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Porosity Quantification of additive Manufactured ti6al4v  
and cocrW alloys Produced by l-Pbf

The main aim of the present paper is to evaluate the porosity and mechanical properties of Ti6Al4v and CoCrW alloys 
produced by Laser Powder Bed Fusion (L-PBF) as an additive manufacturing (AM) technology. Ti6Al4v and CoCrW alloys are 
attractive for medical application. the complex examination of porosity for these alloys needs the quantification of morphological 
and dimensional characteristics. Quantification of porosity was realized on non-etched samples. Quantitative image analysis was 
used to describe the dimensional and morphological porosity characteristics. the pores were evaluated by image pro plus software. 
the results show the significant inhomogeneity of the morphology and distribution, as well as the pore size in the investigated 
materials and underline the importance of pore structure for the controlling mechanism of the mechanical response.
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1. introduction

the concept of powder bed fusion (PBF) includes a wide 
range of technologies based on the principle of additive manu-
facturing (AM) of powdered metallic materials. the key to this 
technology is the correct setting of the instrument to achieve the 
best mechanical properties. the resulting mechanical properties 
depend on many parameters of AM built process. there is a large 
number of research papers focused on the influence of different 
parameters on the microstructure and final mechanical properties 
of products [1-6], but the porosity structure as a critical factor 
for assessing of desired mechanical properties is still welcome 
for a better understanding of the processing phenomena of AM.

Porosity is a common defect in AM products since most 
of the binding mechanisms are driven by temperature changes, 
gravity and capillary forces without applying external pressure. 
Porosity can be found as irregular pores (e.g., due to shrinkage, 
lack of binding/fusion/melting, or material feed shortage, often 
occurring at the border of molten tracks) or spherical pores 
(commonly due to trapped gas, Marangoni turbulences in the 
melt region, material evaporation, etc., often occurring within 
the molten tracks) [7-9].

in all, the density of laser powder bed fusion (l-PBF) pro-
duced parts are highly dependent on scanning speed, through 
which controlling the porosity is possible. it is known that the 
mechanical performance of a part is an essential parameter for as-
sessment of its final practicability [10]. the titanium alloy system 
Ti6Al4v and CoCr-based alloys are very popular AM materials 
due to their implementation in medical applications [11]. 

Ti6Al4v components prepared by the L-PBF technology 
can overdraw the tensile properties of conventionally manu-
factured materials [12]. on the other side, the poor fatigue and 
wear resistance in additively manufactured titanium alloys is 
caused by high porosity levels. there have been multiple types 
of porosity observed in these materials [12-18]. 

the presence of fusion porosity is created by the insufficient 
melting of a new layer of powder to an early deposited layer, or 
between contiguous beam passes. these pores are >100 µm in 
size and have an irregular shape [19].

This paper covers Ti6Al4v and CoCrW alloys since both 
alloys are attractive for medical applications. the main aim of 
the proposed research is compared both alloys with respect to 
the mechanical properties and porosity evaluation. the quality 
of the proposed alloys is interesting due to the final application 
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in the dental crowns [20]. the complex examination of porosity 
for these alloys also needs the quantification of morphological 
and dimensional characteristics. the present paper is focused on 
the structure-function of porosity phenomena by using quantita-
tive image analyses. 

2. Materials and methods

As experimental materials, the Ti6Al4v (grade5, electro 
Optical Systems, Finland) and CoCrW (remanium®starCL 
powered by dentaurum) powders were used. the samples were 
prepared by the Mlab cursing R (concept laser, Germany), 
which works by l-PBF technology. the workspace for sample 
preparation is 90×90×80 mm (x, y, z). the device is equipped 
with a 100 Watt laser. The dimensions of the samples according 
to the MPiF standard test Methods edition 2007 are shown in 
[5,6]. All samples were produced in one batch.

the evaluation of porosity was realized on non-etched 
samples using optical microscope zeiss Axiovert A1 equipped 
with an image analyzer. characterizations were carried out at 
100x magnification on the minimum seven different image 
fields for specimens prepared by AM technology. the pores 
were evaluated by image pro plus software. Quantitative image 
analysis treats pores as isolated objects in the two-dimensional 
plane in order to describe the dimensional and morphological 
porosity characteristics. Morphological characteristics are fcircle, 
fshape (showing the shape of the pores which has a major impact 
on the mechanical properties):
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where 
 Dmin – parameter representing a minimum of Feret diameter, 
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where A – area of the metallographic cross-section of the pore, 
[cm2], 

 A = π · a · b (3)

where P – perimeter of the metallographic cross-section of the 
pore, [cm], 

  1.5P a b a b         (4)

the dimensional characteristic Dcircle (representing the 
diameter of the equivalent circle showing the same area as the 
metallographic cross-section of the pore) and aspect ratio A 
(representing the ratio between the major axis and minor axis of 
an ellipse equivalent to pore) according to [21-23]. the aspect 
ratio considers the stress and the strain situation in the process 
of AM. the evaluation procedure described in more detail is at 
work [5,6]. From our previous studies [15-17], it´s known that 
nanopores do not affect the mechanism of fracture formation. 
Therefore, only pores of a size greater than 1 μm were inves-
tigated. 

total porosity was calculated by equation [6,19,21,22]:
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where
 P – total porosity,
 ρg – green density [kg·m–3]
 ρt – theoretical density [kg·m–3].

sampled dimensions for sinter-and-press specimens 
respected the MPiF standard 10 and for ecAPed specimen’s 
dimensions were 10 mm in diameter and 55 mm in length. Sam-
ples were tested in a universal servo-hydraulic testing machine 
Tinius Olsen with a crosshead speed of 0.5 mm·min–1. Five 
measurements were taken from each sample and the average 
value of three measurements, excluding the highest and lowest 
values, were recorded.

3. results and discussion

the values of mechanical properties and morphological 
porosity characteristics are shown in table 1.

As shown in table 1, results related to the mechanical 
properties are in good accordance with other tensile properties 
achieved for Ti6Al4v alloy by authors [25-27], as well as for 
CoCrW alloy [28-30]. in spite of the higher level of porosity in 
Ti6Al4v alloy (4 %), better mechanical properties were obtained: 
ys was 692 MPa, and ts was 1080 MPa in comparison with 
CoCrW alloy.

Parts destined for high-stress applications should be fully 
dense, to minimize the possibility of part failure during service. 
degrees of porosity is sometimes desirable and with respect to 
the fact that both investigated alloys are mostly dedicated to the 
dental application [20], it can be intentionally engineered into 
certain bio-medical implants since the pores promote better osseo 
integration with biological tissue [24]. 

tABle 1

Mechanical properties and morphological porosity characteristics of Ti6Al4v and CoCrW alloys

ys [MPa] uts [MPa] fshape [–] fcircle [–] Dcircle [μm] aspect [–] Porosity [%]
ti6al4v 692 ± 73 1080 ± 5 0,75 ± 0,15 0,9 ± 0,1 13,2 ± 32,4 1,3 ± 1,4 4,4
cocrW 559 ± 30 979 ± 119 0,48 ± 0,2 0,63 ± 0,24 22,1 ± 25,2 2,1 ± 1,7 2,9
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the quantitative image analysis show different porosity 
behaviour in both investigated alloys. the non-etched micro-
structures of both alloys are presented in Fig. 1 and Fig. 3. the 
Fig. 2 and Fig. 4 show both microstructures after evaluation by 
image pro plus software. observing Fig. 4, it is clearly possible 
to recognize some voids were out from measurement. this si-rich 
inclusion leave large residual void behind [11]. this is not pores, 
principally thanks to the fabrication process, in particular, espe-
cially for alloys containing tungsten. the fabrication process is 
thus affected by the aforementioned factors to form defects [31]. 

the distribution histograms and the cumulative curves of 
the porosity behaviour for the Ti6Al4v and CoCrW alloys are 
presented in Fig. 5 and Fig. 6.

in order to allow a statistical interpretation, the data can 
be presented in Figs. 5-6 as distribution histograms. reading 
the figures can reveal the shape of the distribution. dimen-
sional characteristics Dcircle and Aspect show that values 13 µm 
for Ti6Al4v and 22 µm for CoCrW are corresponding with 

a higher frequency of data. Also, cumulative frequency shows 
that obtained results of Dcircle and Aspect for both investigated 
alloys represent a value which fully covers the dimensional 
characteristics of pores. 

From the data in Fig. 5, Ti6Al4v, for the yield data of 
the morphological characteristics, it is noticed that there are 
for both parameters fshape and fcircle prevailed bins with 0,8 and 
0,9 values. Also, vilaro et al. [32] observed that the pore shape 
and orientation strongly influence mechanical properties. on the 
other hand, it seems that the distribution of CoCrW data appears 
approximately bell-shaped. 

in order to achieve the control of pore structure by tailor-
ing the AM machine parameters, a full understanding of the 
pore distribution processes is needed. the precise control the 
manufacturing conditions locally within the part of AM build, 
enabling local influence on the formation of the pores. Fig. 7 
offers a better overview of the presented results. Review paper 
[27] underlines that a very limited amount of work covered 

Fig. 4. Software image of CoCrW specimens prepared by AM techno-
logy

Fig. 3. The non-etched microstructure of CoCrW

Fig. 1. The non-etched microstructure of Ti6Al4v Fig. 2. Software image of Ti6Al4v specimens prepared by AM tech-
nology
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Fig. 5. The distribution histograms and the cumulative frequency of Dcircle, Aspect, fshape, and fcircle in Ti6Al4v

a compressive study to make a comparison between alloy struc-
tures on the vital combination of manufacture, microstructures 
and resulting properties as well as the effects of defects. Porosity 
affects mechanical properties of AM parts through geometry and 
distribution of pores. it is well-known that roundness of pores is 
a key geometrical parameter affecting mechanical properties of 
the PM materials. these observations are more clearly illustrated 

by Fig. 7. the results show that the pore morphology shifts to-
wards rounded morphology of investigated Ti6Al4v alloy (left 
upper corner). this round-like pore shape (arrow linked to the 
diagram of pore shape) resulted in better reproduction of the 
production process and in improved mechanical performance. 
the relatively good agreement between experiment and theory, 
based on rounded pore geometry, indicates that the mechanical 
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properties of Ti6Al4v alloys do not appear to be significantly 
influenced by the shape and morphology of the porosity micro-
structure. On the other hand, CrCoW alloy show a large scatter 
of pore geometry. More authors [33-35] worked with tungsten 
alloy underline problem with production process. zhou et al. 
[35] found that tungsten high surface tension and viscosity 
induced a relative slow wetting and spreading speeds, enhanc-

ing the balling phenomenon, which may result in lack of fusion 
pores. incomplete fusion holes also known as lack-of-fusion 
(loF) defects are mainly due to the lack of energy input dur-
ing a production process. the formation of the loF defects is 
because the metal powders are not fully melted to deposit a new 
layer on the previous layer with a sufficient overlap. it seems 
that CoCrW sample was manufactured without contouring side 

Fig. 6. the distribution histograms and the cumulative frequency of Dcircle, Aspect, fshape, and fcircle in CoCrW
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surfaces indicate the presence of balling effect, which confirms 
the assumption of non-optimal process-parameters [36]. Authors 
[37] showed, that the pores relating to the loF have a very 
spread geometry. 

Fig. 7 explains that not only the porosity is an important 
parameter for the definition of pores or voids in the final part. 
Also, the ratio of the volume of voids between adjustment parti-
cles, as well as the volume of pores, to the volume occupied by 
the powder, including voids and pores, are important. Moreover, 
internal factors from processing difficulties can arise while 
mixing metal powders. AM after each cross-section is scanned, 
the powder bed is lowered by the one-layer thickness of metal 
powders, a new layer of metal powder is applied on top, and the 
process is repeated until the part is completed. the metal powder 
was mixed with a binder which is then spread over patterned 
masks and cured layer by layer. therefore, a complex examina-
tion of porosity needs the quantification of morphological and 
dimensional characteristics, mainly if the proposed based alloys 
are used in dental applications [23].

4. conclusions

1. the AM technology is suitable for the preparation of prod-
ucts made from both alloys due to the significant mechanical 
properties and in terms of porosity evaluation. Mainly it is 
important note for alloys containing tungsten.

2. Pore size, morphology and distribution of porosity within 
the building part represent the controlling mechanism of the 
mechanical response. Also presented results underline that 

critical assessment in providing insights into porosity values 
may be given on pore geometrical factors and distribution.

3. in future fabrication process development, more work 
focused on the porosity should be considered due to still 
vast information in comparison with exist information for 
wrought or cast material. 

acknowledgements

Authors are grateful for the support of experimental works by project 
vegA 1/0732/16.

ReFeRences

[1] F. calignano, d. Manfredi, e.P. Ambrosio, s. Biamino, M. lom-
bardi, e. Atzeni, A. salmi, P. Minetola, l. iuliano, P. Fino, Pro-
ceedings of the ieee 105, 593-612 (2017). 

 DOi: https://doi.org/10.1109/JPrOC.2016.2625098
[2] G. Marchese, X.G. colera, F. calignano, M. lorusso, s. Biamino, 

P. Minetola, d. Manfredi, Adv. eng. Mater. 19, 1600635 (2017). 
DOi: https://doi.org/10.1002/adem.201600635

[3] d. Manfredi, F. calignano, M. krishnan, R. canali, e.P. Ambrosio, 
e. Atzeni, Materials 6 (3), 856-869 (2013). 

 DOi: https://doi.org/10.3390/ma6030856
[4] L. yuan, S. Ding, C. Wen, Bioact. Mater. 4, 56-70 (2018). 
 doi: https://doi.org/10.1016/j.bioactmat.2018.12.003
[5] C. Zitelli, P. Folgarait, A. Di Schino, Metals 9 (7), 731 (2019), 

doi: https://doi.org/10.3390/met9070731

Fig. 7. the results fcircle and fshape of both alloys



89

[6] M. Zavala-Arredondo, T. London, M. Allen, T. Maccio, S. Ward, 
d. Griffiths, A. Allison, P. Goodwin, c. Hauser, Mater. des. 182, 
108018 (2019). 

 doi: https://doi.org/10.1016/j.matdes.2019.108018
[7] d. Manfredi, R. Bidulsky, Acta Metall. slovaca 23 (3), 276-282 

(2017). doi: https://doi.org/10.12776/ams.v23i3.988
[8] k.A. nazari, t. Hilditch, M.s. dargusch, A. nouri, J. Mech. Behav. 

Biomed. Mater. 63, 157 (2016). 
 doi: https://doi.org/10.1016/j.jmbbm.2016.06.016
[9] l.d. Bobbio, s. Qin, A. dunbar, P. Michaleris, A.M. Beese, Addit. 

Manuf. 14, 60-68 (2017). 
 doi: https://doi.org/10.1016/j.addma.2017.01.002
[10] J.A. slotwinski, e.J. Garboczi, k.M. Hebenstreit, J. Res. natl. 

inst. stand. technol. 119, 494-528 (2014). 
 doi: https://doi.org/10.6028/jres.119.019
[11] J. Bidulska, R. Bidulsky, M.A. Grande, t. kvackaj, Materials 12 

(22), 3724 (2019). doi: https://doi.org/10.3390/ma12223724
[12] R. Bidulsky, J. Bidulska, F.s. Gobber, t. kvackaj, P. Petrousek, 

M. Actis-grande, k.-P. Weiss, D. Manfredi, Materials 13 (15), 
3328 (2020). DOi: https://doi.org/10.3390/ma13153328

[13] J. Bidulská, T. kvačkaj, i. Pokorný, r. Bidulský, M. Actis grande, 
Arch. Metall. Mater. 58 (2), 371-375 (2013). 

 doi: https://doi.org/10.2478/amm-2013-0002
[14] Wohlers Associates. 2012. Additive Manufacturing: Status and 

Opportunities, Wohlers Associates, inc.
[15] r. Bidulsky, J. Bidulská, P. Petroušek, A. Fedoriková, e. Dudrová, 

M. Actis Grande: Acta Phys. Pol. A 131 (5), 1367-1370 (2017). 
doi: https://doi.org/10.12693/APhysPolA.131.1367

[16] J. Bidulská, T. kvačkaj, r. Bidulský, M. Actis grande, Acta Phys. 
Pol. A 122, 553-556 (2012).

[17] e. Poskovic, F. Franchini, M. Actis Grande, l. Ferraris, R. Bidul-
sky, Acta Metall. slovaca 23 (4), 356-362 (2017). 

 doi: https://doi.org/10.12776/ams.v23i4.1032
[18] M. Besterci, k. sulleiova, Acta Metall. slovaca 25 (1), 65-72 

(2019). DOi: https://doi.org/10.12776/ams.v25i1.1233
[19] A. Aversa, M. lorusso, G. cattano, d. Manfredi, F. calignano, 

e.P. Ambrosio, s. Biamino, P. Fino, M. lombardi, M. Pavese, 
J. Alloy. compd. 695, 1470-1478 (2017). 

 DOi: https://doi.org/10.1016/j.jallcom.2016.10.285
[20] v. rajťúková, A. Balogová, T. Tóth, r. Hudák, J. Živčák, 

g. ižaríková, A. Somoš, M. kovačevič, Lekar a technika 48 (1), 
22-28 (2018). 

[21] J. Bidulská, T. kvačkaj, r. Bidulský, M. Actis grande, 
L. Li-tyńska-Dobrzyńska, J. Dutkiewicz, Chem. Listy 105 (16), 
 s471-s473 (2011).

[22] J. Bidulská, r. Bidulský, M. Actis grande, T. kvačkaj, Materials 
12, 3724 (2019). doi: https://doi.org/10.3390/ma12223724

[23] J. Bidulská, r. Bidulský, P. Petroušek, A. Fedoriková, 
i. katreničová, i. Pokorný, Acta Phys. Pol. A 131 (5), 1384-1386 
(2017). doi: https://doi.org/10.12693/APhysPolA.131.1384

[24] P. Heinl, l. Müller, c. körner, R.F. singer, F.A. Müller, Acta 
Biomat. 4 (5), 1536-1544 (2008). 

 doi: https://doi.org/10.1016/j.actbio.2008.03.013
[25] J. Alcisto, A. enriquez, H. garcia, S. Hinkson, T. Steelman, e. Sil-

verman, P. valdovino, H. gigerenzer, J. Foyos, J. Ogren, J. Dorey, 
k. karg, t. Mcdonald, o.s. es-said, J. Mater. eng. Perform. 20, 
203-212 (2011).

[26] B. vrancken, L. Thijs, J.-P. kruth, J. van Humbeeck, J. Alloys 
compd. 541, 177-185 (2012).

[27] s. liu, y.c. shin, Mater. des. 164, 107552 (2019). 
 DOi: https://doi.org/10.1016/j.matdes.2018.107552
[28] B. Ren, c. chen, M. zhang, opt. eng. 57 (4), 041409 (2018). 

DOi: https://doi.org/10.1117/1.Oe.57.4.041409
[29] y. Lu, y. gan, J. Lin, S. guo, S. Wu, J. Lin, rapid Prototyp. J. 23 

(1), 28-33 (2017). 
 DOi: https://doi.org/10.1108/rPJ-07-2015-0085
[30] y. lu et al., J. Mech. Behav. Biomed. Mater. 81, 130-141 (2018). 

doi: https://doi.org/10.1016/j.jmbbm.2018.02.026
[31] B. zhang, y. li, Q. Bai, chin. J. Mech. eng. 30, 515-527 (2017). 

DOi: https://doi.org/10.1007/s10033-017-0121-5
[32] T. vilaro, C. Colin, J.D. Bartout, Metall. Mater. Trans. A 42, 

 3190-3199 (2011). 
[33] g. Marinelli, F. Martin, S. ganguly, S. Williams, int. J. refract. 

Met. Hard Mater. 82, 329-335 (2019).
[34] B. Nie, L. yang, H. Huang, S. Bai, P. Wan, J. Liu, Appl. Phys. 

A 119, 1075-1080 (2015). 
 DOi: https://doi.org/10.1007/s00339-015-9070-y
[35] X. Zhou, X. Liu, D. Zhang, Z. Shen, W. Liu, J. Mater. Process. 

technol. 222, 33-42 (2015). 
 DOi: https://doi.org/10.1016/j.jmatprotec.2015.02.032
[36] i. yadroitsev, P. krakhmalev, i. yadroitsava, Addit. Manuf. 7,  45-56 

(2015). DOi: https://doi.org/10.1016/J.ADDMA.2014.12.007
[37] G. kasperovich, J. Haubrich, J. Gussone, G. Requena, Mater. des. 

105, 160-170 (2016). 


	S. Drzewowska￼1*, Tian-Wey Lan￼2, B. Onderka￼1
	The Influence of Ag2Te Addition on Thermoelectric Properties of Bismuth Telluride

	Haitao Xue￼1, Xiaoping Luan￼1*, Weibing Guo￼1, Dong Zhou￼1
	Microstructure and Properties of TIG Surfacing Co-Based Alloy 
on UMCo50 Process Burner

	M. Zheng￼1*, S. Zhang￼1, X.J. Peng￼1, Y. Wang￼1
	On the Estimation of Fatigue Crack Initiation Life of H62 Brass

	Huang Zhongsheng￼1,2,3*, Yang Tianzu￼1
	Gold Recovery from Cyanidation Tailings Using Flotation Process

	Mohamed Afqir￼1*, Stevan Stojadinović￼2, Mohamed Elaatmani￼1, 
Abdelouahad Zegzouti￼1, Nabiha Tahiri1, Mohamed Daoud￼1
	Hydrothermal Synthesis, Impedance and Optical Properties 
of Tm-Doped SrBi2Nb2O9 Ceramics

	A.A. Glotka￼1*, V.E. Ol’shanetskii￼1
	Forecasting the Properties of Heat-Resistant Nickel Alloys 
Equalaxial Crystallization

	Jian Zhou￼1*, Hongkun Xu￼1, Chenyu Zhu￼1, Bin Wang￼1, Kun Liu￼1*
	Comparisons Between 2D and 3D MPFEM Simulations in Modeling Uniaxial High Velocity 
Compaction Behaviors of Ti-6Al-4V Powder

	Yubin Kang1, Byoungyong Im1, Jin-Ju Choi1, Jin-Ho Yoon1, Dae-Guen Kim1*
	Synthesis of Analcime Zeolite Using Al and Si from Waste Resources 
for the Removal of Pb/Cd Ions from Aqueous Solution


