
Jurnal Tribologi 21 (2019) 93-107 

 

  
 

 
Received 23 July 2018; received in revised form 21 September 2018; accepted 2 December 2018. 
To cite this article: Mohamed et al (2019). Mechanical properties of additive manufactured CoCrMo meta-biomaterials 
for load bearing implants. Jurnal Tribologi 21, pp.93-107. 
 

© 2019 Malaysian Tribology Society (MYTRIBOS). All rights reserved. 
 

Mechanical properties of additive manufactured CoCrMo meta-
biomaterials for load bearing implants 
 
Siti Rohaida Mohamed 1,*, Saiful Anwar Che Ghani 1, Worapong Sawangsri 2 
 
1 Faculty of Mechanical Engineering, Universiti Malaysia Pahang, 26600 Pekan, Pahang, 
MALAYSIA. 
2 Kasetsart University, Lat Yao Chatuchak, 10900 Bangkok, THAILAND. 
*Corresponding author: sitirohaida0603@gmail.com 
 

KEYWORDS  ABSTRACT 

Mechanical properties 
Additive manufacturing 
Meta-biomaterials 
CoCrMo 
Load bearing implants 
 

 

Higher stiffness shown by CoCrMo load bearing implants 
as compared to human bone properties leads to bone or 
implant fracture. This study proposes two unique 3-
dimensional (3D) meta-biomaterials unit cells which 
simultaneously attenuate stiffness and stimulate 
osseointegration. The unit cell of the proposed 3D design 
is composed of connecting struts making internal 
structures in the shape of square and diamond. The results 
under compression suggest all CoCrMo designs exhibit 
elastic modulus and compression strength that are 
comparable to the bone. It is demonstrated that the meta-
biomaterials can be fabricated using additive 
manufacturing techniques and their mechanical 
performance can be tailored by modifying the internal 
architectures.  

 
 
1.0 INTRODUCTION 

Metallic biomaterials such as cobalt chromium alloys (CoCrMo) (Fischer et al., 2012) and 
titanium alloys (Ti6Al4V) (Maleque et al., 2018) are material of choice for engineering industries 
and orthopaedic application, for example, bone-joint implants. CoCrMo alloys possess high 
mechanical strength (Henriques et al., 2015), low wear rates along with low coefficient of friction 
(Zeng et al., 2015), and excellent corrosion resistance in human body environment (Guo et al., 
2015; C. Liu et al., 2017) as compared with other metallic biomaterials. However, CoCrMo alloys 
exhibit higher Young’s Modulus of 220 GPa than the bone properties (1-30 GPa) (Fuchs et al., 
2009).  The mismatch of stiffness between implant and bone initiates a phenomenon called stress 
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shielding (Sumner, 2015), which causes bone resorption surrounding the implant that leads to 
loosening and required revision surgeries (Zhang et al., 2016).  

The development of meta-biomaterials by repeating homogenous unit cell has been proposed 
for orthopaedic application to become a solution to these problems (Matassi et al., 2013; Van 
Hooreweder et al., 2017). The meta-biomaterials exhibit unique mechanical and biological 
properties by the advantage of the micro-architecture design structures.  This attribution enables 
the ground-breaking design of patient-specific load bearing implants that: (i) are fit to surgical 
geometries (Jun et al., 2010; Stoor et al., 2017), (ii) mimic the mechanical properties of native 
bone (Helguero et al., 2017; Zhang et al., 2018), and (iii) provide high surface for natural biological 
fixation (Long et al., 2012; Schouman et al., 2016).  The unit cell features such as pore shape, pore 
size and porosity can be rationally designed to attain load bearing capacity (Montazerian et al., 
2017; Torres Sanchez et al., 2018). The tailoring porosity enables to lower the stiffness towards 
the bone properties that can augment the functionality of the implants (Jakus et al., 2018; X. Wang 
et al., 2016).  

The reliability to fabricate the components with a controlled micro-architecture is the key 
component to the success of a bone implant. The traditional methods such as vapour deposition  
(Li et al., 2013; Veith et al., 2008) and space holder (S. W. Kim et al., 2013; Niu et al., 2009) often 
present limited freedom in generating complex shape geometries (Hutmacher et al., 2004), and 
produced non-homogenous pore distribution of porous implants (Sola et al., 2016).  Advanced 
machining (Ibrahim et al., 2015; C. Zhang et al., 2016) and smart manufacturing (Cheng et al., 
2017; C. Wang et al., 2017) approaches are also incapable in producing meta-biomaterials with 
complex 3D structures. Recent advances in additive manufacturing (AM) such as selective laser 
melting (SLM) (Abele et al., 2015; Liverani et al., 2016) and electron beam melting (EBM) (Chen 
et al., 2018; Murr, 2017) bring versatile layer by layer processes from powder to solid 
components. These manufacturing technologies facilitate the fabrication of porous implant into 
the desired part with a higher degree of controlled pore morphology (P. Wang et al., 2018). 
Additionally, a gradient of porosity and pore size can be introduced through AM technologies into 
the micro-architecture to enhance biomechanical performance concerning to anatomical 
properties of bone (Kim et al., 2017; Prithivirajan et al., 2018).  

To date, mechanical properties of CoCrMo meta-biomaterials alloys manufactured by AM 
technology have been studied for load bearing implants. Rivera et al. (2011) investigated porous 
acetabular cup of hip replacement. The part has hexagonal pore shape with a size of 475 µm and 
porosity 80% showed an elastic modulus of 1.5 GPa where a high degree of interconnected 
porosity helps to tailor the components to become similar to the bone properties.  Hazlehurst et 
al. (2013) reported that cubic pore structure with strut size in the range of 0.2 mm to 2.5 mm and 
porosity of 25 % to 95% exhibited stiffness (4.79-17.98 GPa) and strength (65.43-295.72 MPa), 
which are comparable to the bone properties. Petit et al. (2016) investigated the square pore 
structure with an average strut size of 380 µm and pore size 1250 µm and has estimated that the 
Young’s modulus of 4.9 GPa and yield strength of 45.6 MPa. This study observed that the presence 
of a thinner region surrounded by partially melted particles constituted weak points, which 
initiated the buckling under impact loading.  

In this study, the mechanical performance of meta-biomaterial with different 3D internal 
architectures under compression was investigated. SLM technology was used to fabricate square 
and diamond internal structure meta-biomaterials samples with variant geometries. These 
components then had undergone destructive uniaxial compression to determine their porosity 
relationship with mechanical behaviour. The present work provides tailoring strategy to match 
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elastic modulus of the implant with human bone properties that are beneficial to reduce implant 
failure and multiple revision surgeries in load bearing implant application.  

 
 

2.0 MATERIAL AND METHODOLOGY 
 
2.1         Material Preparation  

The diamond (D) and square (S) type meta-biomaterials were digitally modelled in computer-
aided design (CAD) software. Figure 1 shows both of the unit cell types. Every group of meta-
biomaterials was generated with chosen unit cell length, Lcell ranging from 1.5 mm to 2.5 mm and 
strut thickness, Φs, ranging from 0.4 mm to 0.6 mm. Table 1 summarises the detail of the designed 
components. The components were manufactured using SLM with default manufacturing 
parameters of laser power 300 W, scanning speed 700 mm/s, hatch spacing    120 µm, and layer 
thickness 30 µm (Ghani et al., 2017). The samples were subjected to a heat treatment to relieve 
the stress in an argon atmosphere at the temperature of 1050 °C for two hours.  

 
 
 
 
 
 
 

 
Figure 1: CAD models and produced components (a) square (S) and (b) diamond (D) type. 

 
Table 1: The properties of meta-biomaterials components. 

Sample Unit cell length 
(mm) 

Strut thickness 
(mm) Pore size (mm) Porosity (ρ*/ρs) 

D1 1.5 0.4 0.8 0.71 
D2 1.5 0.6 0.6 0.45 
D3 2.0 0.5 1.1 0.74 
D4 2.5 0.4 1.5 0.88 
D5 2.5 0.6 1.2 0.76 
S1 1.5 0.4 1.1 0.80 
S2 1.5 0.6 0.9 0.61 
S3 2.0 0.5 1.5 0.81 
S4 2.5 0.4 2.1 0.91 
S5 2.5 0.6 1.9 0.82 

 
2.2         Porosity and Density Test 

Porosity and density of the samples were measured according to Archimedes’ principle 
(Mohmad et al., 2018). The relative density was derived by the ratio of measured density of the 
samples to the density of theoretical CoCrMo alloys (8.29 g/cm3).  A full dense sample with a 

(a) (b) 
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dimension of (121215) mm was used as control sample to validate the relative density of the 
all components.   

 
 2.3         Surface Characterisation 

An atomic force microscope (AFM) was used to investigate surface roughness of the produced 
samples. The full dense samples were used for the investigation. The measurement was made at 
the tapping mode in air using a Si probe with the radius tip of approximately 10 nm at 35° angle 
on the top and side surfaces of samples in horizontal and vertical direction. The mean roughness 
value (Ra) and the difference of the peak (Rz) were measured at random points, and the average 
was calculated.  

 
2.4        Compression Test and Failure Behaviour 

Uniaxial compression test was performed in accordance to the standard ISO (13314:2011) 
with a load of 100 kN at a constant speed of 0.1 mm/min under normal temperature (Hazlehurst 
et al., 2013). The experimental testing was performed until the components were fractured to 
determine the elastic modulus, the compressive strength, and fracture behaviours. The testing for 
each group was carried out with replication number, n=3. All the results were analysed and stress-
strain curves were plotted. The failure behaviour was observed.   

Gibson and Ashby theory (Gibson et al., 1999) was used to determine the elastic modulus of 
the components as in equation (1).  

   𝐸𝐸∗/𝐸𝐸𝑠𝑠 = 𝐶𝐶(𝜌𝜌∗/𝜌𝜌𝑠𝑠)2                                                               (1)                                   

Where E* is the stiffness of porous structure, Es is the stiffness of solid material, C is a constant 
that has value of 1 and ρ* is the density of the cellular structure, and ρs   is the density of solid 
material. From Equation (1), the elastic modulus is dependent upon relative density which, is 
related to the porosity (φ) by Equation 2.  

 𝜌𝜌∗/𝜌𝜌𝑠𝑠 = 1 − 𝜑𝜑                                                                     (2)                      

To calculate the elastic modulus (E) of cellular structure, equation (2) is rewritten as: 

𝐸𝐸 = 𝐸𝐸∗(1− 𝜑𝜑)2                                                                    (3) 
 

 
3.0 RESULTS AND DISCUSSION 
 
3.1         Relative Density  

Table 2 summarizes the porosity and relative density of the produced components.  It is 
observed that the porosity of the diamond and the square meta-biomaterials are within the range 
of 0.45 to 0.88 and of 0.61 to 0.91, respectively. The parts exhibited homogenous pore 
distribution, where the struts formed in solid interconnected structures. The relative density of 
the meta-biomaterials is in the range of 85% to 98%.  A high energy input during fabrication 
process influences better wetting condition and leads to a higher density of the produced meta-
biomaterials (Xia et al., 2016). The relative density of both components is decreasing with the 
increase of porosity due to less solid strut features. Nevertheless, a reduction of porosity in the 
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manufactured parts is due to a high energy density that resulted in a higher attained temperature 
of melted powder that promoted an improved interlayer connection between layers in the 
components (Xia et al., 2016).  

 
Table 2: Relative density of meta-biomaterials components. 

Sample Porosity (ρ*/ρs) Measured density (g/cm3)  Relative density (%) 
D1 0.71 8.09 ± 0.07 97.6 
D2 0.45 7.67 ± 0.45 92.5 
D3 0.74 7.92 ± 0.15 95.5 
D4 0.88 7.75 ± 0.14 93.5 
D5 0.76 7.99 ± 0.17 96.3 
S1 0.80 7.02 ± 0.62 84.7 
S2 0.61 7.69 ± 0.32 92.7 
S3 0.81 7.40 ± 0.39 89.3 
S4 0.91 8.07 ± 0.07 97.3 
S5 0.82 7.67 ± 0.29 92.6 
Full dense  8.23 ± 0.01 99.3 

 
3.2         Surface Roughness 

Figure 2 shows the AFM image with cross section view. Meanwhile table 3 summarises the Ra 
and Rz values of the produced components. Ra values of the top and side surfaces are 3 to 3.8 µm, 
and 7.02 to 7.79 µm, respectively. Meanwhile, Rz values of top and side surfaces are 15.03 to 18.2 
µm, and 39.8 to 41.77, respectively. Ra values for the side surface were higher the top surface due 
to stair step phenomenon along the building directions. Stair-step effect is stepped approximation 
by layers of curved and inclined surfaces, which present in the manufacturing process as a result 
of additive deposition or fabrication layers by layers (Yasa et al., 2016). Apart from the most 
considerable factor effects on the surface finishing of AM process, hatch spacing has a significant 
impact on the surface texture in the flat region because the overlapping of laser spots determine 
the variation of surface quality of manufactured components (Alrbaey et al., 2014).  Material 
surface is a good predictor of the performance of mechanical elements in the orthopaedic 
application.  Increase surface roughness influences the wettability of surface (Hong et al., 2018) 
and enhances biological interaction within contact area between bone tissue and implant 
(Slepička et al., 2017) led to implant fixation improvement in the body. Therefore, implant surface 
plays a significant impact for the growth of bone cells.   
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Figure 2: AFM image and cross section view of components manufactured by using SLM. 

 
Table 3: Surface roughness of manufactured components. 

Surface  Ra horizontal (µm) Ra vertical (µm) Rz horizontal (µm) Rz vertical (µm) 
Top 3.0 3.8 15.0 18.2 
Side 7.0 7.8 39.8 41.8 

 
 
3.3        Mechanical Properties  

The mechanical properties of meta-biomaterials with the designed structure geometries 
obtained from compression testing is summarised as in Table 4. From the table, the elastic 
modulus of meta-biomaterials varied in the range of 0.45 to 8.75 GPa. Furthermore, the structures 
exhibited 0.2% yield strength, which is in the range of 8 and 182 MPa. The stiffness of the samples 
is comparable to the mechanical properties of human cancellous bone (10 to 15, 700 MPa) (An et 
al., 1999). Moreover, the compressive strength of the components is in the range of the 13 and 
261 MPa.  The beneficial of tailoring stiffness of load bearing implant to the range of bone 
properties can reduce the stress shielding phenomenon that leads to implant failure and bone 
fracture (Limmahakhun et al., 2016).  In general, the mechanical properties of meta-biomaterials 
of load bearing implant are governed by simple relations between elastic modulus and relative 
density (Gibson, 2005). The elastic modulus is decreasing with increasing relative porosity. Thus, 
the stiffness of metallic biomaterials can be tailored by porosity percentage.  

Figure 3 shows the stress-strain curve of the components. From the figure, the first region of 
the curves is non-linear and concave upwards, which attributed to a small amount of distortion 
in the struts of the samples when they were detached from the base plate or uneven surfaces due 
to shrinkage after the manufacturing process. Following the first region, an elastic region 
occurred with a relatively high degree of linearity pattern. It is noticed that the diamond type with 
volume porosity of   44.8 %, 70.7 %, 73.8 % and 75.6 % exhibited larger elastic region compared 
to the square type. This was indicated to higher strut strength of diamond meta-biomaterials 
under compressive loading force. The elastic modulus and yield strength that obtained are 
dominated by bending and buckling behaviour of the components. Following that, the large area 
of deformation is obtained for both components. This influences the higher modulus of toughness 
that was in the range of 3-260 MJ/m3. The deformation occurred as the elastic-plastic behaviour 
by the ductility and brittleness of the components.  
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Table 4: Mechanical properties of meta-biomaterials. 

Sample 
Elastic 
modulus 
(GPa) 

0.2 % Yield 
strength 
(MPa) 

Ultimate 
compression 
strength 
(MPa) 

Modulus of 
resilience 
(MJ/m3) 

Modulus of 
toughness 
(MJ/m3) 

D1 2.8 ±0.21 52.4±2.65 85.15 ± 3.97 5.48 63.40 
D2 7.5±0.08 183.7±2.68 302.79± 0.99 31.76 260.84 
D3 2.29 ±0.09 41.3±1.64 63.20 ± 0.99 10.43 41.14 
D4 0.45 ±0.02 8.2±1.07 13.19 ± 1.01 1.92 12.06 
D5 1.93 ±0.10 35.8±1.97 55.12 ± 1.64 3.49 42.58 
S1 4.47 ±0.67 42.7±2.30 78.99 ± 2.37 3.57 34.18 
S2 8.75 ±0.12 111.3±3.61 261.01± 2.36 8.22 235.64 
S3 2.91 ±0.66 42.0±0.86 64.54 ± 0.86 3.88 28.73 
S4 0.92 ±0.09 10.6±0.71 14.22 ± 1.11 0.78 3.17 
S5 2.10 ±0.05 36.9±0.65 52.08 ± 1.54 3.75 20.58 

 

 

 

Figure 3: Stress-strain curve of the meta-biomaterials (a) diamond and (b) square. 
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From the stress-strain curve, the diamond type components are tougher and ductile compared 
to the square types. This is due to the capability of the samples to absorb energy during loading 
impact and higher resistance to plastic buckling (S. McKown et al., 2008). This behaviour denoted 
to the curve of the line with expanded strain percentage. Meanwhile, the square type components 
are strong but brittle due to fewer strut features built in the samples to support the unit cell from 
fractures under high loading forces. The final stage of the curve shows the failure, which occurred 
at the highest loading force. The stress-strain curve obtained in the study does not contain 
densification region which was observed by other previous studies (Y. J. Liu et al., 2016; Maskery 
et al., 2016; Xiao et al., 2017). The densification after plastic region observed in metallic cellular 
structures by Gibson and Ashby (Gibson, 2005) under uniaxial loading is not observed in this 
study. This might be due to the brittle behaviour of the strut before the densification begins. This 
phenomenon in agreement with the findings by Gümrük et al. (2013), Limmahakhun et al. (2017) 
and S McKown et al. (2008), The results of the elastic modulus from this study correlate with 
previously published work on CoCrMo cellular structures with varied ranges of porosity as 
summarised in Table 5.   

Table 5: Elastic modulus of porous CoCrMo structure from published correlations. 
(Limmahakhun et al., 2017) (K. Hazlehurst et al., 2013) (Anwar et al., 2016) 
Porosity (%) E (GPa) Porosity (%) E (GPa) Porosity (%) E (GPa) 
67 2.33 91 2.23 80 3.82 
54 2.66 82 4.79 70 6.88 
44 2.98 65 13.64 60 11.09 
41 3.14 50 17.98   
14 5.26 45 25.25   

 
Figure 4 shows the failure conditions of the meta-biomaterials after approaching a maximum 

load.  Both meta-biomaterials show different failure behaviours mostly depending on the 
interconnectivity of the struts.  Shear stress dominated the evolution of failure deformation at 45° 
and 90° for the diamond and square type, respectively. The failure for diamond meta-biomaterials 
is largely due to the bulking, whereas, for square, it is mainly due to the bending at low density or 
thin strut  (Limmahakhun et al., 2017). The buckling and fractured towards diagonal axis was 
observed for diamond type. The cell struts began to bend under compressive loading, and after 
slight bending, some of the struts experienced brittle fracture. However, square meta-
biomaterials exhibit fracture at the bottom part. Designing meta-biomaterials for load bearing 
implants based on stretch-dominated would allow topology advantages to gain enhanced 
strength of metallic biomaterials.  

 
 
 
 
 
 
 
 
 



Jurnal Tribologi 21 (2019) 93-107 

 101 

 
Figure 4: Failure behaviour of meta-biomaterials (a) square and (b) diamond. 

 
The relationships between the normalised compressive properties of meta-biomaterials and 

porosity (ρ*/ρs) were analysed using nonlinear regression according to Gibson and Ashby method 
(Gibson et al., 1999). Figure 5 shows normalised elastic modulus (E), yield strength (σyield) and 
ultimate strength (σultimate) of the cellular structure were represented the fractional ratio of 
CoCrMo materials with Young’s modulus = 220 GPa, yield strength = 600 MPa and ultimate 
strength = 1100 MPa. From the figure, the curves fitting based on the compression testing value 
are given as follows;  
 
E = 410-5 exp. 9.2682 (ρ*/ρs)                                                           (4) 
 
σyield = 1.110-4 exp. 4.4385 (ρ*/ρs)                                                      (5) 
 
σultimate = 8 10-3 exp. 3.7094 (ρ*/ρs)                                                     (6)             
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Figure 5: Normalised (a) elastic modulus, (b) yield strength and (c) ultimate strength on porosity. 
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4.0 CONCLUSION 
The paper has addressed the challenges of matching the mechanical properties of human bone 
(or long bones or host bones, etc) with the metallic load bearing implants made of high wear-
resistance CoCrMo. The idea of combining the supreme wear and inertness of biometallic material 
and the flexibility of geometrical properties can be realised by designing meta-biomaterials and 
by representing the load bearing implants with uniform controlled unit cells, in this paper square 
and diamond unit cells are produced by SLM. The manufacturability of the SLM process with 
process parameter of laser power 300 W, scanning speed 700 mm/s, hatch spacing 120 µm and 
layer thickness 30 µm was justified by its capability to produce variations of unit cells lengths and 
thickness. A high energy input during manufacturing process leads to a higher density of the 
produced meta-biomaterials due to better wetting condition of powder particles. Surface 
roughness on side surface is higher than top surface due to stair-step effect during layer by layer 
fabrication process. The diamond type meta-biomaterials with porosity in the range of 45 to 88 
% have stiffness, strength and energy absorption (0.45-7.7 GPa, 8-184 MPa, and 12-261 MJ/m3). 
Meanwhile, the square meta-biomaterials with the porosity between 61 to 81 % have the elastic 
modulus, strength and energy absorption (0.92-8.75 GPa, 11-111 MPa, 3-236 MJ/m3), 
respectively. The mechanical properties of both types of meta-biomaterials were comparable to 
bone properties which are possible to reduce stress shielding phenomenon. However, the square 
type meta-biomaterials show brittleness under high loading forces mechanism. In summary, 
CoCrMo meta-biomaterials manufactured by additive manufacturing demonstrated the balanced 
mechanical performances for improving the load distribution in adjacent bones and stimulate 
osseointegration to reduce implant failure due to mismatch of elastic modulus in load bearing 
implant application. 
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