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ABSTRACT 

 The main focus of this study is to analyze the elastic properties of two different additively 

manufactured materials. To this end, a cobalt chromium (CoCr) metal alloy sample and a 

tungsten carbide-17% cobalt (WC-17Co) cermet specimen were both fabricated by the direct 

energy deposition (DED) process and were examined in this study. A comparative study between 

the results obtained from the application of numerical and analytical techniques versus the 

experimental results could show the accuracy of these techniques for estimation of elastic 

properties of the samples. A conventionally manufactured CoCr alloy and WC-17Co samples 

with similar composition was subjected to the same analysis for the purpose of validation of the 

results. The object oriented finite element analysis (OOF) technique provided acceptable results 

for the DED processed CoCr sample, but was unsuccessful in the estimation of the elastic 

behavior of WC-Co DED sample due to its inhomogeneous microstructure.  
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1. INTRODUCTION 

Additive manufacturing (AM) has become an important part of manufacturing science 

and has successfully been applied in numerous industries. This process is also known as 3D 

printing and includes a wide range of advanced manufacturing technologies that allow complex 

geometries and designs to be fabricated with less waste and in fewer number of fabrication steps 

in comparison with most of the traditional manufacturing methods. In fact, fabrication of some 

parts and components with complicated geometries is not possible through conventional 

manufacturing methods and it only became possible after introduction of AM technology [1, 2]. 

While the concept of AM started with prototyping and manufacturing of polymeric and soft 

materials, further advancements in this technology have made metal and ceramic printing 

extremely popular within both research and industry sectors. Aerospace, automotive, electronics, 

biomedical, orthopedic, orthodontic, and custom tooling are among different industries actively 

implemented AM technology for manufacturing parts and components [3, 4]. 

Historically, AM was referred to as a solid freeform fabrication or additive layer 

manufacturing method and it is based on joining materials in a layer-by-layer style. This makes 

AM different from other fabrication techniques that involve forming or subtractive 

manufacturing. The heart of the process is direct fabrication of the parts from CAD models, 

which is possible by interfacing a computer and manufacturing device. In recent years, several 

different processes were introduced to the market with the capability of adding material in a 

layer-by-layer manner for near-net-shape formation of desired geometry [5]. ASTM 52900 

standardized these different AM technologies to seven major categories. These are binder jetting 

(BJT), direct energy deposition (DED), material extrusion (MEX), material jetting (MJT), 

powder bed fusion (PBF), sheet lamination (SHL), and vat photopolymerization (VPP). These 
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main categories can then be broken down further into subcategories such as selective laser 

melting (SLM), laser beam DED, and chemically bonded material jetting [6]. Rapid prototyping 

and fabrication of complex structures and functionally graded materials are among other 

capabilities of AM technologies in modern technologies [7, 8, 9]. 

Metal AM allows for a digital 3D model to come to life using different processes such as 

fusion of material layers or deposition of locally melted metallic particles on the printing stage 

[10]. It is an advanced technology that can be used either for fabrication of entire parts and 

components or to repair and rebuild selective regions of the damaged parts [11]. Some studies 

showed the dependency of the microstructure of AM processed metals and alloys to the 

operational process parameters [3]. Due to the high volume of different combinations of 

materials and additive manufacturing processes, there are numerous relationships between 

process parameters and mechanical properties. Recently, machine learning has been employed to 

optimize process parameters of AM technology for metal fabrication [12]. 

Direct energy deposition (DED) is a specific class of AM technologies that has recently 

found its place in the metal fabrication industry due to its unique characteristics and advantages 

[13]. In this process, thermal energy is consumed to fuse deposited powder materials in separate 

layers according to a 3D model generated by CAD software. Laser, electron beam, or plasma arc 

is utilized in this technology to melt feed stock powder materials on to the printing platform.  To 

avoid excessive oxidation, the DED process will be performed in a controlled (inert) 

environment when thermal energy is provided from a laser or plasma source, while technologies 

employing electron beam systems usually operate in a vacuum condition [14]. There are different 

modes and types of DED processes as classified according to ASTM F3187-16 [15]. Laser 

engineered net shaping (LENS), direct metal deposition (DMD), 3D laser cladding (LC), direct 
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light fabrication (DLF), and electron beam additive manufacturing (EBAM) are among different 

classes of DED processes [10].  

Unlike some other manufacturing processes, DED allows powders to be mixed either 

before the beginning of the deposition or while the powders are enroute to the printing stage. 

This allows for deposition of graded materials and will make it possible for the material 

composition to change throughout a part or tool. This capability gives DED an important 

advantage over the other metal AM technologies because it provides the ability to have specific 

(desired) characteristics and properties at selected regions of a part. The heat input and powder 

in-flight velocity must be closely monitored and controlled by adjusting the power during the 

DED process [14]. Other process parameters such as feed rate, gas flow, and build speed are 

important operational parameters that can determine the properties of the DED processed parts. 

Generally, it is found that a smooth surface finish with finer grains can be obtained if the melt 

pool is small; however, it will drastically increase the deposition (printing) time. As it was 

mentioned before for AM technologies, the process parameters can also control mechanical 

properties such as the ultimate tensile strength, fatigue strength, hardness, yield strength, and 

toughness in DED processed samples [6, 15]. 

Specific applications such as dentures and implants require biocompatible materials that 

can function in corrosive and degrading environments such as living bodies and tissues. 

Advanced materials with unique biocompatibility are required to be used for applications such as 

joint replacements, orthopedic fixations, stents, or dental implants to avoid complications like 

infection, inflammation, pain, or loss of function in patients after surgery [8, 9, 16]. Titanium and 

its alloys, nickel free stainless steels, and cobalt chromium (CoCr) are among the most 

commonly used metallic biomaterials. Several recent studies have focused on CoCr alloys 
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because of the high corrosion and wear resistance as well as its excellent strength and stiffness 

[17, 18]. Some other research works have been conducted to investigate the use of CoCr alloys in 

medical devices. These studies determined that CoCr and its alloys are well-suited materials for 

applications that require long-term corrosion and wear resistance because of the strain-induced 

martensitic transformation in its microstructure. The transformation from face-centered-cubic 

(FCC) to hexagonal-close-packed (HCP) structure has been shown to enhance the work 

hardening during plastic deformation, which increases wear resistance of CoCr alloys [19, 20]. 

This improved wear resistance is very beneficial for a variety of biomedical implants, prostheses, 

and aerospace applications [9].  

Due to their high hardness, high wear resistance, and low thermal conductivity, 

machining conventionally processed parts and components made from CoCr alloys is a 

challenging task [22]. Therefore, AM that fabricates final products could be considered as a 

prime alternative to overcome those post-fabrication machining limitations [23]. Through 

significant development, 3D printing seems to be a promising method for producing highly 

detailed and complex parts that are suitable for custom medical implants.  With the added benefit 

of CAD in AM, models for implants can be checked accurately and modified before production. 

The selection of optimum process parameters in AM technology makes it possible to obtain parts 

with desired properties and characteristics required for bio-applications [24]. In addition, parts 

fabricated from CoCr and its alloys via additive manufacturing exhibit anisotropic mechanical 

properties due to the fact that materials can be deposited, melted, fused, and solidified in 

different crystallographic directions [1, 2]. 

Available research studies on additively manufactured processed CoCr alloys mostly 

focused on some general microstructural and mechanical properties of the samples produced by 



5 

selective laser melting (SLM) technology [11, 23]. Characteristics such as density, stiffness, 

strength, and corrosion resistance with respect to the desired geometry were investigated in SLM 

processed CoCr samples [26]. However, since DED is a relatively newer AM technology, only a 

few studies have been performed that focused on properties of DED processed CoCr samples. 

Sartika et al. studied the effect of insufficient laser energy on powder melting process, chemical 

inhomogeneity, and consequently improper fusion during DED process of CoCr based materials 

[27]. Unfortunately, there is a lack of research on the general mechanical properties of DED 

processed CoCr as well as specific mechanical characteristics which could be important for 

biocompatible devices and components.  

Another commonly used industrial material that exhibits excellent mechanical properties 

for tribological applications is Tungsten carbide cobalt (WC-Co). This cermet material is one of 

the most widely used materials for wear-resistant parts, molds, mining parts, and cutting tools 

[28]. It possesses superior hardness, compressive strength, and fracture toughness, as well as 

high wear resistance and corrosion resistance. The WC-Co composite is a good mixture of hard 

carbide phase with a soft and ductile cobalt metal that increases flexibility of the components 

fabricated from this material [29]. 

Generally, fabrication of hard materials such as carbides and nitrides with high 

temperature resistance is a challenging task. In addition, molding methods must account for 

significant shrinkage and a limited ability to produce parts with complex shapes and geometries 

without the requirements of costly post process machining [28]. However, thermal spraying 

methods have been used to successfully deposit protective coatings from such hard materials on 

the surface of steel tools and parts to increase their surface properties including wear, hardness, 

and thermal resistance. Typically, in thermal spraying, fuels mixed with oxygen and air create a 
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high temperature flame. Adding powders of alloys, ceramics, or cermets to this hot flame jet 

results in softening or melting of the particles. For spraying WC-Co particles, it is expected that 

Co particle are completely melted while WC is partially melted or softened [29].  

The fabrication of parts and components made from WC-Co using traditional 

manufacturing methods could be a challenging task due to the requirements of taking several 

steps such as the molding, shaping, heat treatment, and machining processes. To this end, there is 

a huge interest in the utilization of AM technologies in fabrication of WC-Co parts. 

Technologies such as SLM and binder jet additive manufacturing (BJAM) are the most 

attempted to produce WC-Co parts, but they are still far from being perfect, and parts produced 

using these techniques contain flaws and deficiencies. These include inefficient mechanical 

properties due to defects such as cracks and porosities [28]. Most studies on using these methods 

to produce WC-Co using AM are focused on optimization of printing parameters and properties 

to reduce these flaws that hinder its further use. There have been fewer studies on WC-Co parts 

processed using DED compared to SLM and BJAM, but this method presents many potential 

benefits that could make it ideal. One unique advantage of DED technology is the ability to 

quickly and easily produce large parts without reusing powders as the BJAM and SLM 

technologies do [30]. Existing studies on WC-Co produces by DED focus on compositions of the 

cermet with 10-12% cobalt content, but to the author’s knowledge no prior studies have been 

conducted on samples with 17% cobalt content.  

 There are also existing challenges in accurate measurement of the mechanical properties 

of parts produced using these AM technologies. Specifically, the elastic properties of AM 

materials are particularly difficult to measure due to a variety of factors. Currently there is no 

reliable standard that can be used for accurate estimation of the tensile properties of AM 
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produced parts. ASTM F3122 lists usable standards for measuring the tensile properties of an 

AM sample, but specifically notes that the results can be affected by many factors such as 

feedstock material, anisotropy, material and specimen preparation, porosity, testing environment, 

alignment, and testing parameters [31]. The standard also notes the geometrical difficulties in 

producing the tensile test samples using some AM technologies. The dog-bone sample is also not 

ideal for reproduceable tests of AM materials due to the curved fillets separating the clamp area 

and the cross-section of the sample [32]. These curved areas can lead to stress concentrations, 

nonlinear loading, gaps, and additional roughness along the fillets depending on the printing 

path. A diagram by Sola clearly explains these issues as depicted in Figure 1. 

 

Figure 1. Examples of printing issues and resulting defects of AM dog-bone tensile samples 

[32]. 
 

 Furthermore, accessibility of a tool that is able to accurately predict the elastic modulus 

of a sample without the need for mechanical testing would be very beneficial to the industry. 

Having the ability to simulate the tensile properties of different samples without any need for 

experimental examination may result in huge cost saving. Finite element analysis (FEA) has 
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been used for simulating stress and other mechanical conditions for many years, but numerical 

simulations typically rely on the input of the material properties rather than solving for them. 

One emerging numerical simulation method that has the potential to accomplish this is object 

oriented finite element analysis (OOF). This finite element scheme developed by the National 

Institute of Standards and Technology (NIST) uses actual microstructural images and includes 

features such as porosities, multiple phases, or impurities in its simulations.  

 This study will utilize this novel finite element approach to predict the elastic properties 

of AM processed samples. Some well-known analytical methods for prediction of mechanical 

properties of materials will also be utilized to evaluate their capability for estimation of tensile 

properties of AM produced WC-Co materials in this study. The successful results from this study 

can provide access to a new tool to estimate important mechanical properties of AM processed 

materials independent of experimental tests. 
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2. OBJECTIVE 
 

DED is a growing AM technology in recent years and there is a huge need for 

understanding of the mechanical properties of parts produced using this technology. DED 

processed CoCr alloy and WC-Co were selected to represent metallic and ceramic samples in 

this study. This study will focus on using various methods to approximate the elastic properties 

of DED processed samples, aiming to show the usefulness of models and simulations in 

estimating these properties independent from experimental mechanical testing. For reason of 

comparison, all tests and characterizations were also performed on conventionally processed 

samples in this study. The elastic modulus was then estimated on all samples using experimental, 

analytical, and numerical methods. These results were compared for the purpose of analyzing the 

benefits and drawbacks of each method when approximating the tensile properties of a 

nonhomogeneous DED produced material. Both CoCr and WC-Co samples studied here are 

among important industrial and commercially used materials with wide ranges of applications.  
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3. MATERIALS AND EXPERIMENTAL PROCEDURE 

3.1 Materials and Sample Preparation 

3.1.1 Direct Energy Deposition of CoCr 

Direct Metal Tooling® (DMT®) by InssTek Inc., South Korea was used to fabricate the 

CoCr samples in this study. An SDM 800 Module was used to deposit layers during the DED 

process. This particular system operates using an Ytterbium laser system and it is equipped with 

two cameras that are used as sensors during the printing process. Shielding gas was used during 

the printing process to prevent the exposure of the printed samples to harmful gases such as 

oxygen and hydrogen. The thickness of the deposited layers is referred to as “layer height”, and 

“powder feeding rate” is the speed at which the powder is fed into the deposition system. The 

printing parameters for the samples are shown in Table 1. The dimensions of the DED fabricated 

samples were 40 mm (𝐿)× 5 mm (𝑊) × 5 (𝐻) mm.  

Table 1. DED CoCr Printing Process Parameters. 

Process Parameter Value 

Beam Size of Laser (µm) 800 

Build Speed (cm3/h) 33 

Layer Height (µm) 250 

Laser Power (W) 360 

Powder Feeding Rate (g/min) 2.5 

Coaxial Gas Feed Rate (L/min) 6.5 

Powder Gas Feed Rate (L/min) 2.5 

Shielding Gas Argon 

 

3.1.2 Conventionally Processed CoCr 

The bar stock samples from Titanium Industries Inc., Rockaway, NJ, USA, fabricated by 

powder metallurgy were used as conventionally processed samples in this study. All bar stock 
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samples were cut using an Electric Discharge Machine (EDM) into rectangles at 40 (𝐿) × 5 (𝑊) 

× 5  (𝐻) mm sizes as well as disks with a diameter of 12.7 mm and a height of 5 mm.  

3.1.3 Material Composition of CoCr 

Table 2 lists the nominal composition of the DED and conventional samples that were 

provided by the manufacturers of both samples. Their chemical compositions are very close with 

the cobalt content being slightly (2%) higher in the conventional sample as well as having a 2% 

decrease in chromium content compared to the DED sample.  

Table 2. Composition of CoCr Alloy Samples. 

Element Co   Cr Mo Ni C 

DED Nominal Composition from InssTek (wt.%) 64.78 29.16 5.18 - 0.88 

Composition of Conventional Sample (wt.%) 66 27 5.5 0.2 0.05 

 

3.1.4 Direct Energy Deposition of WC-Co 

An Optomic 850R LENS AM machine at the Connecticut Center of Advanced 

Technology (CCAT), CT, USA was used to fabricate the AM WC-Co samples in this study. This 

system utilizes a 3 kW IPG fiber laser system and three separate powder feeders to deposit 2 mm 

wide passes of material. Other important printing parameters are listed in Table 3. The sample 

was developed on an H13 tool steel substrate with dimensions of 75 (𝐿) × 75 (𝑊) × 5  (𝐻) mm. 

The DED deposited layer had a thickness of 800 m. The samples were then cut using EDM for 

mechanical testing at the size of 40 × 5 × 5 mm.  
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Table 3. DED WC-Co Printing Parameters. 

Process Parameter  Value  

Powder Flow 5 L/min 

Center Purge 35 L/min 

Powder Flow Rate 4.5 rev/min 

Laser Power 708 W 

Laser Spot Size 2 mm 

Contour Travel Write Speed 10 mm/s 

Hatch Travel Write Speed 12.7 mm/s 

Layer Height  0.5 mm 

Hatch Spacing 0.75 mm 

Shielding Gas Argon 

 

3.1.5 High Velocity Air Sprayed WC-Co 

While WC-Co can be deposited by variety of thermal spray technologies, high velocity 

air fuel (HVAF) was used to deposit this material as a conventional technique in this study. The 

HVAF deposition was carried out using a hybrid HVAF and high velocity oxygen fuel (HVOF) 

system by Kermetico, CA, USA. Coating coupon samples were deposited on a 75 (𝐿) × 75 (𝑊) 

× 5  (𝐻) mm H13 substrate. The surface of the substrate was subjected to a sandblasting process 

prior to spraying in order to increase the adhesion between the substrate and the coating. An 

approximately 800 m coating was deposited using the spraying process parameters listed in 

Table 4. EDM was again used to cut the sprayed parts into 40 x 5 x 5 mm samples for 

mechanical testing.  
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Table 4. Process parameters for HVAF spraying in this study. 

Process Parameter Value  

Spray Distance 177.8 mm 

Powder Feed Rate  200 g/min 

Fuel (Propane) Flow Rate 90 L/min 

Carrier Gas flow rate 23 L/min 

Air Pressure 620-628 kPa  

Nozzle Length 15.1 mm 

Traverse Speed 900 mm/s 

 

3.1.6 Material Composition of WC-Co 

The same powder feedstock supplied by Kermetico Inc. was used for both the DED and 

conventional WC-Co samples. These powders had a nominal size of -30+5 m and contained 

coarse carbides. The material composition of the powders is listed in Table 5.  

Table 5. Composition of WC-Co alloy powders. 

Element  W  Co  C  O  

Weight %  Balance  15-18  4.9-5.3  0.01-0.2  

 

3.2 Microstructural Characterization 

All samples were cross-sectioned and mounted in conductive epoxy resin using an 

automatic mounting press prior to microstructural observation. The samples were then ground 

and polished using a Met Prep 3 by Allied High-Tech Products, Inc., USA. Following this, both 

CoCr samples were etched in a 1:3 solution of 70% nitric acid and hydrochloric acid for grain 

boundary observation. The WC-Co samples were etched in an aqueous solution of 30% nitric 

acid. A Zeiss Axiovert 40 MAT by Focus Precision Instruments, MN, USA was used for optical 

microscopy (OM) and porosity measurements. A more precise microstructural observation was 

conducted using scanning electron microscopy (SEM) by a JEOL JSM-6490LV by JEOL 
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(Peabody, MA, USA). This SEM was also equipped with an energy dispersive spectroscopy 

(EDS) detector capable of detection of elemental chemical composition of the samples. 

3.3 Mechanical Testing 

3.3.1 Micro Indentation Test 

Vickers and Knoop micro indentation testing experiments were performed using a Clark 

CM-800 AT, according to ASTM E92-17 to determine the hardness of the samples in this 

investigation [33]. While a Vickers test is a reliable method for hardness measurement in 

metallic structures, a Knoop indentation test was also performed to support the analytical 

prediction of mechanical properties. In addition, due to relatively high surface area of its 

indenter, the Knoop method is capable of covering more microstructural features in layered type 

structure, such as DED processed samples. A comparison of Vickers and Knoop hardness 

indenters is shown in Figure 2. All hardness tests were performed sporadically on the cross-

section of the samples. Both the DED and the conventionally processed samples were subjected 

to a 200 gf load at 15 s dwell time. The average hardness value was calculated from eleven 

random indentations on random regions of each sample.   

 

Figure 2. Schematic of a) Vickers and b) Knoop microhardness indenters. 
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3.3.2 Resonance Frequency 

Resonance frequency testing, also known as impulse excitation, is an alternative method 

for measuring tensile properties of thin and small samples. It is a non-destructive test capable of 

accurately measuring mechanical properties such as shear modulus, elastic modulus, and 

Poisson’s ratio [27, 28]. Due to the size restriction of the DED processed samples, preparation of 

sub-sized tensile test samples and conducting tests on those small samples seemed like a 

challenging task. The accuracy of the results would also be under question due to the sensitivity 

of such small samples due to any misalignment during tensile test. Furthermore, resonance 

frequency testing has the capability to conduct multiple measurements on a singular sample. 

Because of these reasons, resonance frequency testing was used as an experimental method to 

measure the Young’s moduli of the samples in this study. The resonance frequency test was 

conducted five times on free-standing samples of both materials. The results provided measured 

mechanical properties in the longitudinal direction which simulates the application of in-plane 

tension similar to a tensile test.  This study was conducted according to ASTM E1876-99 by 

IMCE, Belgium [36]. In this test, a hammer (impulser) continuously tapped on one side of the 

sample and the produced sound was constantly recorded on the other end of the sample using a 

highly sensitive microphone (transducer) as schematically replicated in Figure 3. A resonance 

frequency data analyzer (RFDA) was then used to convert the vibration signals from the 

recorded sounds into mechanical properties and constants. 

 

Figure 3. Schematic of the resonance frequency test setup. 
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4. RESULTS 

4.1 Microstructure Characterization 

4.1.1 SEM and EDS Analysis of CoCr 

Microstructural characterization was conducted to better address the mechanical behavior 

of the CoCr samples using specific microstructural features. Several SEM micrographs have 

been taken randomly from microstructure of both the DED and conventional CoCr samples in 

order to fully analyze this sample. SEM micrographs shown in Figure 4 indicated that 

microstructure of the DED processed CoCr sample contains a large variation of grain size with 

different morphologies compared to the conventionally processed sample. The dominant 

microstructure of the DED processed sample was fine cellular grains surrounded by boundaries 

along melting pools. However, regions of different sizes of equiaxed and columnar grains were 

also observed as seen in Figure 4 (a). The inset of Figure 4 (a) clearly illustrates melt pools 

within the microstructure of the etched cross-section of the DED processed CoCr sample, which 

is typical for a 3D printed metallic sample. The horizontal overlap of the melt pool boundaries 

showed the deposition pattern and direction during the buildup process. The wide variation in 

grain size, shape, and orientation are among typical characteristics of AM metallic materials [30, 

31]. In contrast, the conventionally processed sample had a dominant equiaxed grain structure 

throughout the sample with little variation as shown in Figure 4 (b).   
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Figure 4. SEM micrographs of the cross-sectional regions of the (a) DED processed and (b) 

conventional CoCr samples. Inset of (a) shows melt pools in the DED processed samples at 

different magnification. 
 

EDS analysis determined elemental composition of both the DED and the conventional 

samples, as listed in Table 6. The cobalt content is slightly lower for both samples compared to 

the values reported by the manufacturers, as previously shown in Table 2. The SEM micrographs 

of both samples do not show noticeable amounts of pores, defects, or cracks in the 

microstructure of both samples. Porosity measurements performed on unetched samples using 

OM revealed porosities of approximately 0.2% and 0.1% in the DED and conventionally 

processed CoCr samples, respectively.  

Table 6. Chemical composition by EDS for DED and conventionally processed CoCr alloy 

samples in this study. 
                           Element (wt%) 

 Co Cr Mo C 

DED 60.84 ±2.79 29.50 ±1.24 6.62 ±0.51 1.53 ±0.23 

    Grain 64.30±2.88 28.57±0.87 4.68±0.49 1.20±0.16 

   Boundaries 58.94±2.80 29.78±0.90 7.66±0.78 1.07±0.16 

Conventional 63.17 ±2.69 28.90 ±1.20 5.34 ±0.69 0.94 ±0.15 

    Light 63.82±2.79 28.18±1.21 5.33±0.49 1.11±0.21 

    Dark 62.72±2.73 28.44±0.63 5.65±0.70 1.29±0.16 
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4.1.2 SEM and EDS Analysis of WC-Co 

Microstructural characterization was also completed on the DED and HVAF processed 

WC-Co samples in order to better understand the specific microstructural features that can 

influence their mechanical behavior. Several SEM micrographs have been taken randomly across 

each sample in order to capture all of the microstructural features. SEM micrographs of the DED 

sample shown in Figure 5 depicted a very chaotic and inhomogeneous microstructure. On 

account of the distinct regions of the sample that possess different microstructural characteristics, 

the DED sample was separated into top (T), middle (M), and bottom (B) regions, each consisting 

of roughly 250 m of height. A large variety of carbide sizes seemed to be present throughout 

the sample and no distinct boundary can be observed between the WC-Co and the H13 substrate.  

Dark circular features mostly visible in the middle of the sample have been identified as cobalt 

rich phases. The bottom area consisted of a mixture of iron and WC-Co, as the H13 steel 

substrate melted due to the high temperature generated during the DED process. This has also 

been reported by others in literature for the same material produced by AM technology [39], 

[40]. The HVAF coating, on the other hand, appears homogeneous and shows a distinct interface 

with the substrate, indicating no mixing occurred between coating and the substrate. The 

measured porosity using image analysis were 4.08 and 0.72 area percentage for the DED and 

HVAF deposited samples, respectively.  
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Figure 5. SEM micrographs of (a) the DED WC-Co sample and (b) the HVAF deposited WC-

Co sample. 
 

In order to further investigate the iron content, EDS was conducted on each region of the 

DED sample separately as well as on the entirety of both the DED and HVAF samples. The 

elemental composition analysis by EDS for each region shown in Figure 5 (a) are listed in Table 

7. It is clear that due to the melting and mixing of the substrate into the WC-Co material, the 

bottom and middle regions have large concentrations of iron in their composition. This also 

causes a steep decline in the amount of tungsten-carbide in these areas. The iron content appears 

to decrease drastically in the top region of the DED processed WC-Co sample. Due to this affect, 

the overall composition of the DED sample contains more than 20% iron, which is an undesired 

effect of this method of manufacturing on the composition of the sample. The EDS results 

indicated that HVAF coating sample contains no traces of H13 substrate.  
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Table 7. Chemical composition of WC-Co by EDS. 

                           Element (wt%) 

 W Co Fe C 

DED Total 58.06±0.18 11.75±0.10 22.25±0.11 4.92±0.02 

    Top 250 m 68.42±0.18 10.76±0.09 13.19±0.08 5.65±0.03 

    Middle 250m 57.36±0.18 14.10±0.10 24.29±0.11 4.69±0.02 

    Bottom 250m 54.92±0.17 9.99±0.09 26.67±0.12 4.81±0.02 

HVAF 71.00±1.29 22.59±1.66 0 3.57±0.28 

 

4.1.3 Analytical Model Based on Microstructural Features  

A well-known analytical scheme that can establish a relationship between microstructural 

features and mechanical properties of materials with layered structure has been developed by 

Hashin-Hasselman [32, 33]. This is the most widely used theoretical relation between porosity 

and elastic modulus, and is given by: 

𝐸 = 𝐸0 [1 +
𝐴𝑝

1 − (𝐴 + 1)𝑝
] (1) 

where E0 is the bulk elastic modulus, A is a constant equal to -33.4, and p is the porosity of the 

sample. For CoCr, E0 is assumed as 220 GPa [43].  For WC-Co, 𝐸0 is based on applying the rule 

of mixtures (RoM) to the overall material composition of each sample. This is shown in Equation 

2 in which 𝑣𝑖 is the volume fraction of each element calculated from the EDS results and 𝐸𝑖 is 

the elastic modulus of each material. 

𝐸𝑡𝑜𝑡 = 𝑣1𝐸1 + 𝑣2𝐸2 …       (2) 

The elastic moduli for each material component were acquired from the AZoM database [44]. 

This resulted in the DED WC-Co possessing a bulk modulus of 427.97 GPa, while the HVAF 

deposited WC-Co sample’s bulk modulus was 495.54 GPa.  

Based on the 0.2% and 0.1% porosity content of the DED and HVAF processed CoCr 

samples previously mentioned in this study, application of Equation 1 resulted in elastic moduli 
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of 206.20 GPa for the DED processed CoCr sample and 212.88 GPa for the conventionally 

processed CoCr sample. Based on the porosity contents of 4.08% for the DED WC-Co sample 

and 0.72% for the HVAF processed WC-Co sample, the Hashin-Hasselman model resulted in 

elastic moduli of 269.69 GPa and 398.91 GPa for the DED and HVAF deposited WC-Co 

samples.  

4.2 Mechanical Results 

4.2.1 Microindentation 

The indentation test on the DED and conventionally processed samples was performed on 

the cross-section and surface of each sample in both the longitudinal and transverse directions to 

obtain more accurate average results for each sample. The average Knoop hardness of the DED 

CoCr samples was 438.28 ± 33 HK, while the hardness for conventionally processed samples 

was 469.30 ± 30 HK. The higher hardness value in conventionally processed samples could be 

attributed to its relatively lower porosity content. The possibility of better metallurgical bonding 

between materials (grains) through the solidification process in conventional samples could be 

another reason for exhibiting higher hardness. A wide range of hardness values were reported for 

CoCr alloys fabricated by different manufacturing techniques, from 372 HK for as-cast CoCr 

samples used for dental implants [45], to 650-700 HK of heat-treated ones [46].  To validate the 

Knoop hardness results, a set of Vickers hardness tests was also performed on each sample. The 

average Vickers hardness of the DED and conventionally produced samples were 457.7 ± 14 HV 

and 518.1 ± 17 HV, respectively. A similar relationship can be seen between the Vickers 

hardness values and the ones obtained from the Knoop microindentation test. It has also been 

shown that the measured hardness of the DED processed sample in this study is higher than the 

range of hardness values reported in literature [37, 38].  
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The average Knoop hardness for the DED WC-Co sample was 1398.67 ± 25.53 HK, 

while the HVAF deposited samples had a Knoop hardness of 1101.21 ± 20.03 HK. Other 

additively manufactured WC-Co samples have been found to have a Knoop Hardness of 920-

1120 HK [49]. Knoop hardness values for similar compositions of thermally sprayed WC-Co 

have been shown to be in the range of 1000-1100 HK [50]. Vickers hardness tests were also 

performed on the sample in order to validate the Knoop hardness, and resulted in 1493.69 ± 83.9 

HV and 1162.90 ± 52.7 HV microhardness averages for the DED and HVAF deposited WC-Co 

samples, respectively.  

4.2.2 Analytical Model Based on Knoop Hardness 

Another commonly used analytical model for estimation of the elastic modulus of 

metallic materials was developed by Marshall as shown in Equation 3 [51]. This model relates 

the modulus of elasticity to the Knoop hardness value obtained from microindentation tests using 

the equation: 

𝐸 =
𝛼 ∗ 𝐻𝐾

𝑏
𝑎 −

𝑏′
𝑎′

 
 (3) 

Here, 𝑎 and 𝑏 are half of the long and short diagonals of the indenter and 𝑎′ and 𝑏′ are half of the 

measured long and short diagonals of the indent left on the sample. 𝐻𝐾 is the measured Knoop 

hardness and 𝛼 is a constant that is theoretically 0.34 [39, 40]. This model can also be used as an 

empirical approach in which 𝛼 is adjusted to known values. The ratio of 𝑎 and 𝑏 is also 

considered a constant according to the ASTM standard for the Knoop indenter [33]. The major 

and minor diagonal angles are required to be 172.5º and 130º, which in turn leads to Equation 4. 

𝑏

𝑎
=

tan (
172°

2 )

tan (
130°

2 )
=

1

7.1144
 (4) 
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The calculated elastic moduli for the DED and conventionally processed CoCr samples were 

203.13 ± 45.76 GPa and 196.91 ± 59.57 GPa respectively by application of Marshall equation. 

The elastic moduli for the WC-Co samples from the use of the Marshall model were 292.05 ± 

38.07 for the DED sample and 347.03 ± 73.05 for the HVAF sample.  

4.2.3 Resonance Frequency 

Due to the size limitations for DED processed samples and thermal sprayed ones, 

resonance frequency testing, also known as impulse excitation, was employed to examine 

mechanical properties of the samples in the transverse direction perpendicular to the build-up 

process. The average elastic modulus of a free-standing DED CoCr sample was determined to be 

270.56 ± 0.01 GPa while the measured value obtained for the conventionally fabricated one was 

228.41 ± 0.00 GPa. The calculated standard deviations were negligible for both samples 

corresponding to high accuracy of the experiment. It is worth mentioning that one sample could 

be examined for this test and repeating the test on one sample is only for checking accuracy of 

the test and results. The resonance frequency test showed an outstanding elastic modulus for 

DED processed CoCr sample: approximately 16.9% higher than the one obtained for 

conventionally produced sample in this study and in literature. Since resonance frequency 

simulates stress-strain condition in uniaxial directions, it seems that layered structures with 

strong interface could show higher strength when loaded transverse to printing direction. Similar 

mechanical behavior has already been reported for longitudinally aligned metal matrix 

composites [53]. The results indicate the in-plane strength of the samples are similar to the 

strength obtained from the tensile test found in literature [34, 42]. A previous study showed that 

typical elastic modulus for CoCr material regardless of manufacturing method was in the range 
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of 200-253 GPa [55].  Another specific study on additively manufactured CoCr sample by SLM 

technology reported elastic modulus of 213 GPa [56].  

Generally, AM processed metallic samples have shown lower mechanical strength 

compared to conventionally fabricated ones. However, some previous literature has shown that 

the tensile properties of AM fabricated parts can be compared favorably to those of 

conventionally produced ones. This happened when porosity distribution between printed layers 

was minimized by optimization of printing orientation and process parameters [57]. The work of 

Dongare et. al. also showed that materials fabricated through AM can have increased tensile 

properties when compared to conventionally processed ones in terms of having optimum grain 

orientations. However, their main purpose was not to provide a comparison between the 

mechanical and microstructural properties of AM and conventionally processed samples, and to 

this end, there is no detailed study reported in this particular area [58].  

Resonance frequency testing was also conducted on the both WC-Co samples in this 

study. The HVAF deposited sample was separated from the substrate using EDM and tested as a 

free-standing coating. However, it was not possible to perform the same operation to separate 

DED processed WC-Co samples from the substrate since they shattered in all attempts. This 

could be due to the mixing of the H13 substrate and the WC-Co as discussed previously. 

Because of this, the DED WC-Co samples were subjected to the resonance frequency test 

attached to the H13 substrate. To calculate the elastic modulus of the DED processed section, an 

uncoated H13 sample was also subjected to the resonance frequency to be able to use the Pautrot 

model shown in Equations 5-8 [59].   
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𝐸𝑡𝐼𝑡 = 𝐸𝑠𝐼𝑠 + 𝐸𝑐𝐼𝑐 (5) 

𝐼𝑠 =
𝑏ℎ𝑠

3

12
+ 𝑏ℎ𝑠 (

ℎ𝑠

2
− 𝑒)

2

 
(6) 

𝐼𝑐 =
𝑏ℎ𝑐

3

12
+ 𝑏ℎ𝑐 (

ℎ𝑐

2
+ 𝑒)

2

 
(7) 

𝑒 =
𝐸𝑠ℎ𝑠

2 − 𝐸𝑐ℎ𝑐
2

2𝐸𝑠ℎ𝑠 + 2𝐸𝑐ℎ𝑐
 

(8) 

Here, 𝐸𝑖 is the elastic modulus, 𝐼𝑖 is the second moment of inertia, 𝑏𝑖 is the width, ℎ𝑖 is the 

height, and the subscripts 𝑠, 𝑐, and 𝑡 represent the designation of the substrate, coating, and total 

sample, respectively. The shift of the neutral axis is expressed as the variable 𝑒 and is 

represented in Figure 6. It should be noted that the thickness of the coating and substrate is 

assumed to be constant throughout the sample, although it has been shown in the SEM image in 

Figure 5 (a) that the boundary between these two regions is not definitive. The mixing that 

occurred between these two regions during the DED process could construe this value and 

potentially cause some error in the results obtained for the DED produced WC-Co sample. These 

nonlinear equations were then solved for the elastic modulus of the coating, 𝐸𝑐, using the 

Newton Raphson method. The computational code for this was input into MATLAB software 

and is included in Appendix A. This resulted in an elastic modulus of 156.02 ± 0.05 GPa and 

353.82 ± 0.03 GPa for the DED WC-Co and free standing HVAF samples, respectively.  

 

Figure 6. Shift of the neutral axis due to coating application 
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Additively manufactured WC-Co produced using SLM has been found to have an elastic 

modulus of 400.8 GPa [60]. Thermally sprayed samples with a similar composition have been 

shown to have an elastic modulus in the range of 200-300 GPa [61], [62]. It appears that the 

sample used in this study surpasses the expected range as reported in literature by a considerable 

amount. It is believed that the significant decrease in elastic modulus between the HVAF and 

additively manufactured WC-Co samples is due to the nonuniform microstructure and mixing of 

the iron from the substrate with the WC-Co material within the microstructure. This mixing 

caused a plethora of weak points at material interfaces which resulted in the formation of regions 

with higher stress concentrations. Furthermore, based on the EDS results, the existence of iron in 

the composition results in depletion of strong WC phase which could also contribute to the 

decrease in elastic modulus of DED processed sample.   
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5. OBJECT ORIENTED FINITE ELEMENT ANALYSIS 

Finite element analysis (FEA) has been utilized in this study to estimate the tensile 

properties of the CoCr samples.  If the results obtained from the FEA study fall within an 

acceptable range of the experimental values, it will provide a useful tool for the prediction of the 

performance of materials without the need for running costly and difficult physical experiments. 

The success of this numerical simulation method could also allow for the testing of many 

materials in which sample preparation is difficult. This is due to the ability of this method to 

analyze several samples from one specimen using SEM independent of mechanical tests.  

5.1 Introduction to OOF 

Object oriented finite element analysis (OOF) is an emerging numerical simulation 

methodology developed at the National Institute of Standards and Technology (NIST) to 

estimate materials properties. Unlike other finite element methods which heavily rely on 

modeling parts and components, OOF uses actual images randomly taken at different regions of 

the microstructure. This innovation allows the program to account for real microstructural 

features such as porosities, impurities, or multiple phases within a specific sample’s 

microstructure. Each distinct contrast within the microstructure is characterized by its properties 

such as elastic modulus, Poisson’s ratio, and coefficient of thermal expansion. This 

micromechanics scheme then allows for the simulation of mechanical or thermal stresses under 

given elastic conditions or temperatures.  

The process starts with uploading a micrograph at optimum resolution and magnification 

into the program.  Azarmi et. al., explained the detail of the process for selection of optimum 

(threshold) resolution for micrographs used in OOF study [41]. The different phases within the 

microstructure among other microstructural features can be distinguished based on their color or 
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contrast. In the next step, all micrographs are processed by applying property values to different 

features within the microstructure. As it is required for FEA study, the processed image will be 

discretized to elements and nodes to build a skeleton that can later be refined and annealed for 

higher accuracy and uniformity during the calculation. A skeleton is the term used in this 

program for the discretized and meshed image containing the elements, edges, and nodes. The 

homogeneity index of the skeleton refers to the average uniformity of all elements and ranges 

from 0 to 1. An element’s homogeneity index is considered unity when it entirely encompasses 

one material, while it is less than one if the element is spread among multiple materials. The 

skeleton is refined until this index reaches a maximum possible value.  

The final steps include designating the type of the desired analysis and specifying the 

boundary conditions for the analysis. Boundary conditions such as displacement, temperature, 

and voltage can be defined to create mechanical, thermal, and electrical equations. The program 

then solves these equations using finite element analysis concepts and returns the desired stress, 

strain, thermal, displacement, or voltage results. 

 Once all required steps are completed and the inputs are specified, the program can solve 

the appropriate equations. OOF is capable of graphically displaying the stress, strain, or thermal 

maps based on the solved equations on each node and element. A useful tool known as the 

analysis tab can display the results of a singular element, cross-sections of the image along a 

boundary, or average all elements within the entire skeleton. These results can also be displayed 

in a contour map in the graphics window.  

5.2 Numerical Simulation of CoCr Samples 

Figure 7 (a & c) shows a selected region of a micrograph that was cropped to a sample 

size of 150 μm in the longitudinal direction and 100 μm in the transverse direction. Pixels were 
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designated as CoCr or pores. The area fraction of the porous regions was within one standard 

deviation of the measured porosity [41]. The CoCr pixels were given properties of 220 GPa for 

Young’s modulus and 0.29 for Poisson’s ratio [43], while pore pixels were assigned a Young’s 

modulus equal to 1 Pa and a Poisson’s ratio of 0.33 [41]. A skeleton of 90×60 triangular 

elements was generated and modified using the refine, anneal, and snap nodes functions until the 

homogeneity index exceeded 0.98. This homogeneity index was selected empirically due to the 

decrease in its improvement as a result of further skeleton refinement. Processed skeletons for 

the DED and conventional samples are shown in Figure 7 (b & d).  

 

Figure 7. A cropped 150 x 100 μm micrograph of a) a DED fabricated CoCr microstructure, b) 

processed (meshed) OOF skeleton ready for analysis, c) a conventionally produced CoCr 

microstructure, and d) processed (meshed) OOF skeleton ready for analysis. 
 

The displacement field was selected as the active field and a force balance equation was 

selected to solve for the mechanical elastic properties of the sample. The boundary conditions 
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were set to fix the left edge in the longitudinal direction and the top and bottom edges in the 

transverse direction. The right edge was displaced 0.1μm in tension in the longitudinal direction 

to simulate the tensile testing condition. This small displacement was chosen to remain within 

the material’s elastic limit. The simulation was set to solve the problem to a residual accuracy of 

1×10-9.  

The simulations could be completed (solved) in a relatively short time, approximately ten 

minutes, and results indicated the average stresses of 199.74 MPa and 198.31 MPa for the DED 

and conventionally fabricated samples, respectively. A contour stress map for each sample was 

also generated to visualize the stress in the longitudinal direction as depicted in Figure. 8. The 

average stress was then used to calculate the Young’s moduli of the samples. The plane stress 

approximation was simulated using Equation 9 to compensate for two dimensional (2D) 

micrographs.  

𝐸 =
𝜎𝑥𝑥(1 − 𝜈)

𝜀𝑥𝑥
  (9) 

Here, 𝜎𝑥𝑥 is the stress in the longitudinal direction, 𝜈 is the Poissons ratio of the material, and 𝜀𝑥𝑥 

is the applied strain. The Poisson’s ratio of CoCr is 0.29 and the strain based on the applied 

deformation is 0.067%. The estimated elastic moduli of the DED and conventional samples were 

212.73 GPa and 211.20 GPa, respectively. 
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Figure 8. Stress maps created for the original OOF tensile simulation for a) the DED CoCr 

sample and b) the conventional CoCr sample shown in Figure 7. 
 

It was decided that the homogenous designation of CoCr material and its properties did 

not accurately represent the microstructure. Instead, it produced an isotropic sample with little 

attention to the microstructural features besides the slight effect of the very low porosity content. 

To improve the accuracy, the rule of mixture was used for material property calculations based 

on the results obtained from the EDS study as previously presented in Table 6. 

The material properties for each element were acquired from AZO Materials [44]. The 

DED sample was separated into grain and boundary designations, while the conventionally 

produced CoCr was separated into light and dark regions based on the visible contrasts, as seen 

in the SEM images. The calculated properties of these regions are shown in Table 5. The same 

skeleton generation process as previously shown in Figure 7 (a & c) are repeated using RoM 

method for martials properties as shown in Figure 9. Previously, the skeleton only considered 

two materials, CoCr and porosities, and was very basic as a result. With the addition of RoM, the 

skeleton can now account for the boundaries between three materials: the two contrasts of CoCr 

materials noted in Table 8 and porosities. The meshes were generated using the same process as 

described above, but are much more complex as a result of accounting for more features in the 

microstructure. 



32 

Table 8. Elastic modulus obtained from RoM for different contrasts in OOF simulation. 

Area RoM Elastic Modulus (GPa) 

DED Grains 238.08 

DED Boundaries 242.79 

Conventional Light Region 238.78 

Conventional Dark Region 238.91 

 

 

Figure 9. Processed (meshed) skeletons generated from the micrographs shown in Figure 7 using 

RoM properties for a) the DED CoCr sample and b) the conventional CoCr sample. 
 

The same tensile test simulation process as described before was applied to the new 

meshed samples. The runtime for these simulations was longer (approximately 30 minutes). The 

contour stress maps are shown in Figure 10 for the OOF analysis using RoM material properties, 

which correspond to the processed images shown in Figure 9. The lighter contrast represents 

higher stress level in the microstructure that are centralized at the pores in both samples. Three 

micrographs of each sample of CoCr were examined in OOF using the same method described 

here. The calculated average stress from all the elements at displacement equal to 0.1μm in 

tension is listed in Table 9. The strain was again calculated as 0.067% based on the selected 

displacement and original dimensions of the sample. From these values, Young’s moduli were 

calculated for the samples, as listed in Table 9.  
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Figure 10. Longitudinal stress maps for a) the DED fabricated and b) the conventionally 

produced CoCr corresponding to the processed images shown in Figure 9. 
 

Table 9. OOF Results from Simulation of Tensile Test. 

Sample Average Stress (MPa) Elastic Modulus (GPa) 

DED 206.41 ± 1.98 219.82 ± 2.11 

Conventional 207.18 ± 0.56 220.65 ± 0.59 

 

5.3 Numerical Simulation of WC-Co Samples 

5.3.1 Resolution Optimization Study 

To begin the OOF study on the WC-Co samples, a resolution optimization study was 

performed on the HVAF deposited sample. This study used micrographs taken at 100x, 500x, 

1000x, and 2000x magnification to examine their influence in estimation of elastic modulus 

when subjected to the OOF analysis. An example SEM image taken at those magnifications are 

shown in Figure 11. A larger number of micrographs were used for higher magnification images 

in order to compensate for the smaller area covered by high magnification images. Specifically, 

three simulations at 100x, five simulations at 500x, seven simulations at 1000x, and nine 

simulations at 2000x magnification were performed in order to select the optimum resolution. 

The optimum resolution then will be used for OOF simulation of tensile properties of the WC-Co 
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samples in this study. SEM micrographs at each magnification were cropped to a nominal 

sample size, shown in Table 10.  

  

Figure 11. SEM Images of the HVAF deposited WC-Co sample taken at (a) 100x, (b) 500x, (c) 

1000x, and (d) 2000x magnification. 
 

Table 10. Sample size dimensions for OOF Simulation of HVAF deposited WC-Co. 

Sample Magnification Dimensions (μm) 

 Longitudinal Transverse 

100x 1000 500 

500x 250 125 

1000x 100 50 

2000x 50 25 

 

 Pixels for each sample were designated as WC, Co, or pores based on their contrast. The 

area percentages of each material in the OOF simulation were monitored and compared with the 
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EDS results to ensure an accurate material designation. The materials were then given their 

corresponding properties as shown in Table 11 from the AZoM database [44]. It should be noted 

that in the 100x magnification samples, it is impossible to distinguish the carbides and cobalt 

from each other as seen in Figure 11 (a). To account for this, the pixels were designated into two 

material categories instead of three: WC-Co or porosities. The mechanical properties of WC-Co 

have been calculated using RoM on the EDS results for this sample.  

Table 11. Mechanical properties of the materials used in OOF simulation of WC-Co. 

Material Elastic Modulus (GPa) Poisson’s Ratio 

WC 643 0.21 

Co 210 0.32 

Pores 1× 10−9 0.33 

 

An initial skeleton of 45×30 triangular elements was generated and refined as before in 

the CoCr simulations with the goal of a 0.95 homogeneity index. The homogeneity index goal is 

lower in these WC-Co samples as they have more features to account for, making a higher index 

much harder to achieve. An example of each fully refined skeleton is shown in Figure 12. It is 

seen that the 100x skeleton is much less complex than the other magnifications due to the 

simplification of only using only a singular WC-Co material. The mesh was then generated for 

each of the skeleton samples. The boundary conditions were set for each magnification so that 

the strain of each sample remained constant at 0.001. This kept each sample within its elastic 

range and imposed deformations of 1, 0.5, 0.1, and 0.05 m in the longitudinal direction on the 

100x, 500x, 1000x, and 2000x samples, respectively. The accuracy was set to 1×10-9 as before 

and the simulations were performed to simulate a tensile test condition.  
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Figure 12. Refined skeletons for OOF analysis of the (a) 100x, (b) 500x, (c) 1000x, and (d) 

2000x magnifications of the HVAF deposited WC-Co samples. 
 

 The simulations required a longer time to solve with increasing magnification. While the 

100x micrographs were able to be solved in a small 10-minute runtime, the 2000x micrographs 

required approximately an hour to complete due to the increased number of features and therefor 

elements in the finite element mesh. An example of a stress map for each magnification sample 

is shown in Figure 13. The resulting average stresses for each sample were then input into the 

plane stress assumption of Hooke’s law shown in Equation 9 with a Poisson’s ratio () of 0.25 

calculated by RoM. The average resulting elastic modulus for each magnification of the HVAF 

deposited WC-Co sample is shown in Table 12. It is seen that the 500x, 1000x, and 2000x 

resolutions all produce errors less than 10% when compared to the experimentally obtained value 

of 353.82 ± 0.03. This indicates that any of these magnifications would be sufficient for the 

remaining simulations. However, it is known from the microstructural analysis that the DED 

processed WC-Co sample micrographs include very small features which cannot be 
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distinguished at the 500x magnification. In addition, encompassing the entirety of the DED 

sample and its inhomogeneous microstructure using 2000x resolution would require a vast 

number of samples. As a result, the 1000x magnification was selected as the optimum resolution 

for this analysis.  

 

Figure 13. Stress maps created by OOF for the (a) 100x, (b) 500x, (c) 1000x, and (d) 2000x 

conventionally processed WC-Co samples. 
 

Table 12. Resulting elastic moduli obtained from using micrographs at different resolution for 

the HVAF deposited WC-Co sample. 
 

Sample Magnification OOF Elastic Modulus (GPa) 

100x 389.81 ± 2.75 

500x 348.10 ± 3.88 

1000x 330.24 ± 7.00 

2000x 332.05 ± 11.30 

 

5.3.2 Simulation of DED Processed WC-Co Samples 

 Due to the inhomogeneous and non-uniform microstructure, application of OOF was a 

more difficult task for the DED processed WC-Co compared to the HVAF deposited one. As a 
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result, the OOF analysis of the DED sample was performed separately on each area shown in 

Figure 5 (a). As the iron mixed into the cobalt rich regions, the pixels in these samples were 

designated as either WC or “matrix” material. During this analysis, this matrix material 

encompassed the Fe, Co, and porosities of the DED samples. The rule of mixtures was used on 

the amounts of these elements obtained from EDS study for each region while also accounting 

for the porosity. It should be noted that the iron was given an elastic modulus of 200 GPa and 

Poisson’s ratio of 0.3 [44]. Because the composition of each matrix is different, this resulted in 

different properties for each region, which are shown in Table 13. 

Table 13. Material properties calculated by RoM for each matrix region of the DED processed 

WC-Co samples. 
 

Matrix Region Elastic Modulus (GPa) Poisson’s Ratio 

Top 178.89 0.31 

Middle 184.61 0.31 

Bottom 184.09 0.31 

 

Once the pixels were designated as WC or matrix and given the corresponding properties, 

the skeleton was generated and refined in the same manner as the HVAF deposited WC-Co 

samples. An example of an initial sample from each region of the DED WC-Co sample is shown 

in Figure 14 (a-c). The mesh was generated and the boundary conditions were set to displace the 

right boundary in tension 0.1m to produce a 0.001 strain. The accuracy was again set to 1×10-9. 

Examples of resulting stress maps for each region of the DED sample are shown with their 

corresponding refined skeletons in Figure 14 (d-f).  
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Figure 14. Initial SEM micrographs of (a) the top region, (b) the middle region, and (c) the 

bottom region of the DED WC-Co samples and their resulting stress maps (d-f). 
 

 As the microstructure of the DED sample is more complicated than the HVAF deposited 

one, more simulations needed to be conducted on this sample to encompass the differences in the 

various regions. Three randomly taken micrographs of each region of the DED processed sample 

have been simulated, and their results have been averaged within each region to calculate their 

respective results, and as a whole in order to estimate the results of the overall sample. These 

simulations required approximately one hour of solution time, similar to the 1000x HVAF WC-

Co micrographs. The resulting stresses and elastic moduli of each area are shown in Table 14, as 

well as the average for the entire DED WC-Co sample from all of the regions. The higher elastic 

modulus in the HVAF deposited sample is as a result of two major factors. Primarily, it is due to 
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the higher WC content in the HVAF deposited sample compared to the entire the DED processed 

sample according to EDS results shown in Table 7. This is due to depletion of WC due to 

diffusion of iron from the substrate mostly in to the bottom and middle regions marked in Figure 

5 (a) and reported in literature [39], [40]. The samples then failed at lower stress levels in these 

regions due to containing more Co and Fe elements.  

Table 14. Average stress and elastic modulus for the WC-Co samples resulting from OOF 

analysis. 
 

WC-Co Sample Average Stress (MPa) Elastic Modulus (GPa) 

DED Total 353.59 ± 24.60 265.19 ± 18.45 

    DED Top 385.37 ± 3.80 289.03 ± 2.85 

    DED Middle 337.56 ± 2.13 253.17 ± 1.60 

    DED Bottom 337.84 ± 11.34 253.38 ± 8.50 

HVAF 440.32 ± 9.33 330.24 ± 7.00 
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6. DISCUSSION 

Several experimental, analytical, and numerical studies were conducted on DED and 

conventionally manufactured CoCr samples to evaluate their elastic properties. Table 15 lists the 

elastic modulus obtained from each of the methods used on the CoCr samples to provide a better 

comparison.  It is worth mentioning that this table is presented to provide a general comparison 

between the results and only includes standard deviations where applicable. The available range 

of data from literature has also been listed in the last row of the table to examine the accuracy of 

the results obtained in this study. While there is no specific report on elastic modulus of DED 

processed CoCr, conventionally made CoCr with 5% molybdenum has been shown to have an 

elastic modulus in the range of 210-230 GPa [34, 42]. 

Table 15. Summary of Elastic Modulus Results for the CoCr Samples. 

Method Elastic Modulus (GPa) 

 CoCr - DED CoCr - Conventional 

Resonance Frequency 270.56 ± 0.01 228.41 ± 0.00 

Hashin-Hasselman 

(Porosity Content) 
208.82 217.10 

Marshall (Hardness) 203.13 ± 45.76 196.91 ± 59.56 

OOF 219.82 ± 2.11 220.65 ± 0.59 

Literature Review ----- 210-230 

 

 First, it needs to be noted that the resonance frequency test that provided experimental 

results could produce highly accurate results with negligible standard deviation, and thus it is 

used as the reference point in this study. Noticeably, all of the results obtained in this study for 

the conventionally processed CoCr fall within the acceptable range except the one from the 

application of the Marshall equation. This indicates the capability of all these methods to predict 
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a relatively accurate elastic modulus in conventionally processed metals and alloys where there 

is more homogeneity and uniformity in the microstructure.  

The Hashin-Hasselman theory is based on the porosity content of the microstructure and 

the theoretical elastic modulus of CoCr was considered as 220 GPa for the calculations. Since 

microstructural observation showed a higher level of porosity for the DED sample, it is 

speculated that the Hashin-Hasselman model shows lower elastic modulus in this sample. Due to 

the very low amount of porosity in both samples, very little deviation from theoretical elastic 

modulus can be seen (less than 10%).  However, the analytical model suggested by Hashin-

Hasselman was not capable of correctly estimating the elastic modulus in the DED processed 

CoCr sample with an anisotropic and lamellae type microstructure where different layer of the 

material can act as reinforcement phase and strengthen the material when load is applied in the 

transverse direction.   

Marshall’s method works based on the measured Knoop hardness and the dimensions of 

the large and small diagonals of the corresponding indents. The main source of the error in this 

equation, as indicated in other literature, is the fact that the size of small diagonal has no effect 

on hardness measurement but can significantly alter calculation of elastic modulus in Eq.2.  

Another source that shows the inability of the Marshall equation to accurately calculate the 

elastic modulus could be using 0.34 for the constant parameter (𝛼) in Eq.2. This is the most 

widely accepted value, however some other reports have also used values such as 0.45 and 1.5 

[52]. As a conclusion, analytical models could predict elastic modulus with less than 10% error 

from the actual experimental measurement for conventionally processed CoCr sample while this 

error could reach up to 40% for DED processed sample.   
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 The numerical simulation study (OOF) resulted in relatively closer estimates for the 

elastic moduli of both samples than the analytical methods. This is attributed to the fact that in 

the numerical simulation, the model of the samples was pulled in uniaxial directions, which 

better resembles tensile test, while available analytical models mostly use general material 

properties to calculate the elastic modulus. Additionally, the OOF simulation was able to use 

actual microstructural images taken of the DED processed AM sample, which helped to perform 

a more accurate simulation. The numerical simulation method used in this study could accurately 

calculate the elastic modulus within 5% of the experimentally measured values for the 

conventionally fabricated CoCr sample.  

On the other hand, the errors obtained from using OOF for DED processed CoCr sample 

were in the range of 10-18%. While OOF uses the actual microstructure, it seems that the 

selected resolution was not the optimum choice to clearly represent the features of individual 

layers as well as the detail characteristics of the interfacial area between layers. It is important to 

note that although using higher magnification micrographs could better reveal features such as 

interlayer boundaries, it could only represent a very small region of the microstructure and 

results could not be generalized for the whole material. Using a lower magnification would result 

in the opposite effect in which a larger region of the microstructure could be used but results in 

loss of important microstructural features.  

The elastic modulus of WC-Co samples obtained from the application of different 

methods used in this study are listed in Table 16.  As mentioned before, the results obtained from 

the resonance frequency experimental method is used as the reference point in this study due to 

its high level of accuracy. It must be mentioned that the results obtained for DED processed WC-

Co sample are significantly lower than expected. This could be due to the iron diffusing into the 
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coated region.  Some error may also be due implementation of the Pautrot model, which 

calculated the elastic modulus of the coated section utilizing the assumption that the substrate 

and coating maintained constant thicknesses throughout the sample. It appears that each of the 

methods used in this study to approximate the elastic modulus of the samples produced a fairly 

accurate result for the HVAF deposited WC-Co sample. Only the Hashin-Hasselman method 

based on its porosity content produces more than a 10% error when compared to the resonance 

frequency testing. This indicates that all of these methods can provide reasonably accurate 

estimations for the elastic modulus of the samples with homogenous microstructures.   

Table 16. Summary of elastic modulus results for the WC-Co samples in this study. 

Method 
Elastic Modulus (GPa) 

WC-Co - DED WC-Co - HVAF 

Resonance Frequency 156.02 ± 0.05 353.82 ± 0.03 

Hashin-Hasselman 

(Porosity Content) 
269.69 398.91 

Marshall (Hardness) 292.05 ± 38.07 347.13 ± 73.05 

OOF 265.19 ± 18.45 330.24 ± 7.00 

Literature Review ----- 200-300 

 

The results diverge aggressively for the DED processed WC-Co sample. All three 

methods failed to accurately estimate elastic modulus of the DED fabricated sample when 

compared to the results obtained from resonance frequency test. The Hashin-Hasselman method 

utilizes the bulk modulus of the sample which was calculated by the RoM equation based on the 

EDS obtained composition results. In the HVAF deposited WC-Co sample, this method produces 

the highest error due to the low porosity of less than 1% causing little deviation from the bulk 

modulus. Although the use of the RoM equation was designed to estimate a more accurate bulk 

modulus it still contains a high error in both WC-Co samples. Considering the DED sample, the 
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high iron content from the substrate greatly impacted the bulk modulus value, causing the result 

to deviate farther from the experimentally obtained elastic modulus of the sample.  

The Marshall method based on the Knoop microhardness was able to provide the closest 

result for the HVAF deposited WC-Co sample. However, looking at the large standard of 

deviation, it can be seen that the results are still very scattered and inaccurate. This is due to the 

small diagonal of the indenter in Knoop hardness test still having a considerable effect on the 

calculation of elastic modulus but having no impact on the Knoop microhardness value itself. In 

the DED WC-Co sample, this value is once again far from the resonance frequency result. 

Because the indentation is performed on the cross section of the samples, the effect of the H13 

substrate mixing with the sample can have varying effects on the indentation and measurements 

depending on the region in which the indenter landed on the microstructure.   

The image based finite element simulation method provided a close estimate for the 

HVAF deposited WC-Co sample due to its uniform and homogenous microstructure. The use of 

the actual microstructure of the sample allowed the simulation to provide more accurate results 

than the analytical methods based on the general material properties of the sample. This allowed 

the simulation to accurately monitor the material composition and porosity of the samples to 

maintain proximity to the EDS results, causing the simulation to produce a result within 10% of 

the resonance frequency value.  

OOF was able to model each region of the DED processed WC-Co sample and account 

for the varying iron content in each area. However, the inhomogeneous microstructure of the 

DED WC-Co sample was the main reason that OOF was unable to effectively estimate the 

elastic modulus. The simulation was able to incorporate the iron content by using RoM on the 

matrix material, but this method was still ineffective to account for the effect of the large iron 



46 

presence and nonhomogeneous microstructure of the additively manufactured sample. This study 

does find that the current two-dimensional OOF is accurate on estimating the tensile properties 

of uniform samples with homogeneous microstructures, but as of now still lacks the capability to 

estimate the elastic modulus of materials with complex microstructure.  
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7. CONCLUSION 

 In this study, a series of analytical and numerical methods were examined to estimate 

tensile properties of cobalt chromium (CoCr) and tungsten carbide 17% cobalt (WC-Co) 

additively manufactured (AM) using direct energy deposition technique (DED). All 

measurements were repeated on a conventionally processed samples of both materials for the 

reason of comparison. All calculated values were evaluated and compared to the experimental 

studies performed on each sample to better understand the accuracy of those numerical and 

analytical methods. It has been shown that analytical methods using porosity content and 

hardness could provide reasonable approximations for the tensile modulus of a conventionally 

produced CoCr and WC-Co samples. This could be attributed to high uniformity in the 

microstructure of the conventionally processed samples. These estimations became more 

scattered when attempting to approximate the tensile properties for the DED processed samples. 

The numerical simulation of OOF provided the closest results to the experimentally measured 

ones for the DED sample. However, these results still were not within a reasonable accuracy 

when compared to the experimental resonance frequency results. This indicates that although 

OOF is an emerging numerical method to estimate the mechanical properties of materials with 

homogenous microstructure, further improvements are needed before it can reliably be used for 

materials with nonuniform and inhomogeneous microstructures.  

 

 

 



48 

8. FUTURE WORK 

Further research should focus on the mechanical and microstructural properties of DED 

produced materials. Although the DED processed CoCr contained minimal cracks and pores, the 

DED processed WC-Co sample contained many flaws and undesired microstructural features. 

These greatly affected its mechanical performance and the simulation methods used here. Future 

studies could examine different printing parameters and whether these can improve the 

homogeneity and relative density of this AM material.  

 Investigation could also be performed into the accuracy of additional methods of 

simulating the tensile properties of a sample with minimal mechanical testing. NIST is currently 

in the process of developing and testing a three-dimensional version of OOF known as OOF3D. 

This has the potential to improve on the accuracy of the current version and to better simulate a 

physical sample. As other technologies are invented to estimate the tensile properties of a sample 

more accurately, these will also require comparison with existing methods.   
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APPENDIX A. MATLAB CODE 

A.1. Newton Raphson Method of Pautrot Model for Resonance Frequency Analysis of 

Coated Section 

 

% Clearing Screen 
clear 
clc 
format long 

  
%Constants 
b=6.28E-6; 
ht=7.21E-6; 
hs=6.43E-6; 
hc=ht-hs; 
Et=199.91E9; 
Es=215.93E9; 
It=(1/12)*b*(ht^3); 

  
%Newton Raphson Method 
k=0; 
Ec=200E9; 
fx=inf; 
while abs(fx)>1E-100 
    k=k+1; 
    e=(((Es*(hs^2))-(Ec*(hc^2)))/(2*Es*hs+2*Ec*hc)); 

  
    Is=(1/12)*b*(hs^3)+b*hs*(((hs/2)-e)^2); 

  
    Ic=(1/12)*b*(hc^3)+b*hc*(((hc/2)+e)^2); 

  
    fx=Es*Is+Ec*Ic-Et*It; 
    dfx=(b*hc^3)/12 + b*hc*(hc/2 - (Ec*hc^2 - Es*hs^2)/(2*Ec*hc + 2*Es*hs))^2 

- 2*Ec*b*hc*(hc^2/(2*Ec*hc + 2*Es*hs) - (2*hc*(Ec*hc^2 - Es*hs^2))/(2*Ec*hc + 

2*Es*hs)^2)*(hc/2 - (Ec*hc^2 - Es*hs^2)/(2*Ec*hc + 2*Es*hs)) + 

2*Es*b*hs*(hc^2/(2*Ec*hc + 2*Es*hs) - (2*hc*(Ec*hc^2 - Es*hs^2))/(2*Ec*hc + 

2*Es*hs)^2)*(hs/2 + (Ec*hc^2 - Es*hs^2)/(2*Ec*hc + 2*Es*hs)); 

     
    Ec=Ec-(fx/dfx); 
    values(k,1)=k; 
    values(k,2)=Ec; 
    values(k,3)=fx; 
end 

 

 

 



56 

APPENDIX B. ADDITIONAL OOF SIMULATIONS 

 

Figure B.1. HVAF WC-Co OOF Simulation at 1000x Magnification Example 2 

 

Figure B.2. HVAF WC-Co OOF Simulation at 1000x Magnification Example 3 

 

Figure B.3. DED WC-Co OOF Simulation of the Top Region at 1000x Magnification 
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Figure B.4. DED WC-Co OOF Simulation of Middle Region at 1000x Magnification 

 

Figure B.5. DED WC-Co OOF Simulation of Bottom Region at 1000x Magnification 


