parameters are considered.  

1. Void shape. Following the idea of increased stress concentrations 
with increasing ellipsoid factors and based on the observed void 
shapes in Fig. 4–7, this group is divided into several subcategories: 
(a) spherical voids with a ratio of long axis versus short axis of 
ellipsoid less than 2:1, (b) ellipsoidal voids with the ratio of long axis 
versus short axis of ellipsoid more than 2:1 but less that 5:1, (c) 

lamellar voids with the ratio of long axis versus short axis of ellipsoid 
more than 5:1, and (d) irregular voids that cannot be approximated 
by an ellipsoid shape. The defined ratios were selected to achieve 
meaningful classification of spherical, ellipsoidal, and lamellar voids 
as observed in Figs. 5d, 4b and 6d, and Fig. 7d respectively. More 
specific examples are presented in the appendix for both Mg and Ti. 

2. Void orientation with respect to the loading direction. Void orien
tation plays an important role in the magnitude of local stress con
centrations. In particular, stress intensity factors are proportional to 
the sin2(α), where α is an angle between the loading axis and the long 
axis of the defect (void). The larger the angle, the higher the stress 
intensity factor. As the loading direction was horizontal on all pre
sented images, ellipsoidal and especially lamellar voids oriented 
away from the loading direction can cause large concentrations. To 
quantify these aspects, we split a 360◦ circle into sectors corre
sponding to 0–30◦, 30–60◦, and 60–90◦ spreads from the loading 
direction. The schematic illustration of this approach is presented on 
Fig. 10. Here, the loading direction is horizontal, while a yellow dash 
line is plotted over the long axis of the void. In this given example, 

Fig. 7. (a) An SEM image of the gauge section after tension to an engineering strain of 0.21 of Mg–3Zn (sample 4 after initial polishing). Red squares highlight 
locations of pores. (b,d) IPF maps of the areas around pores indicated on (a) and (c,e) corresponding IQ maps with overlay of twin boundaries. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the void belongs to the sector of 30–60◦ from the pull direction. This 
classification applies only to ellipsoidal and lamellar voids, as neither 
spherical nor irregular voids have a distinct long axis.  

3. Number of twin families neighboring voids. Majority of voids 
neighbor twins of various families. In this parameter, we count the 
number of neighboring twin families around each void. As voids are 
often surrounded by 10–20 grain/twin fragments, it is difficult to 
statistically correlate each of these fragments to the void. Thus, 
rather than counting the number of neighboring twin lamellae, we 
count the number of neighboring twin modes/families. If at least one 

twin of a particular twin family neighbors a void, this is counted as 
an established presence of this twin family near the void.  

4. Specific twin family neighboring voids.  
5. Voids induced by a twin lamella and specific parent twin family for 

each lamellar void. Given that some voids have lamellar twin-like 
shape as in Fig. 6b–e and are located within twins or along a twin 
boundary, we count the number of these voids nucleated within 
twins (i.e. along the twin-matrix boundaries) and observe which twin 
family is a parent for each of these voids. 

Fig. 8. (a,c) SF maps for basal slip and (b,d) KAM maps of areas around voids in Mg. (a,b) correspond to Fig. 6b and c and (c,d) correspond to Fig. 6d and e.  

Fig. 9. (a,d) SF maps for prismatic slip (b,e) SF maps for basal slip, and (c,f) KAM maps of areas around voids in Ti. (a,b, and c) correspond to Fig. 5b and c and (d,e, 
and f) correspond to Fig. 5d and e. 
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Observations of voids in pure Mg and Mg–3Zn alloy were grouped 
into a single category of Mg due to similarity of the observations in these 
materials. Although the Mg–3Zn alloy contains precipitates of the sec
ond phase MgZn, their content is very small, no more than 1%. More
over, a typical size of these precipitates is a few tens to hundreds of nm 
which is small compared to the observed size of voids in Mg, ~100 μm. 
Thus, these fine precipitates in such a minor quantity are not expected to 
appreciably influence void nucleation in the Mg–3Zn alloy. No signifi
cant differences were observed between pure Mg and Mg–3Zn as sup
ported by the third figure in the appendix. There was a total of 52 
observations of voids in Mg and Mg–3Zn. These 52 observations were 
considered as 100%. Then, statistical distributions of the defined pa
rameters are calculated from these 100%. For example, if 4 of voids in 
Mg are spherical, 8 are ellipsoidal, 16 are lamellar, and 24 are irregular, 
then the percentage of each group will be 7.6, 15.4, 30.8, and 46.2% 
respectively. Similar calculations are done for Ti where all 62 observa
tions of voids are considered as 100% and split into groups 
(subcategories). 

Fig. 11 presents the statistical distributions of void characteristics in 
Mg and Ti: void shape (Fig. 11a), void orientation for ellipsoidal and 
lamellar voids relative to the loading direction (Fig. 11b), number of 
twin systems neighboring voids (Fig. 11c), distribution of twin modes/ 
families neighboring voids (Fig. 11d), and voids induced by twins of 
particular family (Fig. 11e). 

Key observations from the statistical distributions in Fig. 11 can be 
summarized as follows:  

(1) Fig. 11a: 61.5% of the voids in Mg have lamellar twin-like shape 
(such as shown in Fig. 6b–e and in the appendix for pure Mg) 
while 93.4% of voids in Ti voids are spherical and ellipsoidal 
(such as shown in Fig. 4b–e and Fig. 5d and e).  

(2) Fig. 11b: 89.4% of ellipsoidal and lamellar voids in Mg are 
elongated in the direction greater than ±30◦ from the tension 
direction (Fig. 6b–e). Also, 36.8% of voids are elongated in the 
direction greater than ±60◦ from the tension direction. Some of 
the voids are elongated nearly 90◦ perpendicular to the loading 
direction as shown in the appendix. In contrast, the figure shows 
that 69.2% of ellipsoidal and lamellar voids in Ti are elongated in 
the direction within ±30◦ from the tension direction (Fig. 4b–c, 
Figure A4a-e).  

(3) Fig. 11c: 92.3% of the voids in Mg and 83.3% voids in Ti neighbor 
twins of at least one family.  

(4) Fig. 11d: 60% of twin families neighboring voids in Mg are 
extension twins {10–12} and 40% are compression twins 
{10–11}, while 43.9% of twin families neighboring voids in Ti are 
extension twins {10–12}, 41.5% are compression twins {11–22}, 
and 14.6% are extension twins {11–21}. Examples of these ob
servations are presented in the appendix for both Mg and Ti.  

(5) Fig. 11e: 53.8% of voids in Mg are induced by compression twins 
{10–11} (Fig. 6b–e) although extension twins are predominant 
neighbors, while 9.7% of voids in Ti are induced by twins of 
either extension {11–21} or extension {10–12} systems as 
depicted in the last figure of the appendix. 

4. Discussion 

This work is a statistical characterization study of voids formed in Mg 
and Ti under tension to near fracture. Local microstructures arounds 52 
voids in Mg (pure Mg and Mg–3Zn alloy combined) and 62 voids in Ti 
were captured using EBSD mapping. Microstructures in the studied 
materials were adjusted to grains greater than 200 μm to magnify the 
phenomena. Nevertheless, fragments after deformation reduced down to 
μm and sub-μm scale due to profuse twinning and grain fragmentation. It 
is therefore no surprise that most of the voids in both Mg and Ti neighbor 
twins of at least one system. 

Qualitative observations revealed that voids in Mg and Ti have 
different shape, size, and orientation. Voids in Ti are more round 
(Fig. 4b–e, Fig. 5d and e) with a small number of elongated voids within 
shear bands (Fig. 5b and c). The size of voids in Ti is typically within 10 
μm. In contrast, multiple ellipsoidal or lamellar voids are observed in Mg 
that also resemble shape of lenticular twins (Fig. 6b–e) and have size 
reaching 100 μm. These voids elongate in the direction of microstruc
tural features (twins) rather than in the pull direction. Ellipsoidal and 
lamellar voids in Ti are elongated predominantly in the direction within 
±30◦ from the tension direction (Fig. 4b–c, Figure A4a-e). This is not the 
case with Mg in which some of the lamellar voids are nearly perpen
dicular to the loading direction as shown in the appendix. 

Further analyses of SFs reveal that lamellar-shaped voids in Mg are 
located on the boundary between prior contraction twins with high SF 
for basal slip and parent grains with low SF for basal slip. Supported by 
conclusions from previous works [21,54,91–97], intense plastic defor
mation by basal slip within contraction twins and lack of slip transfer 
between the twin and parent grain due to low coherency leads to 
accumulation of dislocations followed by damage and decohesion at the 
twin-parent boundary. The intense plasticity within the twins leads to 
much higher KAM heterogeneity within twins than in parent grains, 
Fig. 8b and d. In contrast to Mg, correlations between SFs for basal and 
prismatic slip or KAM and location/properties of various voids in Ti 
were not obvious. While local correlations based on individual EBSD 
scans could be discussed, such considerations of multiple scans were 
controversial. For example, the void in Fig. 9c is located withing a region 
of a shear band with high KAM, while the void in Fig. 9e is located 
within a region with relative low KAM. Thus, these correlations were not 
expandable onto the entire dataset recorded for Ti. Certainly, voids in Ti 
are located in highly deformed regions in most of the cases as in Fig. 5b 
and c. Such highly deformed microstructures make quantitative analysis 
very complicated. Non-human judgment by Artificial Intelligence and 
Machine Learning can be attempted to establish correlations. Such 
works are left for the future. 

Five parameters were used to classify statistical descriptions of 52 
and 62 observed voids in Mg and Ti, respectively. Sufficient repeat
ability of the observed phenomena was ensured in the data. Therefore, 
the results can be regarded as homogenized properties of the materials. 
Describing phenomena in a quantitative way using such statistics and 
not only in a qualitative way facilitated several important insights, as 
summarized next. 

Fig. 10. Schematic illustration of the approach for calculation of orientation of 
ellipsoidal and lamellar voids with respect to the loading direction. The back
ground image is presented in Fig. 6d and shows an IQ map with overlay of 
twin boundaries. 
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The present observations and conclusions are in good agreement 
with previous reports in the literature in terms of the location of voids in 
Mg. In Ref. [21], authors concluded that {10–11} twins can account for 
nucleation of lenticular twin-shaped voids and shear failure of magne
sium at low strains. However, authors did not perform any statistical 
analysis on the fraction of these voids nucleated within twins. The 
present work complements these prior observations by providing sta
tistics showing that up to 53.8% voids in Mg indeed nucleate within 
compression twins {10–11} highlighting the detrimental effects these 
twins play in damage formation and fracture of Mg. 

In [54], multiple cylindrical/tubular voids were observed by X-ray 
tomography and attributed either to twinning or to intersecting slip 
planes. In the present work we show that 61.5% of the voids in Mg have 
lamellar twin-like shape, and 53.8% of voids nucleate within compres
sion twins {10–11}. This shows that the lamellar voids predominantly 

nucleate within identified twins. As lamellar twins correlate with 
cylindrical/tubular shape in 3D, we can reliably state that majority of 
the tubular voids observed in Ref. [54] originated from twins and not 
intersecting slip planes. Isolated observations in Ref. [54] of 
twin-induced heterogeneities, lamellar-shaped voids, and pores at 
twin-grain boundaries are well supported and complimented by the 
present statistical observations, particularly, that 92% voids in Mg 
neighbor with twins of at least one system, and 53.8% of voids nucleate 
within twins. This makes a reliable conclusion that twinning highly in
fluences nucleation and/or propagation of voids in Mg. 

Nucleation and/or propagation of voids in Ti is moderately affected 
by twinning since 80.6% of voids neighbor with twins of at least one 
family. However, only 3.3% of voids have lamellar shape and only 9.7% 
are induced by twins of extension {10–12} or extension {11–21} sys
tems. 56.7% of voids have spherical shape, while 69.2% of ellipsoidal 

Fig. 11. Statistical distributions of void characteristic in Mg and Ti: (a) void shape, (b) void orientation for ellipsoidal and lamellar voids relative to the loading 
direction, (c) number of twin modes neighboring voids, (d) distribution of twin modes neighboring voids, (e) nucleation of voids induced by twin lamellae. 
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and lamellar voids are elongated in the direction within ±30◦ from pull 
direction but do not follow twin lamellae. The ellipsoidal and lamellar 
voids become elongated rather because of the sample shape change in 
the pull direction. Therefore, twinning only moderately influences voids 
in Ti. In contrast, microstructural evolution fragmenting grains and 
forming shear bands strongly influences voids in Ti as Ti is much more 
ductile than Mg. 

The different nature of void nucleation evidently results in the dis
similar shape and orientation of voids in Mg and Ti. As voids in Mg 
predominantly nucleate along twins, which can cross entire grains, voids 
in Mg can be as large as grain size of the material and oriented along 
twinning boundaries. In comparison, highly fragmented microstructure 
of Ti with no apparent effect from twinning results in generation of 
rather small spherical voids which then elongate in the direction close to 
the macroscopic pull direction. Void size in Ti is essentially independent 
on the initial grain structure, as voids are observed only at latter stages 
of deformation where microstructure is heavily fragmented due to 
intense plasticity. 

As evident from the derived statistical data and qualitative obser
vations, voids in Mg have much more detrimental effect on the me
chanical properties and fracture compared to Ti. Voids in Mg are much 
larger, often have sharp lamellar shape and oriented at high angles 
relative to pull direction. These factors lead to increase of local stress 
concentrations and earlier fracture. It is therefore no surprise that a 
material with such defects would have lower ductility compared the 
materials with smaller and more spherical voids. Even though we do not 
directly compare ductility of Ti and Mg as results of voids, it is evident 
that voids in Ti present a much better scenario for fracture properties 
compared to those in Mg. 

5. Conclusions 

In this work, we performed a statistical characterization study of 
voids formed in Mg and Ti under tension while correlating surrounding 
microstructures. Local microstructures were captured around 52 voids 
in Mg (pure Mg and Mg–3Zn alloy combined) and 62 voids in Ti using 
high-resolution EBSD mapping to form a comprehensive experimental 
dataset. In contrast to studies utilizing only a few observations, the work 
presented here ensured sufficient repeatability of the observed phe
nomena to form statistical distributions of shape of voids, orientation of 
voids with respect to the loading direction, number of twin modes 
neighboring voids, specific twin mode neighboring voids, and twinning 
lamellae induced voids. Thus, the results are averaged properties of the 
materials and not just locally observed phenomena. More correlations 
between void location/properties and surrounding microstructure can 
potentially be extracted from the dataset in the future with applications 
of artificial intelligence and machine learning techniques. The work 
established principal differences between voids in Mg and Ti with the 

main conclusions as follows: 

• Voids in Ti are observed to be small in size (<10 μm) and predomi
nantly spherical, while those in Mg are much bigger (~100 μm) and 
have predominantly lamellar shape. The minor content of ellipsoidal 
and lamellar voids in Ti are oriented along the loading direction, 
while major content of those voids in Mg are oriented away from the 
loading direction. Statistics including size, shape, and orientation of 
voids showed that voids in Mg have much higher stress concentration 
effects detrimental to fracture properties than those in Ti.  

• Statistical distributions provided a quantitative support to a known 
concept that formation of voids in Mg is strongly dependent on ex
istence of compression twins in the structure. These twins create 
lamellar voids in Mg and due to their shape and size strongly influ
ence fracture properties. Suppression of contraction twinning or 
reducing the size of those twins can benefit fracture properties of the 
material due to the reduced effect of stress concentration. This also 
explains, besides other reasons, lower ductility of coarse-grained Mg 
alloys and enhanced ductility of the fine-grained ones.  

• While twins moderately influence formation of voids in Ti, majority 
of voids result from substantial microstructural evolution to large 
strains including formation of shear bands. Unlike in Mg, no reliable 
correlations were established between location of voids and orien
tation of neighboring grains, SFs for basal or prismatic slip, and KAM 
in Ti, even though voids are located in highly deformed regions. 
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Appendix A 

This appendix presents geometry of test specimens in Figure A1, SE SEM images showing sample preparation underneath the initial surface in 
Figure A2, voids in pure Mg in Figure A3, voids in pure Mg oriented nearly perpendicular to the loading direction in Figure A4, voids of different shape 
in Ti in Figure A5, voids of different shape in Mg in Figure A6, twin families adjacent to voids in Ti in Figure A7, twin families adjacent to voids in Mg in 
Figure A8, and twin-induced voids in Ti in Figure A9. 
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Fig. A1. Geometry of the tensile specimens used to test: (a) Mg–3Zn alloy, (b) pure Ti, and (c) pure Mg. Thickness of all specimens was 2 mm.   
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Fig. A2. SE SEM images of sample 1 at the engineering strain of 1.1 after: (a) initial polishing, (b-e) polishing to depths of 15, 25, 40, and 55 μm below the initial 
polishing surface in (a). Red squares highlight voids.  
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Fig. A3. Images of pure Mg showing similar looking voids as in Mg–3Zn alloy: (a) SEM image of the gauge section after tension to an engineering strain of 0.14 of 
pure Mg (sample 8). Red squares highlight locations of pores. (b,d) IPF maps of the areas around pores indicated in (a) and (c,e) corresponding IQ maps with overlays 
of twin boundaries. 

Fig. A4. Voids in pure Mg oriented nearly perpendicular to the loading direction, which is horizontal. Images are taken from: (a) sample 5 at an engineering strain of 
0.22 and (b) sample 7 at an engineering strain of 0.15. 
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Fig. A5. IPF maps showing examples of: (a) spherical, (b) ellipsoidal, (c) lamellar, and (d) irregular-shaped voids in pure Ti. Images are taken from sample 1 
deformed to an engineering strain of 1.1. 

Fig. A6. IPF maps showing examples of: (a) spherical, (b) ellipsoidal, (c) lamellar, and (d) irregular-shaped voids in Mg. Images are taken from: (a) pure Mg at an 
engineering strain of 0.22 (sample 5), (b) Mg–3Zn at an engineering strain of 0.21 (sample 4), and (c,d) pure Mg at an engineering strain of 0.10 (sample 6).  
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Fig. A7. IQ maps with overlay of twin boundaries illustrating different number of twin families adjacent to voids in Ti: (a) no neighboring twin families, (b) one 
neighboring twin family, {1012}, (c) two neighboring twin families, {1012} and {1022}, (d) three neighboring twin families, {1012}, {1022}, and {1021}. Images 
are taken from (a-c) sample 1 at an engineering strain of 1.10 and (d) sample 2 at an engineering strain of 1.15.  
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Fig. A8. –IQ maps with overlay of twin boundaries illustrating different number of twin families adjacent to voids in Mg: (a) no neighboring twin families, (b) one 
neighboring twin family, {1012}, (c) two neighboring twin families, {1012} and {1011}. Images are taken from: (a) sample 7 at an engineering strain of 0.15, (b) 
sample 5 at an engineering strain of 0.22, and (c) sample 3 at an engineering strain of 0.24.  
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Fig. A9. IQ maps with overlay of twin boundaries illustrating twin-induced voids in Ti: (a) void induced by an extension twin {1021} and (b) void induced by an 
extension twin {1012}. Images are taken from sample 1 at an engineering strain of 1.1. 
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