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ABSTRACT 
Traditionally, metal parts are manufactured from rolled steel using conventional means 

such as shear or abrasive removal. Direct metal laser sintering (DMLS) is an advanced 

form of manufacturing that uses metal powder to form metal parts through a layer-by-

layer process. The manufacturing process of DMLS provides new design and different 

manufacturing opportunities than conventional manufacturing. Determining if DMLS can 

be applied to manufacture custom medical tools subject to high impact forces was the 

motivation for this research. The main purpose of this thesis was to test and compare the 

material toughness and material properties of 15-5PH stainless steel manufactured by 

DMLS and conventionally using rolled steel. Effects from precipitation hardening heat 

treatment on the material toughness, material properties, and deformation were also 

analyzed. The test methods applied included Charpy impact testing, particle analysis, 

density measurement, specimen dimension measurements, fracture surface analysis, 

microstructure analysis, and elemental analysis. The results showed that DMLS has 

significantly lower material toughness and density than rolled steel. However density was 

concluded to not be a contributing factor of lower material toughness, but rather the 

nature of the DMLS process implementing a form of heat treatment. Precipitation 

hardening showed a decrease in material toughness in both methods of manufacturing, as 

a result of material hardening. Significant deformation by contraction was found in both 

forms of manufacturing as a result of precipitation hardening. Additional research is 

needed to improve material properties of 15-5PH when using DMLS.   
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Chapter 1 

1 INTRODUCTION 

1.1  Background 

Most metal products are fabricated by conventional manufacturing. Conventional 

manufacturing typically follows the process of casting, annealing, and cold rolling. 

Afterwards, the cold rolled material undergoes several machining processes such as 

cutting, milling, and assembling, until it becomes the final product. On the other hand, 

additive manufacturing (AM) is different form of manufacturing that uses a layer-by-

layer process to form three-dimensional (3-D) objects and has been in development for 

over 30 years [1]. The processing nature of AM provides several advantages over 

conventional manufacturing such as geometric freedom, design customization, and lower 

production costs [2]. Additive manufacturing is more commonly known as 3-D printing, 

but can also be referred to as layered manufacturing [3], [4], rapid manufacturing, or 

rapid prototyping [1], [4]. 

 While many different types of AM exist, there are three general steps in these 

manufacturing processes [1]. First off, the object is designed and prepared as a 3-D 

computerized model, composed of two-dimensional slices representing each layer to be 

built [3]. During the second step, the computer file of the model is imported into the AM 

machine where is it manipulated to achieve optimal building success. This includes 

adjusting the orientation, scale, and position of the part to be built. In the third and final 
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step, the AM machine reads each layer from the file and builds layer upon layer until all 

consecutive layers have fused together creating one additively manufactured object [1].   

 The type of AM depends on the raw material. Some examples of different 

materials and their corresponding AM systems are: fluid in the form of droplets used for 

3-D printing plastics, a resin bath used for stereolithography, filaments used in fused 

deposition modeling, metal powders used in powder-bed laser-fused AM systems such as 

selective laser sintering (SLS), direct metal laser sintering (DMLS), selective laser 

melting (SLM), and electron beam melting (EBM) [5], binder jetting such as infiltration 

and consolidation, and sheet lamination in ultrasonic AM [6]. Advancements in 

technology have grouped SLS, DMLS, and SLM together because SLS and DMLS 

systems are now capable of reaching melting temperatures similar to SLM [7]. However, 

the experimental research completed in this thesis used a DMLS system to additively 

manufacture the experimental test specimens. Therefore DMLS is the focus among this 

research and is further described in section 2.1.  

 Direct metal laser sintering is a recent developing form of manufacturing 

technology. There exists research on mechanical properties of DMLS such as yield 

strength, tensile strength, fatigue behaviour, and hardness. However, there has been 

minimal research on material toughness of DMLS metal materials. Based on the sparse 

literature currently available, DMLS materials have been found to have lower material 

toughness than conventional rolled materials [8]. Additionally, several areas within this 

form of manufacturing are still under active research. These areas include, achieving 

desirable mechanical properties, full density, and a smooth surface finish.  
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1.2  Motivation 

The demand for surgical implants are continuously increasing [1]. Direct metal laser 

sintering is progressing in the medical industry in areas like custom surgical implants 

such as knee and hip joint prosthesis [1], [2], [9], dental implants [1], [2], [4], [10]–[14], 

and skull replacements [1], [2], [15], [16]. Along side custom surgical implants, there is a 

need for custom surgical tools to assist in surgical procedures. The literature shows some 

development of custom-fitted surgical guides using DMLS [11], [15], [17], [18], [19], 

however there lacks any development of custom surgical tools. Surgical guides are used 

pre-operatively to determine the cut and size of implant needed for the patient of interest, 

and for cutting guidelines for the surgeon throughout the procedure [19]. On the other 

hand, surgical tools are instruments that surgeons use to carry out specific tasks and 

operations.  

 Many standard medical tools are mass-produced around the world using 

conventional manufacturing, however there is a lack of custom surgical tools because 

there is not an efficient and cost-effective way of manufacturing implemented yet. The 

ability to customize surgical tools to be surgeon-specific or patient-specific would result 

in more effective and successful operations. Direct metal laser sintering is an advanced 

form of manufacturing that could be the solution to developing custom surgical tools, 

thus improving the medical industry. Therefore, the ulterior motive for this research is to 

determine the potential of manufacturing custom surgical tools subject to impact forces 

using DMLS of 15-5PH stainless steel.   

 If the results and analysis from this thesis show that the material toughness and 

material properties are comparable between DMLS and conventional manufacturing, then 
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it can be concluded that creating safe and effective custom surgical tools using DMLS is 

achievable. As a result, surgeons and biomedical engineers can have limitless design 

possibilities that could lead to the advancement of innovative medical equipment. This 

could be custom medical equipment towards patients in need of a medical emergency or 

patients with unique medical cases, or ergonomically designed for the surgeons’ need to 

perform their medical duties.    

1.3  Research Objectives 

The main objective is to determine if the material toughness and material properties of 

DMLS 15-5PH stainless steel are comparable to those of rolled material used in 

conventional manufacturing. The secondary goal is to evaluate the effect of precipitation 

hardening heat treatment on material toughness and material properties of 15-5PH 

stainless steel alloy in DMLS and conventional rolled forms. The outcome of this 

research is ultimately intended to determine the potential of using DMLS to develop 

custom surgical tools subject to impact forces. 

 It is hypothesized that DMLS 15-5PH stainless steel will have a lower material 

toughness than rolled material used in conventional manufacturing. It is also 

hypothesized that the material properties investigated will show different results between 

the two types of manufacturing. Additionally, the effects of precipitation hardening heat 

treatment on material toughness for DMLS and rolled 15-5PH are hypothesized to 

decrease as a result of material hardening. 
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1.4  Problem 

The challenges involved when using conventional manufacturing is the reason for 

investigating DMLS as a more efficient way to manufacture custom medical devices. 

More specifically, the problem with applying conventional manufacturing to develop 

custom and intricate parts is the fact that it is a non-practical and difficult way of 

machining. The processes in which standard tools are made typically involve machining 

from a certified machinist who measure, cut, grind, join, and assemble components 

together. Unfortunately, these processes stipulate several design limitations when it 

comes to fabricating custom tools. Particularly, part dimensions and shape are limited to 

the specifications of the equipment available, skill level of the technician, and stock 

material. Additionally, production time and cost are sensitive to the complexity of the 

design, and the overall product quality depends on the quality of the machines and tools 

used by the machinist, as well as the machinists’ level of experience. For these reasons, a 

more practical and innovative way to produce custom medical devices is needed. 

Fortunately, DMLS may be the solution to this problem. 

 Direct metal laser sintering does not include the design limitations that traditional 

machining brings. On the other hand, DMLS has been shown to be ideal for 

manufacturing custom parts. However, applying DMLS to manufacture custom devices 

like surgical tools made to withstand high impact forces may not be as feasible as it 

appears. With any form of manufacturing come challenges. In DMLS, achieving optimal 

material characteristics such as a desirable microstructure and a smooth surface finish are 

constant challenges in DMLS. The most difficult struggle in DMLS is manufacturing 

parts that have mechanical properties that are up to par with those of rolled steel used in 
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conventional manufacturing. The quality of the final product depends on using state-of-

the-art additive manufacturing machines, the type and quality of metal powder used, and 

selecting process parameters appropriate to the type of material and design. Additionally, 

there are several variables involved within these dependencies, and for that reason a large 

demand for experimental research regarding DMLS technology continues. In particular, 

research on DMLS 15-5PH stainless steel and material toughness is lacking.   

1.5  Scope 

The scope of this thesis includes a review of relevant literature, material testing, material 

analysis, and a discussion of the results. The literature review covers topics of DMLS, 

15-5PH stainless steel, and Charpy impact testing. Experimental groups were formed 

using a two-factor design, each with two levels. Method of manufacture and heat 

treatment condition were the two test factors investigated. Method of manufacture 

included two levels: DMLS and conventional manufacturing from rolled material. Heat 

treatment included two levels: annealed and precipitation hardening heat treatment H900.  

 Charpy impact testing was used as the main test method to measure energy 

absorption for determining material toughness. Other material analysis included particle 

analysis of 15-5PH for particle size distribution, shape, and elemental composition. In 

addition, density measurements, material porosity, fractography analysis, microstructure 

analysis, grain size and orientation, and elemental analysis were also investigated. These 

tests were conducted to provide reasoning for the Charpy impact test results. The material 

toughness and the material properties of DMLS 15-5PH and conventional rolled 15-5PH 

were compared and discussed.  
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 Effects of precipitation hardening heat treatment on material toughness, density, 

porosity, mode of fracture, fracture surface, microstructure, grain size and grain 

orientation for DMLS and rolled materials were examined. The effects of precipitation 

hardening on these variables were determined by comparing the results of the materials in 

annealed condition to precipitation hardened condition H900. Material deformation 

caused by precipitation hardening was also investigated by measuring the dimensions of 

the Charpy test specimens before and after they had been heat treated. Material 

deformation was calculated as a ratio of change in length over initial length.  

 The effects of post-process machining before or after heat treating the material on 

material toughness and density were tested by separating the precipitation hardened 

groups into two groups. One group had the Charpy v-notches machined before heat 

treatment, while the other group had the Charpy v-notches machined after heat treatment.  

 Statistical analysis between experimental groups in terms of method of 

manufacture and heat treatment was performed to conclude any significant findings from 

this research. A discussion on the significance of the results, experimental limitations, 

and suggested future work are also presented in this thesis.  
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Chapter 2 

2  LITERATURE REVIEW 

2.1  Direct Metal Laser Sintering (DMLS) 

The history and development of DMLS is covered in the following section. In addition, 

the system components, manufacturing process, and process parameters involved with 

DMLS are also discussed. The advantages and limitations of using DMLS as a 

manufacturing technique are also included in this section, along with current applications 

for DMLS.   

2.1.1 History 

The first form of additive manufacturing of metals began with using polymer powder to 

fuse layers together by sintering, a manufacturing method known as SLS [6]. Selective 

laser sintering originated from the University of Texas at Austin (Deckard) in 1986 [20], 

and the US patent for SLS was released in 1989 (US Patent 4863538) [1]. The upcoming 

of SLS changed the terminology of  “rapid prototyping” to “rapid manufacturing” 

because the technology was then capable of manufacturing working parts [14]. However, 

there were struggles with using polymer-coated powders as it manufactured parts with 

low density, thus heat treatments such as hot isostatic pressing was required to improve 

density [7]. Selective laser sintering has widened its range of materials to include parts 

made from polycarbonate, nylon, nylon/glass composite, wax, ceramics, true-form, and 
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elastomeric powders [20]. However, the term SLS is typically only mentioned when 

metal-polymer powders are used where the polymers act as binders [20], whereas SLM 

and DMLS use metal powders [6]. Selective laser sintered methods are more commonly 

referred to as SLM or DMLS because the machines are capable of melting the metal 

powder rather than sintering it, but essentially have the same principals. 

 Presently, SLS systems of the past have advanced and a new patent has been 

released in 2004 for “direct selective laser sintering” [21] from the same inventors (Das 

and Beaman) as the original SLS. Direct metal laser sintering is simply another name for 

direct selective laser sintering. The recent direct SLS patent describes the process as a 

“Solid Freeform Fabrication” (SFF) technique. The SFF is described as a form of 

manufacturing that can produce freeform, complex geometric components in reference to 

a computer generated model. Direct SLS applies SFF by manufacturing fully dense 3D 

parts with use of a directed laser beam as the energy source to melt metal powder 

accordingly creating and fusing consecutive solid layer cross sections. This layering 

process is repeated multiple times to melt the following layers and a portion of the 

previous layer until the part is complete. The shape of the cross section layer is pre-

determined by a 2D slice from a 3D computer aided design (CAD) model of the object to 

be manufactured [21]. Selective laser melting [22] and DMLS are also considered SFF. 

For the purpose of this research, DMLS was used as the primary AM technology and is 

considered to have the same build process and procedure as described in the US patent 

for direct selective laser sintering.  
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2.1.2 System Components 

A direct metal laser sintering system has three main components: a computer system, a 

build chamber, and metal powder feedstock. The DMLS hardware and software, part 

design, scan strategy, build chamber atmosphere, and feedstock quality are the system’s 

input components that work collectively to manufacture DMLS parts. These inputs 

control the systems output in terms of mechanical and material properties and geometric 

conformities [6].  

 The computer acts as the control system for the manufacturing process. It reads 

the CAD file composed of 2D slices that form the computer-generated 3D-model of the 

object to be manufactured by the DMLS system [2]. This information is sent to the laser 

beam, where it lasers the area of each layer. The computer also controls the 

manufacturing process parameters that have been pre-set before beginning the build [23].   

 The build chamber is where the AM takes place. The build chamber is composed 

of a laser beam, an automatic powder layering apparatus, and build substrate. The 

atmosphere of the build chamber is very important when manufacturing DMLS metal 

parts, as it affects part chemistry, build process, and heat transfer. Metals tend to oxidize 

when exposed to oxygen, especially at high temperatures, therefore the build chamber is 

filled with inert gas such as argon or nitrogen to minimize oxidation [6] up to <0.1 

percent [11], and the danger of hydrogen pick up [2]. The energy source used to melt the 

powder is usually a fibre laser [2], however other forms of lasers can be used such as a 

CO2 laser, Nd: YAG laser, and disc lasers [23]. The type of laser used in DMLS 

influences the way powder is melted. The laser beam is manoeuvred by a system of 

lenses and a scanning mirror [6], and the beam focus is controlled by a galvanometer [2]. 
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After forming each layer, another layer of metal powder is distributed over the surface of 

the part and the un-melted powder in the build frame for the next layer to be melted. The 

distribution of powder uses a re-coater blade or a “rake” to evenly distribute the powder 

and is controlled by a powder hopper or feeding system [2]. The rake is typically made 

from metal, ceramic, or is polymer-coated [6]. A build substrate is needed to manufacture 

the parts onto something for mechanical support and to create a thermal path for the heat 

to dissipate during the build process [6]. The build substrate is usually bolted or clamped 

down onto the build platform in the build chamber.  

 Feedstock quality is also key in DMLS because it is the determining factor of the 

product’s mechanical and material properties whenever optimal process parameters are 

selected [20]. Metal powder can be made in a few different ways including: gas 

atomisation, rotary atomisation, plasma electrode process, and plasma atomisation. The 

metal powders used in DMLS are commonly pre-alloyed as they have been shown to 

achieve parts with high density. The nominal particle size distribution for DMLS is 

within 10 to 45 µm. Using smaller particles result in a finer surface finish, however come 

in at a higher cost than larger particles. Powder chemical composition must remain within 

alloy specifications, where elemental composition and particle size should be tested for if 

recycled powder is used, as it has been exposed to oxygen and inert gases. It is important 

to be aware of how much the powder has been recycled. The more often they are 

recycled, the more they become irregular in shape, losing the ideal spherical shape. 

Additionally, porosity may occur in powder feedstock, in particular with gas atomisation 

because inert gas gets entrapped in the powder causing vapour pressurize spherical pores, 

resulting in powder-induced porosity in the fabricated material [6].  
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2.1.3 Manufacturing Process 

DMLS is a form of powder-bed fusion technology that can be described as a thermo-

physical process that uses a laser beam to selectively sinter or melt a bed of metal powder 

[11]. The manufacturing process for DMLS systems follows four main steps: machine 

set-up, operation, powder recovery, and substrate removal [6].  

 First, a CAD model of the desired part to be manufactured via DMLS must be 

created and sent to the DMLS computer software. Next, the material is selected and the 

process parameters are set accordingly. Then, the build chamber must be prepared. The 

first step is to level and securely fasten a build substrate to the built platform. Afterwards, 

the build chamber is filled with inert gas to reduce oxygen content. Then, the first layer of 

powder (approximately 100 µm) is deposited onto the build substrate by the re-coater arm 

[23]. The powder bed is heated to approximately 200 degrees Celsius [2] (depending on 

the powder characteristics) to reduce the amount of laser power needed to melt the 

powder and to minimize part distortion [20].  

 The laser beam then scans the powder bed in a directed manner controlled by the 

CAD file read by the computer system [23]. When the laser beam melts layer upon layer, 

the previous layer is partially melted a second time improving layer adhesions and overall 

part density and durability [6]. When thermal interactions occur between the laser beam 

and metal powder, some particles are ejected out of the melt pool and porosity may 

occur. In DMLS, this action occurs by convective transport of liquid or vaporised metal 

commonly known as “spatter”. Spatter is essentially energy loss and is characterized by 

high-temperature white or other light emission and visually appears like fireworks [6]. 

The scan strategy of the laser beam typically uses a two step technique, first outlining the 
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perimeter of the layer known as contouring, followed by filling in the contoured area [2]. 

However, there are different scan strategies and are described in section 2.1.5. The 

powder deposition and laser scanning continues until the part is complete.  

2.1.4 Post-Processing  

 Although DMLS does not involve extensive machining procedures to 

manufacture products, there is always a certain extent of post-processing required before 

being considered a final product. These processes may include removal of parts from 

metal substrate and support material, excess powder removal, thermal treatment, and 

surface finishing [6]. Surface finishing can be mechanical, chemical, thermal, or undergo 

laser re-melting [13]. 

 While the parts remain on the metal substrate, there is high tensile stress at the top 

of the part and compressive stress at the bottom of the part. When the parts are removed 

from the baseplate there is a large reduction in residual stresses within the part due to 

relaxation caused by uniform shrinkage and bending deformation [24]. A dremel and 

pliers [15], or electro-discharge machining [8], [25] can be used to remove the part from 

the build frame and support structures, while reducing some stress within the part. 

 Un-sintered powder can be sifted out and recycled for the next build [6]. Loose 

powder stuck to printed parts are not desirable and can be removed by sand blasting [8], 

[13]. Sand blasting is a common technique to remove loose particles or unwanted dirt to 

achieve a clean and more uniform surface area. For structured or porous surfaces, 

chemical polishing can be applied to removes loose un-sintered particles from within the 

porous structure [26].  
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 After separating the parts from the substrate and removing loose particles, the 

parts are ready for thermal processing. Heat treating is necessary to relieve residual 

stresses that have been formed during the build process caused by large thermal 

gradients, reduce porosity, repair internal cracks, and improve the mechanical properties 

and microstructure of the material [6]. The DMLS material undergoes grain structure 

changes by recrystallization. For example, as-fabricated materials from 

SLS/SLM/DMLS typically have a columnar and oriented grain structure [6]. A study 

investigating the effects from heat treating SLM Inconel 718 discovered a heterogeneous 

grain structure after annealing the material to relieve stress [6], [27]. Unfortunately, 

thermal post-processing can also have a negative effect towards the material. For 

example, Sames et al. explain that oxidation on the part surface can occur and may 

penetrate further into the material of porous structures [6]. 

 After applying the necessary heat treatments to the printed parts, the parts must 

then go through a variety of surface finishing procedures to provide a desirable smooth 

finish. The literature of metallurgy and processing science of metal additive 

manufacturing say that even the best surface finishes in the as-fabricated condition does 

not compare to the surface finish of machined parts [6]. Therefore, some degree of 

surface post-processing is recommended to achieve a smoother finish. In most cases 

surface finishing requires a CNC mill that is commonly used in subtracting machining, a 

rotary tool for polishing, and belt sanding for flat surfaces [6]. Bead blasting is also used 

to reduce the fine surface roughness, followed by autoclaving to clean and sterilized 

parts [15]. However, it is important to keep surface finishing to a minimal as it can alter 

the geometric features and part dimensions [28]. Acid etching has been used as a 
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chemical polishing technique to improve DMLS part surfaces effectively [2], [13], and 

on difficult surfaces like porous structures and scaffolds [26]. Polishing has also been 

done by means of thermal treatment by plasma spraying and laser re-melting [2], [13]. 

Aside from applying post-processing to improve surface roughness, adjusting factors 

such as material selection, feedstock quality, particle size, layer thickness, laser and scan 

parameters, and scan strategy changes the initial surface roughness [11]. 

2.1.5 Process Parameters 

Process parameters determine the quality of the final product, and are set accordingly to 

powder material characteristics and physical structure of the part to be built. Parameter 

settings are chosen to maximize part density and mechanical properties. It is suggested by 

Vandenbroucke and Kruth, and Dewidar et al. that laser power, layer thickness, scan 

speed, and hatch spacing are the main factors to control in DMLS [11], [29]. These 

parameters also determine how much energy the laser beam should supply. In turn, part 

density can be optimized by selecting values of these four main process parameters that 

supply the right amount of energy [11]. Parts with high density perform well 

mechanically. It is also suggested that scan strategy, process temperature, feedstock, and 

build chamber condition have a large impact on the mechanical and material properties of 

DMLS parts [6]. Deposition rate and deposition strategy are also important parameters in 

DMLS. 

 Laser power is set to the amount of power needed to melt or sinter the powder. In 

DMLS, laser power is usually set between 100W [11] to 200W [5], [30], [31] to reach 

full melting. When using a high laser power and dealing with high temperatures in 

DMLS, energy absorption increases within the particles, which improves particle melting 
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and reduces porosity. However, high laser power can also increase spatter, which in turn 

causes porous regions [6]. Another way to avoid porosity from developing is to enforce 

rapid melting and rapid cooling. Rapid liquid to solid transformation in DMLS can be 

achievable by directing laser beams on a small area of powder for a very short duration of 

time (0.5 – 25 m/s), and depends on beam size and scan speed [23].   

 Layer thickness must be chosen collectively with laser power and beam quality 

according to the powder characteristics and local part geometry to reduce the risk of a 

molten pool instability during the melting process [23]. Furthermore, selecting the ideal 

layer thickness depends on particle grain size [14]. A layer thickness smaller than particle 

size is not recommended because the particles are not likely to undergo full melting, and 

may result in loose particles, a porous structure, and a rough surface finish. The layer 

thickness determines the minimum feature size DMLS can produce successfully [6]. 

Sames et al. report that typical layer thicknesses for DMLS parts are between 10 and 50 

µm, with the capacity of producing geometric features of 75 to 100 µm [6], however Gu 

et al. report that layer thickness is usually between 20 and 100 µm [23]. The larger the 

layer thickness, the larger the minimum feature sizes can be.  

 Scan speed is the speed of the laser beam when maneuvering above the powder 

bed to laser-melt that particular layer. It should be noted that the effects of scan speed on 

part quality also depend on other parameters such as layer thickness, laser power, and 

feedstock material. This makes selecting the right scan speed more challenging. A too 

slow scan speed (0.04 – 0.06 m/s) with layer thicknesses between 40 – 80 µm has been 

shown to cause a rough surface on each melted layer, therefore is not recommended. On 

the other hand, a higher scan speed of 0.14 m/s and a layer thickness > 60 µm has been 
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shown to develop large and irregular pores within each layer [32]. Another study used a 

scan speed of 0.3 m/s with a layer thickness of 50 µm and laser power of 100 W to laser 

melt 316L stainless steel, and was able to produce parts with accurate precision, however 

did require surface finishing to reduce surface roughness [15]. Furthermore, findings 

from testing various scan speeds in DMLS of 316L stainless steel show that increasing 

scan speed increases porosity with laser power between 15 – 20W, but increasing scan 

speed decreases porosity at higher laser powers between 25 – 30 W [29].  

 Scan strategy is the path the laser beam follows to sinter or melt the powder. 

Some scan strategies used in DMLS can be unidirectional or bidirectional. Unidirectional 

is when the laser beam scans in the same direction all parallel scan lines, whereas 

bidirectional follows a back and forth snake scanning pattern. Another technique known 

as island scanning follows a checkerboard pattern [5] of alternating unidirectional fills 

and is known to reduce temperature gradients upon the scanned layer and overall residual 

stress build-up within the part [6]. Other scan strategies include contouring and snake 

filling, where the perimeter of the part is lasered before or after a bidirectional fill.  For 

any given scan strategy, the laser angle is usually rotated a given amount of degrees upon 

each layer [6]. This can be as simple as rotating parallel scans every 180 degrees [31]. 

 Hatch spacing, also known as scan spacing, is the difference between tracks in the 

plane of the beam scanning. In other words, the distance the laser moves to begin forming 

the next track; the smaller the hatch distance, the more overlap between tracks [32]. 

Gibson and Shi recommend that scan spacing is less than the thickness of the laser beam 

to ensure that all particles are sintered [20]. In fact, reducing hatch spacing to increase 
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laser overlap has been shown by Dewidar et al. to improve melting and thus reduce 

porosity [29]. Hatch spacing is commonly between 0.10 to 0.13 mm [5], [30], [31], [33].   

 Deposition rate is how much powder is sprayed and how quickly it is sprayed 

across the powder bed in preparation for the next layer to be melted. The deposition rate 

depends on laser spot size, scan speed, scan size, number and complexity of parts [23]. 

Furthermore, the amount of powder to be sprayed and raked also depends on the layer 

thickness selected for the build. Deposition strategy is the way in which the metal powder 

is distributed over the latest formed layer and has a large impact on the material 

properties and part defects. The angle and speed in which powder particles are disbursed, 

along with the velocity of the heat source determine the deposition strategy and the 

amount of powder deposited. The efficiency of the deposition rate depends on the 

mechanics of the rake, amount of powder being scattered at a time, and the speed of 

dispersion [6].   

2.1.6 Advantages of DMLS 

When comparing manufacturing processes, DMLS offers many advantages over 

conventional manufacturing techniques like casting, molding, machining, joining, and 

welding. The main advantages are ease of design customization and relative geometric 

freedom. Less equipment is needed and manufacturing times are reduced when using 

DMLS as opposed to conventional manufacturing. Furthermore, the nature of DMLS 

produces less material waste than conventional manufacturing. 

 An emphasized benefit of DMLS is the ease of design customization. Having the 

capacity of engineering custom implants such as hip and knee prosthetics using DMLS 

provides a quick solution in medical emergencies when time is sensitive [34]. For 
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example, if a patient is in need of an implant that is unique to their medical condition and 

to their body, where standard implants are not suitable, then DMLS can be applied to 

rapidly produce such an implant in a timely manner to save that patients’ life. Research 

by Vandenbroucke and Kruth has been done on evaluating the density and porosity of 

selective laser melted parts to determine if this manufacturing method is feasible for 

making Ti-6Al-4V and Co-Cr-Mo custom dental implants [11]. Their findings showed 

that a high density (99.8-99.9%) and therefore low porosity can be achieved with the 

right process parameters while being economical as long as multiple custom parts are 

made during the same build.  

 Bibb et al. experimented with 316L stainless steel to additively manufacture 

custom-fitted maxillofacial surgical guides that included osseointegrated implant 

placement and osteotomies [15]. The findings demonstrated the ability to manufacture 

thinner custom-fitted guides than if conventional manufacturing was used. Thinner 

surgical guides allow for smaller incisions, more accurate and precise surgical cutting, 

and improved surgeon access. Furthermore, creating custom medical devices such as 

surgical guides and biomedical implants using DMLS methods have been determined to 

save time in the operating room while lowering operating costs when compared to 

conventional manufacturing techniques [15], [34]. Custom surgical implants would also 

decrease the likelihood for surgical complications and the need for revision surgery [16]. 

Overall, applying DMLS in the medical industry has proven to be possible and beneficial 

in the area of custom devices.    

 Another advantage DMLS offers is creating complex geometries while remaining 

an economical alternative. While manufacturing products with complex geometries, 
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conventional manufacturing either does not have the tools available to create such 

complex geometries, or would require too many build processing steps [34]. More 

manufacturing steps result in longer production times, higher machine costs, and higher 

labour costs [34]. For example, a study by Baker et al. investigated the energy absorbing 

properties of a cellular constructed stainless steel fabricated to mimic honeycomb energy 

absorbing behaviour. The study mentions that actual honeycomb construction was 

preferred, however folding, cutting, and joining the metal together from conventional 

manufacturing would have been too time consuming, tedious, and expensive [35]. 

Alternatively, in DMLS there is very minimal tooling [2], as the part is manufactured as a 

single piece [1]. Additionally, DMLS is capable of printing objects of any geometric 

configuration due to the nature of the layering manufacturing process [31]. The layering 

process also makes production time and production costs insensitive to geometric shape.   

 When evaluating time sensitive projects, economical production, and 

manufacturing capability, it is possible that conventional manufacturing is better suited 

for mass production of simple objects, while DMLS is more suitable for low quantities of 

custom parts and complex geometries [14]. 

 DMLS is considered more sustainable than conventional manufacturing because 

there is less material waste [2] and requires less energy consumption [36]. Products built 

using DMLS consume only the material that is needed to make the part, unlike in 

conventional manufacturing where material is regularly cut off and wasted. Additionally, 

un-sintered metal powder left over in the bed from a build can be recycled for the next 

build [1]. Mixing recycled powder with virgin powder is acceptable as long as the refresh 
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rate (ratio between virgin powder and recycled powder) is within 3-50%, as 

recommended by the EOS powder manufacturers [36].  

 Using metallic materials made by DMLS can have several mechanical property 

advantages. It has been found in recent literature that it is possible to print parts with 

varying mechanical properties [1]. For example, a part may be ductile in one area but 

stiffer in another [1]. This mechanical behaviour could be beneficial for situations when 

both mechanical properties are needed at different locations in the part. However, it could 

also raise concerns when the material behaves in two different ways unexpectedly, 

resulting in sudden failure. Wang et al. investigated whether detailed parts of 316L 

stainless steel can be additively manufactured without sacrificing mechanical strength. 

The findings showed that laser melted parts with features such as thin walls (as small as 

0.2 mm), inclined planes (up to 40° incline angle), sharp corners, and complicated fonts 

could still maintain mechanical performance [37]. Features like these would be beneficial 

when developing medical surgical tools, as they would require intricate parts tailored to 

specific surgical procedures.  

 Direct metal laser sintering has been shown to perform superior mechanical 

behaviour than conventional materials. For example, Vandenbroucke and Kruth 

investigated the mechanical properties of laser melted titanium for medical parts and 

found that the hardness of the laser melted material (400 HV macro and 410 HV micro) 

was greater than the hardness of bulk material (350 HV annealed Ti-6Al-4V and 395 HV 

STA Ti-6Al-4V) [11]. Similarly, Xie et al. [38] have reported that DMLS of Ti-6Al-4V 

can produce reconstruction bone plates that are stronger than plates manufactured by 

computer numerical control from Ti-6Al-4V bar stock. The superior mechanical 
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behaviour can be explained by high cooling rates of the melt pools, resulting in a refined 

microstructure that can enhance tensile strength but reduce ductility [2]. This research is 

interested in different material than past research and is testing for material toughness, 

which is also lacking in the literature.   

 The versatility of mechanical properties from parts through DMLS enhances even 

more opportunities for engineering innovation, for instance altering the material porosity 

by controlling the process parameters for use in medical implants. In sintering porous 

materials, the mechanical properties depend on two main parameters; the size of the inter-

particle necks which determines the amount of load bearing area available, and the stress 

distribution around the pores which is dependent on pore size and shape. In turn, the 

mechanical properties of sintered steel have been found to depend on the total porosity 

[29]. It is important for medical implant materials to have similar modulus of elasticity of 

bone, in order to minimize implant loosening and stress shielding. For example, one 

study investigated how to fabricate a porous 316L stainless steel using SLS that would 

have a modulus of elasticity the same as human bone [29]. By altering the process 

parameters such as laser power, scan speed, scan spacing, thickness of layer, and powder 

bed temperature, a porosity of 50% was achieved and resulted in a modulus of elasticity 

closest to that of human bone. Porous materials containing appropriate mechanical 

properties make them the ideal candidate for orthopaedic implants because the 

interconnected pores improve bone to implant fixation by increasing tissue growth which 

also reduces implant movement and loosening [2], [18], [29], [39]. Additive 

manufacturing such as DMLS has also proven it is capable of making parts with a smaller 
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thickness yet perform stronger with superior wear resistance than thicker parts made by 

conventional manufacturing [15].   

2.1.7 Limitations of DMLS 

Aside from the manufacturing benefits of DMLS, there are several areas that still require 

attention for improvement. These areas include: quality control, faster deposition rates, 

surface finish, machine reliability, mechanical properties, and dimension restrictions. 

 Improvements are needed in terms of process parameters for quality control [6]. It 

is key that quality control be addressed to the DMLS process in order for printed 

materials to be qualified in business [6]. Furthermore, process parameters need additional 

experimental analysis in order to improve quality consistency throughout parts having 

complex geometries. In other words, parts with sharp corners, thin edges, and overhangs 

may require different process parameters than other areas throughout the part [40]. 

Another challenge for quality control is the diversity of materials useable in DMLS, 

because the process parameter settings also depend on the material used.  

 Achieving faster deposition is a constant challenge in DMLS. Faster depositions 

may be improved by increasing unit production while decreasing unit time. This can be 

done by increasing the layer thickness and increasing the power of the laser [6]. 

Additionally, a higher laser power has been shown to decrease porosity in a study that 

investigated the material toughness of SLS Ti6Al4V and AISI 316L stainless steel [8]. 

However, increasing the power of the laser speeds up the deposition process but may also 

increase the amount of residual stress within the part being printed [6]. Increasing the 

layer thickness to speed up deposition rates has been shown to increase porosity [41], 

which is not favourable because increased porosity weakens the material as indicated in 
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several research papers that studied the mechanical properties of DMLS materials [7], 

[42]. Furthermore, increasing layer thickness has been shown to increase the surface 

roughness of metallic parts, which negatively effects the surface finish as it leads to 

imperfections and a rough surface [43].  

 Attaining a desirable smoother and polished surface finish is difficult to achieve 

in DMLS due to the layering build process. Surface roughness depends on the type of 

powder, particle size, layer thickness, laser power, scan speed, and scan strategy, as well 

as any post-processing treatment [11]. Rough surfaces or ribbed like surfaces are often 

the result of large particles fused together during the layer-by-layer build process [1]. 

Therefore, reducing particle size may reduce surface roughness. Reducing layer thickness 

can also improve surface roughness, however this increases production time and costs 

[6], [28]. Surface roughness may also vary depending on surface area location. One study 

discovered that there is a difference between the top surface and side surfaces of a DMLS 

part [11]. On the top surface, layer thickness had a significant impact on roughness. By 

decreasing layer thickness near the surface, fewer particles are used and higher thermal 

conductivity takes place resulting in a more stable melt pool and smoother surface [11], 

however production time is increased [20]. As for the side surfaces, layer thickness did 

not effect roughness for the reason that there is enough layer overlap. However, 

inclination angle is a definite factor on surface roughness as the layers produce a “stair-

effect”. Part angles less than 60 degrees formed on the side surface to the bottom or top 

surfaces exhibit poor surface roughness. However, when the slope of a side surface 

approaches a right angle, the stair-effect is minimized, thus decreasing surface roughness 

[11]. Smaller layer thicknesses also reduce the roughness given by the stair-effect [11].   
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 Another major aspect in successful DMLS is machine reliability [6]. Considering 

the machine does all manufacturing, the key is to ensure that the machine hardware is 

running correctly without causing errors in the build. Applying software simulations to 

determine optimal build orientation and enforcing technicians and operators to fully 

understand machine hardware can improve machinability and reduce build errors [6].  

 The mechanical properties of DMLS parts are difficult to control because they 

depend on several factors such as: particle size, distribution of powder, type of powder, 

process parameters, fabrication position and orientation, and post-processing conditions 

[20].  

 Yasa et al. [8] reported that porosity is a common issue in DMLS metal parts. 

They tested the material toughness of Ti6Al4V and 316L stainless steel and found that 

the toughness of the DMLS samples had lower impact energies than in cast form. Yasa et 

al. concluded that lower impact energies in DMLS materials was due to porosity within 

the structure, impurities like oxygen and nitrogen, and presence of more brittle non-

equilibrium phases.  

 Several mechanical and material properties such as residual stress, delamination, 

cracking, and swelling have also shown to cause issues in DMLS metal parts [6]. 

Residual stress forms during DMLS from constant expanding and contracting material 

during the layering process and can effect the cyclic behaviour of the material [44]. 

Direct metal laser sintering produces anisotropic materials [45], for this reason the effect 

of build orientation on mechanical properties has been investigated. A horizontal build 

has been shown by Spierings et al. [5] and Rafi et al. [31] to produce more favourable 

mechanical properties than a vertical build. However, when comparing properties of 
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conventionally manufactured parts to DMLS parts, the fatigue behaviour of AlSi10Mg in 

conventional form has been reported by Mower and Long [7] to be superior than DMLS 

in vertical and horizontal build directions. 

 While DMLS has the capacity to produce very complex geometric structures, 

there are a few size limitations on the parts to be built. DMLS machines are only capable 

of manufacturing parts smaller or equal to the size of the build chamber. However, it is 

more practical to print several small objects rather than one large object filling the whole 

build frame, as this can be very time consuming and expensive [1]. In addition, the 

feature sizes related to complex geometric designs are limited to the minimum diameter 

of the heat source and the size of the feedstock [6]. Furthermore, parts showcasing hole 

features are limited in size to ≤ 0.5 mm in diameter due to the melting of particles 

surrounding the hole which would otherwise cause hole blockage [13], [14], [37]. 

Additionally, overhanging parts and low inclines are challenging to produce when using 

DMLS [37]. However, these size limitations are considered minor because DMLS holds 

more geometric freedom than conventional manufacturing.     

2.1.8 DMLS Applications 

A benchmarking study by Kruth et al. [14] showed that DMLS can produce parts near 

full density, accurate and precise geometric features, while maintaining good mechanical 

strength. As a result, DMLS is suitable for applications that involve manufacturing parts 

with medium to high complex geometric features.  

 Many applications in the medical industry are feasible using DMLS because of its 

manufacturing capability of producing complex engineered designs such as novel shapes, 

hollow structures, and functionally gradient materials [2]. More specifically, DMLS is 
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commonly used in orthopaedics and dental applications [11]. To mention a few, DMLS 

has been used to fabricate orthopaedic implants used to replace bone such as hip and 

knee, zygomatic bone and finger replacements, or aid in structural bone reinforcement 

such as plates and screws [2]. The technology of DMLS can also develop custom-fitted 

surgical guides. For example, an osseointegrated implant placement for drilling and 

osteotomies for cutting in the maxillofacial area [15]. Furthermore, DMLS has been 

reported to be successful in many cases for dental prosthesis [10], [11], [14]. 

Homogeneous scaffolds having complex structures where high accuracy and precision is 

needed is another medical application for DMLS as reported by Lyczkowska et al. [26].   

2.2  15-5PH Stainless Steel 

The material characteristics of 15-5PH stainless steel are mentioned in the following 

section. Given that this material is a precipitation hardened steel, different types of heat 

treatments are discussed, along with the effects of heat treating on microstructure and 

mechanical properties. Typical applications for this material are also included, along with 

its ease of machinability and research studies that have investigated DMLS of this 

material.  

2.2.1 Material Characteristics 

15-5PH is registered as UNS number S15500 and goes by steel type XM-12 [46]. This 

steel was named from its chemical composition of 15% chromium and 5% nickel. 15-

5PH is a low-carbon martensitic precipitation hardened stainless steel that undergoes a 

solution treatment, quenching, and precipitation hardening heat treatment [47] to improve 

the materials microstructure and mechanical properties. It is typically made using a 
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vacuum-arc-remelting process, which is different from other precipitate hardened 

stainless steels [47]. 15-5PH is known to have excellent mechanical strength, high 

hardness, good corrosion resistance [48]–[50], and high toughness [51]. Additionally, 15-

5PH can be considered a newer version of 17-4PH, but with superior toughness, 

particularly in the short transverse direction [50]. The density of 15-5PH stainless steel in 

solution treated condition has been reported by AK Steel Corporation [52] to be 

7.78g/cm3, and 7.80g/cm3 after being precipitate hardened. The chemical composition 

requirements for 15-5PH stainless steel can be found Table 1. 

 
Table 1. Chemical Composition of 15-5PH [53]. 

 Ni Cr Mn Cu Si Nb+Ta C P S Fe 
Min 3.5 14.0 - 2.5 - 0.15 - - - - 
Max 5.5 15.5 1.0 4.5 1.0 0.45 0.07 0.04 0.03 Bal. 
 

2.2.2 Heat Treatments  

15-5PH stainless steel undergoes two heat treatment processes. The first treatment is a 

solution treatment, also known as annealing. The second heat treatment is called 

precipitation hardening, where precipitates are formed within the material to increase 

hardness.  

 Annealing 15-5PH involves heating the material to a temperature of 1900 ± 25°F 

(1038 °C) for 1 hour, followed by air-cooling as required [46]. Air-cooling is often 

reported as air quenching. Commercially available 15-5PH typically comes in a solution 

treated condition.  

 Precipitation hardening is also referred to as age hardening. Several heat treatment 

conditions are applicable to 15-5PH stainless steel to harden the material and increase its 

material toughness. The conditions vary depending on the temperature and duration of 
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heat treatment and are described in ASTM A693 for S15500 and labeled as: H900, H925, 

H1025, H1075, H1100, and H1150. The number following “H” represents the 

temperature in degrees Fahrenheit in which it is heated to. For example, H900 involves 1 

hour of heating at 900 ± 15°F (482 ± 8°C), followed by air-cooling until the material 

reaches room temperature. All other precipitation hardening treatments mentioned here 

require 4 hours of heating, followed by air cooling [46].  

 When relating mechanical performance to heat treatment conditions, 15-5PH in 

H900 condition shows the highest mechanical properties such as ultimate tensile strength, 

yield strength, and hardness [52]. Additionally, it is the condition most commonly found 

in experimental studies among the literature [5], [31], [33]. For these reasons, 

precipitation-hardening condition H900 was applied to the 15-5PH test samples in this 

thesis to show the effects of heat treatment.  

2.2.3 Effect of Heat Treatment on Microstructure 

15-5PH is considered to be in the dual phase family because it only experiences one 

transformation change between austenite and martensite [51]. In other words, there are no 

transformations to ferrite or pearlite. After the alloy has undergone solution treatment 

(annealing), it exhibits a fully austenitic microstructure with equiaxed grains having an 

average diameter of 20 µm. The material does not remain with this structure for long as it 

begins to cool. During quenching, the microstructure forms martensite laths inside the 

former austenite grains [54]. Quenching is complete once the material is cooled down to 

room temperature. At this point, the material is in as-quenched or annealed condition. 

Here it has been shown to exhibit a lath martensitic structure with high dislocation 

density [48], and plate like and needle like martensitic formation [55]. Its martensitic 
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structure appears as a body-centered-cubic structure, and has a very low carbon content 

[54].  

 When 15-5PH undergoes precipitation hardening treatment, copper-rich 

precipitates are formed within the materials structure. These precipitates are one of the 

influencing factors on the materials mechanical strength. The copper precipitates are 

spherical in shape with an approximate diameter of 5 nm and typically form 

homogeneously within the material [54].  

 It is important to be aware of possible variations of copper precipitate formation 

that may occur. A study by Habibi [48] investigated the microstructural change during 

age-hardening and found copper-pure clusters with body-centered-cubic structure form 

initially, followed by a transformation into face-center-cubic precipitates with continued 

aging. Additionally, copper precipitates may interact with other elements within the 

structure, which may alter its formation, and there may be presence of carbides that could 

influence microstructural changes [54]. Apart from copper precipitates, the grains appear 

larger than when in annealed condition and can be explained by the dissolution of 

carbides during aging. Furthermore, the grains are equiaxed in structure with a random 

mix of austenite and martensite caused by dissolution of alloying elements in ferrous 

matrix [55].   

 The effect of age-hardening treatment on the final microstructure of 15-5PH 

stainless steel is designed to improve the material’s mechanical properties, however this 

process is very complex because it involves features at different levels and depends on 

how the microstructure has changed throughout all of its previous thermal exposure [54]. 

For instance, the martensitic structure may undergo changes of the dislocation density 



 

 31 

and/or lath structure during age hardening, there may be retained austenite after solution 

treatment, or austenite may reappear during age hardening. These austenite structures 

may appear as elongated islands in the grains and lath boundaries of the martensitic 

structure. Additionally, the desired Fe-Cr homogeneous solid solution may not be 

completely homogeneous [54]. The complexity of microstructural changes during 

precipitation heat treatment demonstrates the importance of evaluating the microstructure 

of materials in various conditions.    

2.2.4 Effect of Heat Treatment on Mechanical Properties 

When microstructural changes occur in 15-5PH after solution annealing and precipitation 

hardening, the mechanical behaviour also changes. A major change is found in the 

material toughness and can be explained by the formation of austenite into martensite 

[56]. Austenite has a face-centered-cubic structure and behaves with high material 

toughness and ductility. On the contrary, martensite has a body-centered-cubic structure 

that allows it to act hard and brittle [56]. In fact, Jikai et al. [51] have reported a loss of 

approximately 20% in fracture toughness when 15-5PH transforms from austenite to 

martensite during solution treatment. Additionally, Abdelshehid et al. [47] examined the 

correlation between solution treatment and precipitation hardening treatment 

temperatures of 15-5PH to fracture toughness and found that as the precipitation 

treatment temperatures increased from 915 to 935°F, the fracture toughness decreased.  

 Precipitation hardening of 15-5PH produces copper precipitates and some 

formation of reversed austenite within the structure. As a result, the mechanical 

properties are said to have a good balance of high strength and material toughness [57]. 

Palanisamy et al. [55] have reported that 15-5PH is in “peak-aged” condition when 
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precipitation hardening condition H900 is applied because it produces the highest 

hardness among all precipitation hardened conditions. This mechanical behaviour is said 

to be caused by the formation of small strain fields around the copper precipitates and the 

dissolution and growth of carbon and chromium content [55]. Examples of mechanical 

property changes of 15-5PH in solution annealed condition to “peak-aged” H900 

condition taken from AK Steel Corporation [52] are listed in Table 2. This includes: 

ultimate tensile strength (UTS), yield strength (YS), percent elongation, and Rockwell 

hardness C.  

Table 2. Mechanical Properties of 15-5PH in annealed and H900 conditions [52]. 

 Solution annealed H900 
Longitudinal Transverse Longitudinal Transverse 

UTS (MPa) 1110 1116 1438 1466 
0.2% YS (MPa) 963 988 1385 1393 
Elongation % in 50.8mm 8.4 7.6 10.1 9.4 
Hardness, Rockwell C 35 35 46 46 
 
 On the contrary, 15-5PH can also undergo material softening. This occurs when 

higher precipitation hardening temperatures up to 1150°F for a period of two to four 

hours are used due to the transformation of martensite into reversed austenite, thereby 

increasing ductility and material toughness [58]. On the other hand, the material suffers a 

loss in material strength. Similarly, Palanisamy et al. [55] have reported when over-

ageing occurs 15-5PH expresses alternate effects on mechanical properties like increased 

ductility and significantly reduced tensile strength. Herny [57] agrees that prolonged 

ageing causes material softening and is the result of the formation of reversed austenite. 

However, when subject to a high strain rate like during impact testing, the reversed 

austenite present in the microstructure is unstable, and therefore is prone to transform into 

martensite, exhibiting a more brittle behaviour [57].  
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2.2.5 Applications  

Precipitation hardening stainless steels like 15-5PH are suitable for applications that need 

to exhibit superior mechanical properties when exposed to high temperatures or high-

pressure corrosive environments. This type of environment may be found in industries 

like aerospace [51], [57], chemical, petrochemical, food processing, pulp and paper, and 

general metalworking [52], [53]. More specifically, 15-5PH can be used to manufacture 

machine components such as turbine blades [48], shafts, fasteners, valves, fittings, and 

other gears [47]. This material is also popular among the nuclear industry for nuclear 

reactor components [48]–[50].  

2.2.6 Machinability  

There appears to be some controversy regarding the machine capability of 15-5PH 

stainless steel. The way in which 15-5PH is fabricated by vacuum-arc-remelting outputs a 

material that is nearly defect-free with superior polishing ability and dimensional stability 

while allowing it to perform with very high toughness [47]. In fact, Abdelshehid et al. 

[47] suggest that this steel alloy can be machined at any stage of its production because of 

its ductility, but Palanisamy et al. [55] suggest it is best to apply all machining after the 

material has been aged to achieve closer tolerances. Another recommendation comes 

from an alloy manufacturer (AK steel), suggesting that fabrication should use hot 

forming methods or should apply annealing before cold working to improve fabrication 

[52]. However, polishing and machine cutting 15-5PH stainless steel also reveals some 

challenges. 

 When examining the microstructure, a polished surface is normally required but 

over polishing or etching can be detrimental to the analysis because with enough heat the 
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martensitic structure can revert back to austenite on the surface [33]. Furthermore, 

research by Mondelin et al. [49] have shown that mechanical cutting and polishing of 15-

5PH can cause a white surface layer when examined by TEM, which has been previously 

thought to be austenite transformation caused by thermal-drive phase transformation. 

However, results showed that the change in microstructure on the surface layer is due to 

dynamic recrystallization phenomenon [49]. The authors suggest that these changes in 

microstructure can be avoided by minimizing direct heat application to the materials 

surface, such as in machining and polishing.  

 Aside from potentially altering the materials microstructure, the superior 

mechanical strength of 15-5PH can make the material difficult to work with in machine 

cutting. In general, stainless steels are commonly used in many applications because of 

their high material strength, good corrosion resistance, and aesthetically pleasing 

appearance. However, 15-5PH is challenging to work with in machining because of its 

high hardness and toughness. Research has found that cutting force increases with 

increasing hardness [59]. Therefore, for 15-5PH conditioned to H900 where it expresses 

the highest hardness it is the most difficult to machine, as it requires the most cutting 

force. For example, a cutting force of 125.73 N has been reported for 15-5PH when peak-

aged, which is more than double the force require when over-aged (52.96N) [55].  

 Fortunately, altering cutting speed and feed rate can change the cutting force 

needed in machining parts. Cutting force can be reduced when cutting speed is increased 

because it provides thermal softening of the material near the cutting zone [55]. 

Similarly, Sun et al. [60] have found that thermally enhanced machining also works to 

soften the working area of the material in order to facilitate machine cutting. 
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Additionally, Palanisamy and Senthil [59] have reported that laser surfacing 15-5PH can 

also decrease cutting force because lasering reduces the surface hardness subject to 

cutting. On the other hand, an increase in feed rate increases the friction between the 

machine and the tool being machined, resulting in an increased cutting force [55]. 

However, laser surface finishing has a negative effect on surface roughness. A high 

cutting speed and low feed rate are also beneficial in producing a smoother surface finish 

than low cutting speeds and high feed rates. In comparing cutting speed and feed rate, 

feed rate has the most influence on cutting force and surface roughness [55], [61]. 

Overall, when machining 15-5PH it is recommended to use a high temperature 

precipitation hardened condition, higher cutting speeds, and lower feed rates to improve 

the ease of machinability and quality of parts.   

 Although these recommendations may give the impression that machining 15-

5PH is feasible, 15-5PH performs best mechanically when it is precipitation hardened to 

condition H900, where it exhibits high material strength, high hardness and lack of 

toughness. This mechanical behaviour makes machining challenging. Additionally, 15-

5PH in condition H900 has been shown to have the highest tool wear during machining 

among the other conditions [61]. Tool wear can be reduced by surface lasering [59], 

however this adds another material processing step to the conventional manufacturing 

procedure, which increases production time and costs. Given that DMLS only requires 

minimal post-processing machining, the issues arising from machine cutting are 

significantly reduced.  
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2.2.7 DMLS 15-5PH 

In conventional form, 15-5PH stainless steel holds high material strength, hardness, and 

good corrosion resistance, although the material characteristics of 15-5PH in DMLS form 

are not fully understood. There has been some investigation of its’ material properties 

among the literature in studying microstructure [33], static, and dynamic [5], [31] 

behaviour.   

 When studying yield strength, Rafi et al. [31] have reported DMLS to have higher 

values than conventional when test samples were built in horizontal orientation (Figure 1. 

(a)). On the other hand, Spierings et al. [5] have reported DMLS to have lower yield 

strength than conventional when test samples were build in vertical orientation (Figure 1. 

(b)). The literature suggests a horizontal build orientation over vertical because the bonds 

between layers in vertical builds are weaker due to microstructural discontinuity at layer 

interfaces. Additionally, nucleation and coalescence of voids occur more rapidly in 

vertically built parts, leading to lower tensile strength. In terms of ultimate tensile 

strength, vertical and horizontal build orientations gave higher results when compared to 

conventional values [5], [31]. A very high fatigue limit for DMLS 15-5PH was found in 

one study [5]. On the contrary, a different study found a fatigue limit 20% less than 

conventional value as a result of early crack initiation beginning at surface defects that 

grew steadily during fatigue testing caused by a high surface roughness [31].  
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Figure 1. DMLS build orientation in (a) horizontal and (b) vertical. 

 Referring to literature touching on DMLS of other steel alloys, it has been found 

that alloys such as 316L stainless steel [37] and Ti6Al4V [11] can also achieve adequate 

mechanical properties in DMLS. Additionally, DMLS has many advantages in 

manufacturing components over conventional manufacturing techniques as discussed in 

section 2.1.6 and would alleviate the machinability issues discussed in section 2.2.6. 

Furthermore, DMLS already has many applications that have shown to be successful as 

discussed in section 2.1.8.  

2.3  Charpy Impact Testing 

Impact testing measures the energy that is absorbed by a material after being fractured, 

and can be a measure for determining a materials toughness [62]. There are two standard 

test methods to measure the absorbed energy of metallic materials, the Charpy test and 

the Izod test, with details outlined in ASTM standard designation E23 – 16b [63]. In the 

Charpy test, the specimen is placed horizontally with the notch facing away from the 

pendulum. In the Izod test, the specimen is placed vertically with the notch facing 
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towards the pendulum. This thesis uses the Charpy test to measure the absorbed energy of 

15-5PH in DMLS and conventional form to determine material toughness. Charpy test 

specimens, test machine, test procedure, test analysis, and how to examine the fractured 

surfaces are outlined in the sections below. 

2.3.1 Test Specimens 

Charpy test specimens can either be v-notched, u-notched, or un-notched. The test 

specimens used in this thesis were v-notched Charpy test specimens. For materials made 

from metal powder such as DMLS materials, it is important to note the direction of build 

orientation on the sample when performing Charpy testing, as test results may be 

dependent on build orientation. ASTM standards recommend that the pendulum shall 

strike the surface that is parallel to the compacting direction. When testing heat treated 

samples, it is suggested that all heat treatments should be applied after all machining 

(including notch machining) is complete, unless it can be proven that the impact 

properties are the same when machining before versus after heat treating [63].  

 A v-notch Charpy sample is rectangular in shape measuring 10 x 10 x 55 mm, 

with tolerances of ± 0.075, ± 0.075, and +0/−2.5 mm, respectively. The v-notch is 

centered lengthwise on the specimen, with a notch radius of 0.25 ± 0.025 mm and notch 

angle of 45°. It is unnecessary to polish the surface of the Charpy specimens, however 

they must be ≤ 2 µm and ≤ 4 µm on the side surfaces and top (where notch is located) 

and bottom surfaces, respectively [63].   

 The notch is the key element in the Charpy specimens, as the energy absorption is 

directly related to the resistance of the notch fracturing. There is a stress concentration at 

the root of the notch and acts as the fracture initiation site. When the specimen gets hit 
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with high force from the pendulum, there is a combination of multi-axial stresses that 

occur in the notch area. The geometry of the notch restrains any deformation 

perpendicular to the major stresses, forcing it to fracture in the same direction of the 

notch. It is important that the test specimens are within nominal of these specifications, as 

slight variations of the notch can have a large impact on the test results [63].  

2.3.2 Test Machine 

The main components included in a Charpy impact testing apparatus are a pendulum, the 

anvils, a striker, self-centering tongs, a measuring scale, and a reading output. The 

pendulum is important for calculating the absorption energy. The pendulum is designed 

to minimize energy losses, consisting of a light rod and heavy bob [62]. Absorption 

energy is calculated by the change in potential energy of the pendulum before and after it 

strikes the specimen. The impact velocity of the pendulum must be within 3 – 6 m/s at the 

center of strike. The anvils are combined with a support structure for the test specimens 

to provide directional guidance while the specimen undergoes fracture so that the broken 

specimen does not fly away freely after impact (Figure 2). The striker is what hits the 

specimen and causes it to fracture. The striker and pendulum are very precisely aligned in 

the apparatus so that the striker hits the very center of the specimen. The tongs are 

specially designed to perfectly fit a v-notch Charpy sample within the grasp to allow for 

accurate and precise placement between the anvils. The measuring scale is calibrated and 

calculates the absorbed energy collected by the test specimen when fractured by force of 

the pendulum and striker, and can be recorded from a digital or analog output reading 

[63].  
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Figure 2. Anvils, test piece (specimen), support piece, and striker [62].  

2.3.3 Test Procedure 

Before beginning any Charpy impact testing, it is important to do a quality check of the 

machine’s functionality. The first thing to do is to examine the striker and anvils for any 

damage or leftover debris from previous tests. Next, is to calibrate the machine by 

ensuring an output reading of 0 Joules (J) when the pendulum is released with no 

specimen in the apparatus, indicating that energy loss from the pendulum and frictional 

energy losses have been correctly accounted for in the absorption energy calculation. The 

temperature at which the testing is performed should be recorded, if the test is meant to 

be taken at room temperature, than the temperature should be 20 ± 5°C. 

 After the machine has passed inspection, the prepared Charpy specimens are 

ready for testing to begin. First, the pendulum is latched to the release position. The test 

specimen is then placed on the specimen supports against the anvils using special self-

centering thongs that must be used to carefully place it in position. This positioning gives 

the most accurate impact energy results [63]. The test may now begin by releasing the 

pendulum without vibration. The pendulum then swings downwards through the rest 

position, where the striker hits the specimen on center, causing it to fracture, and 
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continues to swing upwards until it reaches the rise position (Figure 3). Energy 

absorption is calculated by the change in potential energy of the pendulum between the 

release position and the rise position. In the release position, the potential energy (W) can 

be expressed in terms of the angle of fall, β, given by the following equation, 

𝑊 = 𝑀𝑔𝑙(1− cos𝛽) 

Where M represents the mass of the pendulum, g represents acceleration due to gravity, 

and l is the length of the pendulum [62]. The mass, acceleration, and angle of fall are 

known constants. After the pendulum strikes the specimen, it continues to swing up to a 

certain angle where it reaches the rise position. Let this angle be called the angle of rise 

(γ), and is applied to calculate the potential energy after passing through the specimen. 

Therefore, the change in potential energy can be calculated and represents the energy 

absorbed (Wa) by the Charpy specimen as follows, 

𝑊! =𝑊 −𝑀𝑔𝑙(1− cos 𝛾) 

The Charpy testing machine measures the angle of rise by use of a follower pointer or an 

electronic equivalent, and is the one variable used for calculating energy absorbed from 

the specimen [62].  
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Figure 3. Charpy pendulum swing diagram [62].  

2.3.4 Test Analysis 

Once Charpy testing is complete, the following should be reported as important 

information pertaining to the test results: specimen type, specimen size, test temperature, 

striker radius (2 or 8 mm), and absorbed energy. Additional measurements and 

observations may also be taken such as lateral expansion, documentation of unbroken 

specimens, fracture appearance, specimen orientation, and specimen location.  

 Absorbed energy is the energy that is absorbed by the specimen during impact. 

This is measured by taking the difference in potential energy in the pendulum right before 

the moment it strikes the Charpy specimen and the potential energy remaining in the 

pendulum right after the specimen is fractured. Most Charpy impact machines contain a 

device that calculates the absorbed energy while taking the energy used for windage and 

friction loss into account.   
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2.3.5 Fracture Analysis 

When a material is brittle, there is normal stress across the base of the notch, and the 

cohesive strength holds it together. A brittle fracture occurs when the normal stress 

exceeds the cohesive strength after the pendulum swings and strikes the specimen bar. 

The fractured surface has no apparent deformation and the fractured surface appears 

crystalline. This fracture behaviour can be explained by exceeding cohesive strength 

before significant plastic deformation occurs.  

 A ductile or shear fracture is noted when normal stress and the applied force from 

the pendulum cause shear stress to develop within the specimen. As this occurs, elastic 

behaviour develops until the shear stress exceeds the shear strength of the material and 

the material begins to deform plastically. The ductile fractured surface appears fibrous. 

 A combination of brittle and ductile fracture can also occur in Charpy testing. 

This mode of failure depends on whether the normal stress exceeds the cohesive strength 

before or after the shear stress exceeds the shear strength. Aside from the mechanical 

nature of the material, there are a few factors that may influence which failure occurs 

first. If the notch is very prominent and sharp, the normal stress at the root of the notch is 

enhanced in relation to the shear stress, therefore making the specimen more likely to 

undergo brittle failure. Brittle fracture may also be more likely if the speed of 

deformation is increasing, causing the shear strength to also increase faster.  

 It is recommended to examine the fractured Charpy specimen surfaces visually to 

determine their mode of fracture. The percentage of fracture due to shearing can be 

determined by comparing the fractured surface area to a fracture appearance chart from 

the ASTM standard on notched bar impact testing for metallic materials (Figure 4) [63]. 
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Figure 4. Fracture Appearance Chart and Percent Shear Fracture [63]. 

2.3.6 Material Toughness 

Charpy impact testing is a form of high strain-rate testing or dynamic failure testing that 

measures absorption energy of the material being tested [64]. Absorption energy taken 

from the Charpy test is a measure of a materials’ toughness. Material toughness is 

commonly referred to as fracture-toughness because it is a measure of the materials 

ability to resist an existing crack from propagating into a fractured material [56], [65].  A 

material with high toughness means that it makes crack growth very difficult, hence 

requires a lot of energy to cause complete crack propagation, resulting in failure. In other 

words, toughness can be described as the work required to propagate cracks. 

 Whether a material is “tough” can be determined based three factors: stress, 

energy, and speed of fracture. Fracture toughness is dependent on stress because the 

fracture happens at a certain stress level that corresponds to what is required to produce 

yielding among the cross-section. Energy plays a factor because the amount of energy 

required to cause fracture translates into how much the material is resisting fracture; 

higher energy, higher resistance, higher toughness. Ductile materials tend to have high 

material toughness because more energy is needed to cause failure. Alternatively, brittle 
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materials typically have low material toughness, as they require low energy to cause 

fracture. The speed at which the fracture occurs also determines how tough the material 

is; a fast fracture speed indicates low toughness, while a slow speed indicates higher 

resistance to fracture and thus is considered to have high toughness [56].  

 Several causes of crack initiation exist in metallic materials and they are: 

cleavage, microvoid coalescence, stress-corrosion, fatigue, and creep rupture. Cleavage is 

most commonly found in brittle materials, body-centered-cubic materials, and close-

packed hexagonal metals. Cleavage can be described as the occurrence of separation at 

crystallographic planes of low indices, and tends to happen spontaneously in steels. 

Microvoid coalescence is most commonly found in ductile fractures of both low and high 

strength materials. Crack initiation is caused by voids within the matrix that lead to 

tearing of second-phase particles. Stress-corrosion cracking occurs from chemical 

corrosion occurs at the tip of a crack, while crack initiation from fatigue is caused by 

cyclic stress [56].  

 The main purpose of knowing the toughness of a material is for the assessment of 

a material’s resistance to fracture [65]. For instance, fracture toughness can be useful in 

design to know how well the material is able to resist fracture when defects occur within 

the material, to know the useful life span of the material, product, or structure, to help in 

material selection, to determine critical defect sizes for quality inspection control, and to 

identify the cause of failure of failed structures. For example, analysis of material 

toughness in this thesis is useful to determine how a DMLS medical tool made from15-

5PH stainless steel holds up if defects or cracks developed during a surgical procedure 

when subject to impact forces. Furthermore, if a tool was designed to have sharp edges or 



 

 46 

bends that cause stress concentrations, it is key to know how much force could be applied 

before those areas fail.   
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Chapter 3 

3  MATERIALS & METHODS 

3.1  Experimental Design 

3.1.1 Model  

The experimental model is structured as a multi-factorial design that tests on two factors: 

1) method of manufacture and 2) heat treatment. The method of manufacture factor is 

composed of two levels, testing for differences between 15-5PH that is made using 

DMLS versus conventional manufacturing using rolled metal. Method of manufacture is 

the primary scope of this thesis and all test measurements are closely evaluated between 

these two groups to determine how the material toughness and material properties of 

DMLS compare to those of the rolled metal.  

 The heat treatment factor compares 15-5PH in solution annealed condition to 15-

5PH in precipitation hardened heat treated condition H900. For the purpose of this 

research, “heat treatment” is referred to as precipitation hardening heat treatment H900. 

All samples have been annealed, but only two of the three groups have been subject to 

heat treatment after annealing. The heat treatment factor is composed of three levels: A) 

notched first/heat treated second, B) no heat treatment, and C) heat treated first/notched 

second. 
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 Effect of heat treatment was selected as a secondary factor to test and analyze 

because the material used in this research (15-5PH) is a precipitate hardened stainless 

steel. With that being said, its microstructure and mechanical properties change when 

post-processing precipitation hardening heat treatments are applied, as described in 

section 2.2. In addition to testing the effect of heat treating, the order of precipitation 

hardening and post-processing machining was also investigated. In this case the post-

processing machining included broaching of all Charpy v-notches, some before heat 

treating, some after. See Table 3 for the six experimental groups tested in this research.    

Table 3. Experimental model groups. 

Method of Manufacture/ 
Heat Treatment 

DMLS Rolled 

A (notched then heat treated) DMLS – A Rolled – A 
B (no heat treatment) DMLS – B Rolled – B 

C (heat treated then notched) DMLS – C Rolled –C 
 

 Typically, DMLS parts require some form of post-process heat treatment to 

reduce porosity and improve the microstructure and mechanical properties required for its 

application [6]. For 15-5PH these include solution annealing and a precipitate hardening 

heat treatment. The DMLS manufacturer (EOS) suggests it is not necessary for certain 

stainless steel powders to undergo solution annealing treatment because the material gets 

enough exposure to heat during the build process, allowing it to go through the same 

phase changes, resulting in adequate mechanical properties [66]. However, recent 

research has investigated the microstructure of 15-5PH stainless steel after undergoing 

several forms of heat treatments and has concluded that the nature of the DMLS process 

does not provide the same phase changes as post-process solution treatment does [33]. 

Furthermore, it has been suggested in literature that when testing for mechanical 
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properties of DMLS, the foundation of the material in the as-fabricated condition should 

be understood before making alterations to the material such as heat treating [6]. 

Therefore, solution annealing was applied to all test specimens before subsequent heat 

treatments, and was compared to samples in precipitation hardened condition.     

3.1.2 V-notch Charpy Samples  

There were seven v-notch Charpy specimen replicates manufactured, tested, and analyzed 

among each group, resulting in a total of 42 test specimens. The Charpy specimens were 

labeled according to heat treatment group (A, B, or C) followed by the sample replicate 

among the group (1, 2, 3…7). The Charpy samples were not labeled according to method 

of manufacture because it was evident by the surface finish and colour on the ends of 

each specimen. The DMLS samples had a rough surface and were a dark blue-black 

colour, where the rolled samples had a smoother finish and were a shiny silver colour. 

See Figure 5 and Figure 6 for examples of DMLS samples in the as-built condition and 

rolled samples made by conventional manufacturing, respectively.  

 
Figure 5. DMLS-A Charpy samples in as-built condition. 
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Figure 6. Rolled-A samples by conventional manufacturing. 

3.2  Material and Equipment 

The material selected for research was 15-5PH precipitation hardened stainless steel. This 

material was manufactured in two ways: by conventional manufacturing from cold rolled 

stock and by DMLS from fine metal powder. The DMLS system used in this research 

was the EOS M 290.   

3.2.1 Conventional Rolled 15-5PH 

The material used to manufacture the rolled Charpy samples can be described as UNS 

S15500 (15-5PH) rolled plated and annealed commercial cut edge. The 15-5PH rolled 

plate was received in one rectangular piece of 2.5” x 24.0” x 0.5” (6.35 x 60.96 x 1.27 

cm) in a solution-annealed state from Rolled Alloys Canada Inc. For the purpose of this 

research, post-processing precipitate hardening heat treatment was applied to this 

material the same way and at the same time as the DMLS samples by an additive 

manufacturing facility in Winnipeg to maintain consistency and avoid discrepancy among 

sample groups. The chemical composition requirements and tested results for rolled 15-

5PH were received from the manufacturer (Rolled Alloys) and can be found in Table 4.  
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Table 4. Chemical composition requirements and test results in solution annealed condition of rolled 
15-5PH (Rolled Alloys Canada Inc.). 

Alloying elements Requirements Chemical test results in 
annealed condition 

C Max. 0.07 0.04 
Mn Max. 1.00 0.75 
P Max. 0.030 0.027 
S Max. 0.015 <0.001 
Si Max. 1.00 0.38 
Cr 14 – 15.5 14.66 
Ni 3.50 – 5.50 4.82 
Mo Max. 0.50 0.20 
Cu 2.50 – 4.50 3.26 
Nb 0.15 – 0.45 0.25 
Ta N/A 0.010 

(Nb + Ta) / C Min. 5.00 6.02 
Nb + Ta 0.15 – 0.45 0.26 
Nb / C Min. 5.00 5.78 

 

3.2.2 15-5PH Stainless Steel Powder 

The DMLS Charpy specimens were manufactured from 15-5PH stainless steel powder, 

provided by EOS GmbH. This powder is a pre-alloyed stainless steel fine powder readily 

available for the EOS M 290 DMLS system. Pre-alloyed powders are suggested for use 

over elemental powders for DMLS because they have been shown to create parts that are 

more homogeneous, higher strength, have functional properties with lower impurity 

content [18].  

 When manufactured, this material is known to have very good corrosion 

resistance, good sterilisability, high hardness, and high strength, especially after H900 

precipitation hardening heat treatment. The manufacturer suggests that this material be 

commonly used in the medical industry, aerospace, and other engineering departments 

that require these material characteristics. Some applications include functioning 

prototypes, small spare parts, low scale production products, and custom parts [67]. 
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Additionally, products made by the EOS M 290 system can be subjected to several post-

processing machining such as spark-eroding, welding, micro shot-peening, mechanical 

polishing, and coating.  

 When using EOS 15-5PH stainless steel powder in the DMLS M 290 system, a 

part having full density of 7.8 g/cm3 can be achieved [67]. The recommended layer 

thickness to achieve full density is 20 µm when using standard process-parameters. 

However a larger layer thickness of 40 µm can be to used speed up the build process 

while still achieving full density, but alternative process-parameters must be used [67]. It 

is recommended by EOS GmbH manufacturer to apply precipitate hardening heat 

treatment H900 to improve the mechanical properties of the DMLS parts.  

 The EOS 15-5PH stainless steel powder follows the compositions of DIN 1.4540 

and UNS S15500. The chemical composition of the powder is tabulated in Table 5. 

Table 5. EOS stainless steel 15-5PH powder chemical composition. 

Steel including alloying elements Content (%wt) 
Fe Balance 
Cr 14 – 15.5 
Ni 3.5 – 5.5 
Cu 2.5 – 4.5 
Mn Max. 1 
Si Max. 1 

Mo Max 0.5 
Nb 0.15 – 0.45 
C Max. 0.07 

 

3.2.3 The DMLS System: EOS M 290  

The DMLS Charpy impact test samples were manufactured using a state-of-the-art direct 

metal laser sintering system (EOS M 290) located at Precision Advanced Digital 

Manufacturing in Winnipeg, Manitoba. The EOS M 290 manufactures parts using the 
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DMLS technology as described in section 2.1. Its performance produces components 

with homogeneous material properties as described by the manufacturer. Manufacturer 

EOS claims the EOS M 290 has a very high beam quality and small laser diameter that 

makes it ideal for developing parts with complex geometries. The build chamber has a 

volume of 250 x 250 x 325 mm and is filled with nitrogen gas to reduce any oxidation on 

the part during the build process. The laser is a Yb fibre laser with a maximum laser 

power of 400 W. The precision optics is a F-theta lens and includes a high-speed scanner. 

Scan speeds can reach up to 7.0 m/s with a focus diameter of 100 µm and a power supply 

of 32 A (400V). The maximum power consumption is 8.5 kW with platform heating up 

to 3.2 kW. See Figure 7 for an image of the EOS M 290. 

 
Figure 7. EOS M 290 DMLS System. 

 
 The process-parameters settings that were applied in manufacturing the Charpy 

samples for this research followed the default parameter setting for a layer thickness of 

40 µm set by EOS.  
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3.3  Charpy Sample Preparation 

The dimensions of the v-notch Charpy specimens were 10 x 10 x 55 mm, having a notch 

radius of 0.25 mm, and a notch angle of 45°, as described in the ASTM standard test 

methods for notched bar impact testing of metallic materials [63]. The Charpy specimens 

were manufactured by conventional manufacturing or by the EOS M 290 DMLS system. 

All notches were machined by broaching. Groups A had the notches broached prior to 

heat treatment, while groups C received heat treatment followed by broaching. Groups B 

had notches broached without applying any heat treatment. 

 There were 21 rolled Charpy specimens manufactured by machine cutting to size 

from one piece of stock material within tolerance of +/- 0.005” by the technician from the 

Department of Biosystems Engineering at the University of Manitoba.  

 The DMLS Charpy samples were manufactured using EOS GmbH 15-5PH 

stainless steel powder as described in section 3.2.2, and the EOS M 290 system as 

described in section 3.2.3. The DMLS Charpy specimens were manufactured all together 

in the same build, in the same orientation. The layers were formed on the x-y plane, or 

similarly fusing together beginning from the bottom moving upwards along the z-axis as 

shown in Figure 8.    
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Figure 8. Build orientation for DMLS samples. 

 Once the EOS M 290 system had completed the build process of all 21 DMLS 

Charpy samples, the build plate and attached Charpy samples were removed from the 

system and underwent solution treatment by annealing to relieve stress within the 

material formed during sintering. Annealing included standard procedure of heating to 

1038°C/1900°F for one hour followed by rapid air-cooling. After annealing, each 

specimen was carefully removed from the build plate using electro discharge machining. 

The parts were then sand-blasted to remove any loose particles or dirt leftover from build 

and to improve the surface roughness.   

 The top of each sample was noted by an arrow pointing to the top, labeled on one 

end of each sample. It was important to make note of the top of each sample to provide 

the same Charpy specimen orientation when performing Charpy impact testing. The 

notches were later machined on the top surface of each Charpy sample. The DMLS 

samples were manufactured without the v-notch because past research has tested and 

determined that having the v-notch made by DMLS versus machining the v-notch after 

build made no difference in energy absorption [8]. Therefore, all DMLS and 

conventionally rolled Charpy specimens were machined the same way to maintain 

consistency across samples and sample groups.  
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 The DMLS Charpy samples in the “as-built” condition were slightly larger 

(+0.5mm) than nominal in width and height dimensions. The reason was to consider 

material loss during sandblasting. The top, bottom, and side surfaces of the DMLS 

samples were machined to the correct dimensions as described in ASTM standard [63]. 

The ends of the samples were left in the as-built condition as the length of the Charpy 

samples were on nominal. 

 Heat treatment H900 was applied to groups A and C for DMLS and rolled 

samples, as described in section 2.2.2. The oven used for precipitate hardening heat 

treatment was a Paragon PMT-21 located at Precision Advanced Digital Manufacturing 

in Winnipeg. Precipitation hardening heat treatment for the Charpy samples was done in 

a single batch to ensure the exact same heat treatment procedure was applied to all of the 

samples.   

3.4  Data Collection 

The data collected for this experimental research included: particle analysis of the 15-

5PH powder, specimen dimension measurements, density analysis of each experimental 

group, Charpy impact testing for absorption energy, examination of mode of fracture and 

fractured surfaces, and microstructural analysis.  

3.4.1 Particle Analysis 

Particle size distribution was tested on the EOS 15-5PH stainless steel powder that was 

used to manufacture the DMLS Charpy samples for quality validation. The quality of 

powder is a key measurement to take because it has a large impact on the DMLS part 

density [6], [68]. It is also important to know the particle size and distribution because it 
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is recommended that these metrics be similar to the layer thickness process parameter 

used in DMLS [68]. The metal powder was taken from the recycled powder leftover from 

the Charpy sample build. A dry particle analyzer (Scirocco 2000 combined with 

Mastersizer 2000 by Malvern Instruments) was used to analyze particle distribution 

(Figure 9). Three test runs were performed, with reported results of particle size 

distribution, 10th percentile, average, and 90th percentile.  

 
Figure 9. Particle size analyzer (Scirocco 2000) with 15-5PH powder. 

 The 15-5PH powder was also analyzed microscopically using the secondary 

electron analysis of the Nova Nano SEM 450 scanning electron microscope (SEM). This 

analysis is selective to spots within viewing the shape of the particles. It is essential to 

know the shape of the particles, especially when they have been recycled because they 

may have changed shape, collected defects and satellites [6]. Energy dispersive 

spectrometry (EDS) was used to analyze the elemental composition of the particles at a 

few different locations on the particle.  
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3.4.2 Specimen Dimension Measurements  

Charpy dimensions of the DMLS specimens were measured in their “as-built” condition 

to determine if any post-process machining was required to reach Charpy standards as 

outlined in ASTM E 23-16b [63]. It was found that the DMLS samples were not within 

the ASTM standard, therefore post-process machining was applied. Next, in annealed 

condition and prior to receiving H900 heat treatment, Charpy dimensions of all DMLS 

and rolled specimens were measured for quality standard validation. Charpy dimensions 

for heat treatment groups A and C were measured again after receiving H900 heat 

treatment. The main purpose of measuring the dimensions of the Charpy specimens pre- 

and post-H900 heat treatment was to determine the effect of H900 precipitation 

hardening heat treatment on material deformation. Rolled 15-5PH stainless steel is 

expected to deform by contraction of 0.00045 mm/mm when subject to H900 

precipitation hardening heat treatment [58].  

 The measurements taken at each measurement stage included the specimens’ 

length, top width, middle width, bottom width, top height, middle height, and bottom 

height (Figure 10). All measurements were taken three times at random for each sample 

(Appendix B1-B5) using a digital caliper (Mitutoyo Absolute). The change in length, 

average width, and average height from pre- and post-H900 were used to calculate the 

deformation ratios for experimental groups A and C. Z-tests were conducted to determine 

if the deformation ratios were significantly different than zero (α=0.01), indicating 

significant material deformation from precipitation hardening. The measured deformation 

ratios were also compared to the expected ratio of 0.00045 mm/mm to validate this 

measuring technique. Additionally, if the material shrinks from precipitation hardening 
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along with an increase in material density, then material deformation may be a 

contribution to an increase in density. 

 T-tests comparing pre- and post-H900 heat treatment measurements were 

conducted for Rolled-A, Rolled-C, DMLS-A, and DMLS-C to determine if H900 causes 

significant deformation (α=0.01) in any or all of the Charpy dimension measurements 

taken. Two-t unequal variance tests were conducted at an alpha value of 0.01 to 

determine any significant differences in Charpy specimen deformation difference among 

heat treatment groups A and C for rolled and DMLS groups.  

 
Figure 10. Reference diagram of Charpy measurements taken. 

 

3.4.3 Density Measurements 

The mechanical properties of metals heavily depend on the materials density. A gas 

pycnometer (Ultrapyc 1200e by Quantachrome Instruments) was used to measure the 

density. A gas pycnometer calculates density by knowing the mass of the sample and the 

volume of the holding chamber. The samples were placed into the holding chamber 
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where it was then pressurized to calculate the volume of gas surrounding the samples. 

This method of testing is more accurate than applying Archimedes’ method because the 

notch volume taken out of the specimen is 5.5 cm3, and there were no graduated cylinders 

available with high enough precision to accurately apply Archimedes’ method.  

 Density measurements were taken in sample groups as opposed to individual 

specimen measurements. For example, all seven Charpy specimens in the DMLS-B 

group were measured in the same test batch. Care was taken to ensure that the specimens 

were not touching when placed in the holding chamber Figure 11. Given that all sample 

specimens within each group were manufactured the same way with the same post-

processing treatment, there should be negligible difference among test specimens within 

groups.  

 
Figure 11. DMLS-B group Charpy samples in holding chamber. 

 In order to prepare the samples for density measurements, the samples were 

cleaned individually with isopropanol and VWR® Lens Paper to remove dirt and oil 

leftover from manufacturing and machining. Next, all sample specimens within each 
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group were weighed collectively using a scale to measure the group mass. The group 

mass was then recorded and entered into the computer software needed to calculate 

density. The run parameters set for density testing included the volume of the cylindrical 

chamber to be 56.5592cm3, run deviation percent of 0.0300, and 3 runs for each test. 

Average density across the three test runs was also calculated by the software and 

recorded.  

 A general linear model was used to perform analysis of variance (ANOVA) 

statistical analysis to determine if there was a significant difference in material density 

between groups with heat treatment condition A and C. Both factors were tested in the 

model (method of manufacture and heat treatment). It was anticipated that the test would 

show no significant difference in density between condition A and C, as they have both 

been precipitation hardened to the same condition at the same time. The density results 

showed no difference between condition A and C therefore they were grouped together 

forming heat treatment “H900”, and were tested against no heat treatment condition B, 

labeled as “control”. A second general linear model was carried out to determine if there 

is a significant difference in material density between H900 and control, and DMLS and 

rolled. This ANOVA test was designed to include the two factors, each with two levels. 

The significance level for both tests was set at α = 0.05. Theoretical density of 15-5PH is 

7.78 g/cm3 in annealed condition and 7.80 g/cm3 in H900 condition [58].   

3.4.4 Charpy Impact Testing 

Charpy impact testing was performed using a Tinius Olsen IT406 located at the Industrial 

Technology Centre in Smart Park at the University of Manitoba (Figure 12). The Tinius 

Olsen measures the absorbed energy of the test material when the pendulum fractures the 
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v-notched Charpy specimen. The measured absorbed energy is displayed on a digital 

output reading located on the exterior of the machine and is to be recorded manually. The 

Charpy machine has a maximum absorbed energy capacity reading of +407.74 Joules (J) 

and the weight of the pendulum is 50 lbs.  

 
Figure 12. Charpy impact testing machine (Tinius Olsen IT406). 

 The Charpy impact tester machine was “warmed-up” prior to testing by letting the 

pendulum swing freely approximately 20 times. This allows the gears and bearings to 

loosen up to provide accurate readings. Next, a test run was done without any specimen 

in the machine to ensure the absorbed energy reads +0 J, calibrating the machine. The 

Tinius Olsen IT406 was then ready for Charpy impact testing. Each test specimen was 

carefully placed in the testing slot using special tongs, which allowed for precise 

alignment in the Charpy impact tester machine (Figure 13). Charpy specimens were 

tested one at a time, altering between groups for every test (DMLS-A1, Rolled-A1, 

DMLS-B1, Rolled-B1, DMLS-C1, then Rolled-C1, DMLS-A2…). Absorbed energy and 

visual observations were carefully recorded for each test specimen. Testing was 

performed at room temperature (21.9°C). Absorbed energy is translated into material 
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toughness of the tested material. Results were analyzed in MiniTab using a mutli-level 

factorial design as described in section 3.1.1. A fixed effects model was first used to 

determine if there was any significant difference in material toughness between groups A 

and C (α = 0.05). Then, another fixed effects model was applied to determine the 

differences between methods of manufacture, differences between heat treatments 

conditions, and the interaction between these two factors.   

 
Figure 13. Charpy sample placement in Tinius Olsen IT406. 

3.4.5 Fractography 

It is important to examine the fracture surface of broken specimens from impact testing to 

explain the mode of fracture and what caused fracture initiation. The fractured surface of 

each fractured Charpy specimen was first examined with the naked eye to observe any 

unusual fracture surface appearance and to determine the percentage of shear area. 

According to the ASTM standard on impact testing of notched bar metallic materials, the 

percent shear area can be determined by comparing the fracture surfaces to the fracture 

appearance chart and percent shear area [63].  
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 The surface morphologies of the fractured surfaces were further analyzed using 

SEM. Scanning electron microscopy is a common way to observe mechanically fractured 

surfaces among the literature [48], [51], [55]. Equipment used was the FEI Quanta FEG 

650 located at Manitoba Institute for Materials (MIM). Surface magnification was 

analyzed within the range of 50x to 5000x. Brittle and ductile microstructures were 

examined along the fractured edges and throughout the fractured surfaces. Only one 

specimen from each group was analyzed to represent the mode of fracture for each group, 

these were the specimens holding the median absorbed energy values.  

3.4.6 Microstructure Analysis  

Analysis of grain orientation, amount of martensite and austenite, and elemental 

composition were performed on the fractured Charpy specimens of DMLS and rolled 15-

5PH stainless steel using SEM technology. Secondary electron (SE) diffraction and 

backscatter electron (BSE) were used to analyze the grain orientation. Energy dispersive 

spectrometry (EDS) was used as the method of determining element composition.  

 The microstructure was only analyzed for groups A and B because statistical 

analysis showed that there were no significant differences in density (see section 4.3) and 

material toughness (see section 4.4.1) between groups A and C. Additionally, after 

examining the fractured surfaces of groups A and C there were no visual apparent 

differences found (see section 4.4.4). The microstructures for groups C were not analyzed 

because the material appeared to be contaminated with an unidentified liquid that was 

suspected to have occurred during the machining process, as described later in section 

4.6. The fractured Charpy specimens with median material toughness among groups A 

and B for DMLS and rolled samples were analyzed, as the median from each group 
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represents the microstructure with the least amount of error. The top surface of one half 

of the fractured specimens, and the right surface of the other half of the fractured 

specimens were prepared for microstructure analysis to determine if there were any 

differences in grain orientation or microstructure between top and right side surfaces 

(Figure 14).  

 
Figure 14. Graphic of DMLS Charpy sample showing top, right side, and left side. 

 Microstructure analysis requires surface preparation of polishing and etching. The 

Ecomet3 Variable Speed Grinder-Polisher by Buehler was used to polish the top and side 

surfaces of the test specimens. The polisher was set to a speed of 100 – 150 rotations per 

minute. All surfaces were polished one at a time with 240 and 600 grit paper, followed by 

6, 3, and 1 µm DIAMAT polycrystalline diamond solution for durations of one to two 

minutes at each stage of polishing. Between each polishing stage, the samples were 

cleaned with distilled water and Kim wipes then placed in the ultra sonic cleaner filled 

with water for one minute. Final polishing included colloidal silica to achieve a polished 

surface finish of 0.5µm. Samples were etched with a modified Ralph etchant (100 ml 

hydrochloric acid, 15 ml nitric acid, 7 g ferric chloride, and 5 g copper chloride) in 
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preparation for grain structure analysis. The Nova Nano SEM 450 was used to perform 

SE, BSE, and EDS.
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Chapter 4 

4  RESULTS 

The results and analysis of 15-5PH powder particles, Charpy test specimen 

measurements, density, material toughness, mode of fracture and fractography analysis, 

and microstructures are presented in the following chapter.  

4.1  15-5PH Particle Analysis 

Particle results presented in this section includes particle distribution, examination of 

particle shape through SEM, and elemental analysis through EDS.  

 Particle distribution of EOS 15-5PH powder received from the build cycle in the 

EOS M 290 DMLS machine showed a mean particle size of 38 µm averaging from the 

two tests. The average range of particle sizes detected from test 1 and test 2 was between 

12 and 120 µm. The 10th, 50th, and 90th percentile results from the particle size 

distribution tests are summarized in Table 6. A distribution of mean particle size (µm) 

from the two particle analysis tests is shown in Figure 15. Complete details of the particle 

size distributions can be found in Appendix A. 

 
Table 6. 15-5PH powder percentile results. 

 Test 1 (µm) Test 2 (µm) Mean (µm) 
10th Percentile 23.016  23.301  23.159  
50th Percentile 38.011 38.258 38.135  
90th Percentile 59.945 60.097 60.021 
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Figure 15. Mean particle size distribution of 15-5PH powder. 

 
 SEM micrographs of the 15-5PH powder used to manufacture the DMLS Charpy 

samples are shown in Figure 16 and Figure 17 at 500x and 2000x magnifications, 

respectively. Most of the particles examined at 500x magnification are spherical in shape 

and relatively the same size. The micrographs also show small bumps attached to the 

majority of the particles. Additionally, some particles appear more like ellipsoids than 

spheres. At 2000x magnification, the particles showcase a textured surface containing 

several small dimples.   
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Figure 16. SEM image of 15-5PH powder at 500x magnification. 

 
Figure 17. SEM image of 15-5PH powder at 2000x magnification. 

 Three spot locations on the 15-5PH powder particles were closely examined for 

elemental analysis. Two of the spots examined were the center of the particles, and the 

third spot examined was one of the small bumps. Figure 18 is an EDS image of a few 

particles and the three spot locations that were examined. The elemental compositions 

located at each of these three spots were relatively the same, showing no difference in 

elemental composition. Graphs of EDS distribution for each of the three locations are 
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shown in Figure 19, Figure 20, Figure 21 for spots 1, 2, and 3, respectively. The 

elemental weights found at these three locations were approximately 14% chromium, 3 – 

4% nickel, 3% copper, and 3 – 4% carbon. A summary of the elemental weights is shown 

in Table 7. 

 
Figure 18. EDS image of 15-5PH powder showing analysis spots 1, 2, and 3. 

 

 
Figure 19. EDS distribution on spot 1 of 15-5PH powder analysis. 
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Figure 20. EDS distribution on spot 2 of 15-5PH powder analysis. 

 

 
Figure 21. EDS distribution on spot 3 of 15-5PH powder analysis. 

 
Table 7. EDS raw data summary of element weight (%) from spots 1, 2, and 3. 

Element 
Weight % 

C Al Si Cr Fe Ni Cu 

Spot 1 3.7 0.31 0.59 13.89 74.50 3.68 3.37 
Spot 2 3.3 0.08 0.39 14.06 75.06 3.68 3.42 
Spot 3 3.2 0.87 0.61 14.08 75.62 2.87 2.75 
 

4.2  Charpy Specimen Measurements 

Charpy specimen measurements from each experimental group are presented in the 

following section. The measurements determine if the specimen dimensions fall within 
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ASTM standard tolerances and if any material deformation occurs after being subject to 

H900 precipitation hardening heat treatment.   

4.2.1 Quality Control Analysis 

After the Charpy samples were manufactured by DMLS and sand-blasted, the 

measurements were taken in their “as-fabricated” condition. Measurement results of 

mean length, mean of the average top, middle, and bottom widths, and mean of the 

average top, middle, and bottom heights along with standard deviations are presented in 

Table 8.  

Table 8. Mean Charpy dimension measurements and standard deviations of DMLS samples in as-
fabricated sand-blasted condition. 

Heat Treatment Length (mm) Width (mm) Height (mm) 
A 54.92 (0.013) 10.29 (0.013) 10.53 (0.064) 
B 54.93 (0.021) 10.30 (0.023) 10.57 (0.049) 
C 54.93 (0.027) 10.29 (0.009) 10.55 (0.051) 

 

 Given the Charpy dimension requirements as per the standard for notched bar 

impact testing of metallic materials is 55 (+0/-2.5) x 10 (±0.075) x 10 (±0.075) mm, the 

DMLS samples required post-process machining. The measurement means of DMLS 

samples after being machined to these specifications and the measurement means of the 

machined rolled samples are shown in Table 9.  

Table 9. Mean Charpy dimensions and standard deviations of DMLS and rolled samples in 
machined pre-treatment condition. 

Method of 
Manufacture 

Heat Treatment Length (mm) Width (mm) Height (mm) 

DMLS 
A 54.94 (0.031) 9.98 (0.057) 10.01 (0.024) 
B 54.94 (0.021) 10.00 (0.021) 10.02 (0.019) 
C 54.95 (0.027) 10.03 (0.014) 10.00 (0.025) 

Rolled 
A 54.80 (0.346) 10.02 (0.031) 9.99 (0.027) 
B 55.08 (0.089) 10.01 (0.024) 10.02 (0.038) 
C 54.99 (0.285) 10.00 (0.040) 10.01 (0.034) 
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4.2.2 Deformation from Precipitation Hardening Analysis 

Material deformation was calculated by applying t-tests to evaluate any significant 

differences in mean of each dimension measurement between pre-H900 and post-H900 

heat treatment. Deformation results for groups Rolled-A and Rolled-C are shown in 

Table 10 and Table 11, respectively. T-test results from Rolled-A showed significant 

negative material deformation from H900 (p<0.01) in all measurements except for the 

middle, bottom, and average heights. T-test results from Rolled-C also showed significant 

negative material deformation from H900 (p<0.01) in all measurements except for middle 

width and top height. Largest deformation was found in length, for both A and C. 

Table 10. Effect of H900 on deformation for sample group Rolled-A. 

 Length 
(mm) 

Top 
Width 
(mm) 

Middle 
Width 
(mm) 

Bottom 
Width 
(mm) 

Top 
Height 
(mm) 

Middle 
Height 
(mm) 

Bottom 
Height 
(mm) 

Avg. 
Width 
(mm) 

Avg. 
Height 
(mm) 

Pre-
H900 54.80 10.03 10.00 10.03 9.99 9.97 10.00 10.02 9.99 

Post-
H900 54.74 10.02 9.98 10.02 9.98 9.96 10.00 10.01 9.98 

Mean 
Effect -0.058 -0.010 -0.016 -0.007 -0.011 -0.007 -0.006 -0.011 -0.008 

SD 0.0275 0.0047 0.0103 0.0030 0.0042 0.0198 0.0080 0.0048 0.0082 
P-value *0.0015 *0.0014 *0.0058 *0.0007 *0.0004 0.3758 0.0876 *0.0009 0.0380 
Bolded values represent significant differences. 
* Represents significant p-values (<0.01). 
 
Table 11. Effect of H900 on deformation for sample group Rolled-C. 

 Length 
(mm) 

Top 
Width 
(mm) 

Middle 
Width 
(mm) 

Bottom 
Width 
(mm) 

Top 
Height 
(mm) 

Middle 
Height 
(mm) 

Bottom 
Height 
(mm) 

Avg. 
Width 
(mm) 

Avg. 
Height 
(mm) 

Pre-
H900 54.99 10.00 9.97 10.01 10.03 9.98 10.01 10.00 10.01 

Post-
H900 54.96 9.99 9.97 10.00 10.02 9.97 10.00 9.99 10.00 

Mean 
Effect -0.036 -0.012 -0.005 -0.010 -0.008 -0.012 -0.008 -0.009 -0.009 

SD 0.0130 0.0050 0.0094 0.0030 0.0060 0.0050 0.0042 0.0028 0.0024 
P-value *0.0003 *0.0006 0.1908 *0.0002 0.0152 *0.0008 *0.0029 *0.0001 *0.0001 
Bolded values represent significant differences. 
* Represents significant p-values (<0.01). 



 

 74 

 T-test results evaluating any significant deformation occurrence from H900 

treatment on Charpy samples of groups DMLS-A and DMLS-C are presented in Table 12 

and Table 13, respectively. A decrease in bottom width (p<0.01) was the only significant 

deformation found in the DMLS-A group. On the other hand, the DMLS-C group had 

significant deformation (p<0.01) in several measurement areas including a reduction in 

length, middle and bottom widths, top height, and average width and height. The length 

showed the largest deformation in DMLS-A and DMLS-C.    

Table 12. Effect of H900 on deformation for sample group DMLS-A. 

 Length 
(mm) 

Top 
Width 
(mm) 

Middle 
Width 
(mm) 

Bottom 
Width 
(mm) 

Top 
Height 
(mm) 

Middle 
Height 
(mm) 

Bottom 
Height 
(mm) 

Avg. 
Width 
(mm) 

Avg. 
Height 
(mm) 

Pre-
H900 54.94 10.01 9.96 9.98 10.02 9.98 10.02 9.98 10.01 

Post-
H900 54.91 10.00 9.95 9.97 10.02 9.98 10.02 9.97 10.01 

Mean 
Effect -0.032 -0.011 -0.007 -0.010 -0.005 -0.001 -0.006 -0.009 -0.004 

SD 0.0251 0.0179 0.0109 0.0065 0.0038 0.0190 0.0057 0.0086 0.0079 
P-value 0.0151 0.1570 0.1563 *0.0082 0.0105 0.8492 0.0375 0.0314 0.2149 
Bolded values represent significant differences. 
* Represents significant p-values (<0.01). 

Table 13. Effect of H900 on deformation for sample group DMLS-C. 

 Length 
(mm) 

Top 
Width 
(mm) 

Middle 
Width 
(mm) 

Bottom 
Width 
(mm) 

Top 
Height 
(mm) 

Middle 
Height 
(mm) 

Bottom 
Height 
(mm) 

Avg. 
Width 
(mm) 

Avg. 
Height 
(mm) 

Pre-
H900 54.95 10.06 10.01 10.03 10.03 9.96 10.00 10.03 10.00 

Post-
H900 54.91 10.05 9.99 10.01 10.02 9.95 10.00 10.02 9.99 

Mean 
Effect -0.044 -0.011 -0.017 -0.012 -0.014 -0.009 -0.004 -0.013 -0.009 

SD 0.0190 0.0139 0.0084 0.0069 0.0085 0.0084 0.0104 0.0078 0.0059 
P-value *0.0009 0.0719 *0.0019 *0.0031 *0.0051 0.0349 0.3716 *0.0038 *0.0076 
Bolded values represent significant differences. 
* Represents significant p-values (<0.01). 
 
 The deformation ratios were calculated by taking the difference in dimension 

measurements of before and after H900 with respect to the initial dimension 

measurement. All groups and dimensions significantly deformed by contraction except 
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for the average height of group DMLS-A. All deformation ratios were negative, 

indicating material shrinkage (Table 14). The expected contraction is 0.00045 mm/mm.  

Table 14. Z-test results testing if deformation ratios are significantly different than zero as a result of 
H900 treatment. 

Experimental Group Measured (mm/mm) 
Length Avg. Width Avg. Height 

Rolled-A -0.00105* 
(SD: 0.00050) 

-0.00111* 
(SD: 0.00048) 

-0.00083* 
(SD: 0.00082) 

Rolled-C -0.00065* 
(SD:0.00024) 

-0.00090* 
(SD:0.00028) 

-0.00090* 
(SD: 0.00023) 

DMLS-A -0.00058*  
(SD: 0.00046) 

-0.00090*  
(SD: 0.00086) 

-0.00041  
(SD: 0.00079) 

DMLS-C -0.00080* 
(SD: 0.00035) 

-0.00134* 
(SD: 0.00078) 

-0.00087* 
(SD: 0.00058) 

 * Represents significantly different with p-value (<0.01). 
  

 Results from the two-t unequal variance tests (α=0.01) showed no significant 

differences in the measured Charpy dimensions between groups A and C among the 

rolled and DMLS samples after H900 treatment (Table 15 and Table 16). This confirms 

that there is no significant difference in deformation change between groups A and C, for 

both methods of manufacturing. This result was expected, as samples from groups A and 

C were exposed to the same precipitation hardening heat treatment condition, deforming 

the same amount.   

Table 15. Two-t unequal variance test results for Rolled-A and Rolled-C post-H900 treatment. 

  

Length 
(mm) 

Top 
Width 
(mm) 

Middle 
Width 
(mm) 

Bottom 
Width 
(mm) 

Top 
Height 
(mm) 

Middle 
Height 
(mm) 

Bottom 
Height 
(mm) 

Avg. 
Width 
(mm) 

Avg. 
Height 
(mm) 

A Mean 54.74 10.02 9.98 10.02 9.98 9.96 10.00 10.01 9.98 

 Std.S 0.35 0.04 0.04 0.03 0.02 0.03 0.05 0.04 0.03 
C Mean 54.96 9.99 9.97 10.00 10.02 9.97 10.00 9.99 10.00 

 Std.S 0.30 0.05 0.04 0.04 0.05 0.04 0.03 0.04 0.03 

 
Mean 
Diff. -0.22 -0.03 -0.01 -0.01 0.04 0.01 0.01 -0.02 0.02 

 P-value 0.24 0.30 0.62 0.46 0.05 0.55 0.73 0.41 0.24 
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Table 16. Two-t unequal variance test results for DMLS-A and DMLS-C post-H900 treatment. 

  

Length 
(mm) 

Top 
Width 
(mm) 

Middle 
Width 
(mm) 

Bottom 
Width 
(mm) 

Top 
Height 
(mm) 

Middle 
Height 
(mm) 

Bottom 
Height 
(mm) 

Avg. 
Width 
(mm) 

Avg. 
Height 
(mm) 

A Mean 54.91 10.00 9.95 9.97 10.02 9.98 10.02 9.97 10.01 

 Std.S 0.02 0.04 0.05 0.07 0.05 0.03 0.02 0.05 0.02 
C Mean 54.91 10.05 9.99 10.01 10.02 9.95 10.00 10.02 9.99 

 Std.S 0.02 0.03 0.01 0.01 0.03 0.02 0.04 0.01 0.02 

 
Mean 
Diff. 0.00 0.05 0.04 0.05 0.00 -0.03 -0.02 0.05 -0.02 

 P-value 0.83 0.02 0.05 0.12 0.97 0.06 0.21 0.05 0.23 
 

4.3  Density 

The recorded masses from each experimental group, along with the measured volumes 

taken from the pycnometer tests are shown in Table 17. The density measurements from 

the pycnometer tests taken from each experimental group are summarized in Table 18. 

The sample group with the highest mean density was found in Rolled-A at 7.79 g/cm3, 

and the sample group with the lowest mean density was DMLS-B with a value of 7.75 

g/cm3. The results from ANOVA are also included and explained in this section. 

Table 17. Mass and volume results from pycnometer tests of all experimental groups after subject to 
their applied heat treatments. 

 Rolled-A DMLS-A Rolled-B DMLS-B Rolled-C DMLS-C 
Mass (g) 292.803 292.082 294.969 292.895 295.027 294.194 
Run 1 
Vol. (cm3) 

37.5505 37.6851 37.9072 37.8244 37.8868 37.8946 

Run 2 
Vol. (cm3) 

37.5869 37.6619 37.9375 37.8025 37.8831 37.9182 

Run 3 
Vol. (cm3) 

37.5831 37.6416 37.9146 37.7901 37.8647 37.9063 

Mean Vol. 
(cm3) 

37.5735 37.6629 37.9198 37.8057 37.8782 37.9064 

Vol. Std. 
Dev.(cm3) 

0.0163 0.0178 0.0129 0.0142 0.0097 0.0096 
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Table 18. Density results for all experimental groups subject to their applied heat treatments. 

 Rolled-A DMLS-A Rolled-B DMLS-B Rolled-C DMLS-C 
Run 1 (g/cm3) 7.7976 7.7506 7.7814 7.7435 7.7871 7.7635 
Run 2 (g/cm3) 7.7900 7.7554 7.7751 7.7480 7.7878 7.7587 
Run 3 (g/cm3) 7.7908 7.7596 7.7798 7.7506 7.7916 7.7611 
Mean (g/cm3) 7.7928 7.7552 7.7788 7.7474 7.7888 7.7611 
Std.Dev.(g/cm3) 0.0034 0.0037 0.0026 0.0029 0.0020 0.0020 
Coef. Of Var. 
(%) 

0.0435 0.0472 0.0340 0.0376 0.0256 0.0254 

   

 From the statistical analysis testing the difference of mean density between 

condition A and C, the general linear model of ANOVA determined that DMLS and 

rolled methods of manufacture (MofM) showed a significant difference in densities 

(p<0.0001), where DMLS had lower density values than rolled in both heat treatment 

level A and C (Figure 22). On the other hand, there was no significant difference in 

material density between heat treatment level A and C (p=0.710), as predicted. This 

means that machining the notch before or after applying the material to precipitation 

hardening condition H900 makes no difference in material density. Therefore, levels A 

and C were grouped together forming heat treatment level “H900”, to represent all 

samples that underwent precipitation hardening, and were compared to non-precipitate 

hardened samples from level B or “control”.  
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Figure 22. Plot comparison of individual density values from A and C heat treatment levels and 

Rolled and DMLS method of manufacture levels. 

   Results from the second ANOVA test showed method of manufacture and heat 

treatment to have significantly different densities among their levels (p<0.0001). The 

general linear model gave a predicted R-square value of 94.17%. The regression equation 

from the model is as follows, 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  7.76877 −  0.016122 𝑀𝑜𝑓𝑀_𝐷𝑀𝐿𝑆 +  0.016122 𝑀𝑜𝑓𝑀_𝑅𝑜𝑙𝑙𝑒𝑑 

−  0.005708 𝐻 − 𝑇_𝐶𝑜𝑛𝑡𝑟𝑜𝑙 

          + 0.005708 𝐻 − 𝑇_𝐻900 

 This model explains that when the material is in DMLS form, the density reduced 

by 0.016122 g/cm3, but increased by 0.016122g/cm3 when the material is in rolled form. 

In looking at the effects of precipitation hardening heat treatment, not applying H900 

reduces the density by 0.005708, but increases density by 0.005708 if the material 

undergoes precipitation hardening H900.  
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 A boxplot is shown to demonstrate the differences in densities among the 

different groups (Figure 23). When comparing densities of precipitation hardened 

samples to non-precipitation hardened samples, applying precipitation hardening 

treatment H900 has shown to cause a comparable increase in densities for samples 

produced by rolling and by DMLS. The highest density results were found in the 15-5PH 

rolled material with H900. The lowest density results were found in 15-5PH DMLS 

material without being precipitation hardened.   

 It is concluded that method of manufacture and precipitation hardening heat 

treatment as factors, both have independent significant effects on material density for 15-

5PH stainless steel. However, whether or not the density difference is large enough to be 

attributed to the material toughness results is not certain and is discussed in section 5.1.3. 

 

Figure 23. Boxplot of densities on DMLS, rolled, control (B groups) and H900 (A and C groups). 
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4.4  Material Toughness 

The material toughness of each sample is represented by the absorbed energies from the 

Charpy impact tests (Table 19). When comparing DMLS versus rolled in annealed 

condition (B), the rolled material gave a material toughness mean of 168.15 J (SD: 

7.72J), which is 6-fold greater than the DMLS material of 27.25 J (SD: 1.21J). Similarly, 

after the materials were precipitation hardened from H900 heat treatment (A and C), the 

material toughness means of the rolled material reduced to 2-fold greater than the 

material toughness of the DMLS material. The experimental group with the highest 

absorbed energy was Rolled-B, having median and mean values of 169.97 and 168.15 J 

(SD: 7.72J). On the other hand, the group with the lowest absorbed energy was DMLS-C, 

with median and mean values of 6.69 and 7.01 J (SD: 1.37J).  

Table 19. Absorbed energy results in Joules (J) from Charpy impact testing. 

 DMLS Rolled 
A B C A B C 

1 6.91 27.32 6.48 17.75 161.74 16.49 
2 7.69 28.40 4.65 13.54 176.59 23.25 
3 7.69 25.00 6.69 15.23 171.77 11.06 
4 7.55 28.63 6.48 15.23 167.13 18.87 
5 7.90 27.70 7.83 11.93 169.97 15.38 
6 8.62 26.93 8.26 19.17 175.07 11.43 
7 7.40 26.77 8.69 11.06 154.75 11.14 
Mean 7.68  27.25  7.01  14.84  168.15  15.37  
SD (0.52) (1.21) (1.37) (2.94) (7.72) (4.61) 
Bolded italic values represent median values for each group.    

4.4.1 Fixed Effect Models  

 The fixed effect model testing on the difference between heat treatment levels A 

and C showed no significant difference (p=0.949). Furthermore, the model expressed a 

low R-square value of 57.54%, indicating a low amount of explained variation in the 
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data. Therefore, machining the notch before or after applying the material to precipitation 

hardening condition H900 makes no difference in energy absorption from Charpy impact 

testing. Further analysis on material toughness using heat treatment as the second factor 

was changed to hold only two levels, grouping absorption energy results from levels A 

and C together forming level “H900” (heat treatment). Heat treatment level H900 is 

compared to samples that did not undergo any precipitation hardening heat treatment, and 

is referenced as “control” level (no heat treatment) in this section. 

 A second fixed effect model was carried out and was composed of two factors: 1) 

method of manufacture, and 2) heat treatment, each with two levels. The two levels 

composed in method of manufacture were DMLS and rolled. The two levels composed in 

heat treatment were H900 and control. Results from ANOVA showed that both factors, 

method of manufacture and heat treatment, are significant factors in the model, both 

expressing p-values < 0.0001. When looking at the 2-way interaction of method of 

manufacture and heat treatment, it also showed to be significant (p<0.0001). The R-

square, adjusted R-square, and predicted R-square values were 99.60%, 99.57%, and 

99.48%, respectively. This very high predicted R-square value signifies that nearly all of 

the variation in the data can be explained by the model. The regression equation for 

absorbed energy model is as follows, 

𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦

= 54.462+ 43.236 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 43.236 𝐻900 − 37.165 𝐷𝑀𝐿𝑆

+ 37.165 𝑅𝑜𝑙𝑙𝑒𝑑 − 33.283 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 ∗ 𝐷𝑀𝐿𝑆

+ 33.283 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 ∗ 𝑅𝑜𝑙𝑙𝑒𝑑 + 33.283 𝐻900 ∗ 𝐷𝑀𝐿𝑆 − 33.283(𝐻900

∗ 𝑅𝑜𝑙𝑙𝑒𝑑) 
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 The regression equation represents how much each factor and each factor level 

affect the absorbed energy. By not applying any precipitation hardened heat treatment 

(H900) to 15-5PH, the absorbed energy increases by 43.236 J, while holding the other 

factors as constants. When using conventionally rolled 15-5PH the absorbed energy 

increases by 37.165 J, but decreases by 37.165 J when made by DMLS.  

 A main effects plot of the fitted means for absorbed energy was created to express 

the fitted mean values of absorbed energy for the two factors for the two levels at each 

factor. Figure 24 shows that absorbed energy is much higher when no heat treatment is 

applied to the samples and that absorbed energy is much higher in the rolled condition 

than the DMLS condition. 

 

Figure 24. Main effects plot for absorbed energy. 

 An interaction plot is displayed in Figure 25 to show the effect of method and 

manufacture and heat treatment when considered together. The interaction plot expresses 
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that applying H900 to DMLS 15-5PH stainless steel materials significantly lowers the 

absorption energy. On the other hand, not applying any heat treatment when considering 

conventionally rolled 15-5PH results in much higher absorption energy. Additionally, 

there is a much larger change in absorption energy after applying H900 to rolled 15-5PH 

than there is when applying H900 to DMLS 15-5PH.  

 

 

Figure 25. Interaction of heat treatment and method of manufacture plot for absorbed energy. 

4.4.2 Charpy Impact Test Observations 

In addition to the differences between the two heat treatment levels, the fracture 

behaviour of the Charpy specimens when struck by the pendulum also differed. The 

rolled and DMLS samples in annealed condition (control) ricocheted in the same 

direction as the pendulum had swung after fracture, behaving as ductile fracture. 

Furthermore, among the rolled control only two of six Charpy specimens broke into two 



 

 84 

pieces (B1 and B7), while the remaining five (B2-B6) held together after testing Figure 

26. However, all of the replicates in the DMLS control group broke into two parts, 

indicating a less ductile behaviour than the rolled material. It was also observed by 

physical touch that the rolled and DMLS control specimens increased in temperature 

immediately after fracture. On the other hand, all rolled and DMLS Charpy samples that 

had been precipitation hardened to H900 had ricocheted in the opposite direction as the 

pendulum, exhibiting a brittle behaviour with no temperature change in the material. 

 
Figure 26. Fractured Rolled-B1 to Rolled-B7 Charpy specimens from left to right. 

Fractographic analysis on the fractured surfaces of the Charpy specimens is described in 

the following sections and touches on percent shear area, and SEM analysis on ductile 

and brittle microstructures.  

4.4.3 Percent Shear Area 

Fractured surfaces of each experimental group are shown in Figure 27. Based on the 

fracture appearance chart and percent shear area as shown in Figure 4, taken from ASTM 

E 23-16b [63], sample groups DMLS-A, Rolled-A, DMLS-C, and Rolled-C express < 

10% shear area. Therefore, their fracture mode was primarily caused by brittle fracture. 

Samples from experimental group DMLS-B fractured with approximately 50% shear 
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area, resulting in a fracture with brittle and ductile behaviour, while samples from Rolled-

B group appeared to have a 100% shear area and therefore fractured with ductile 

behaviour.  

 
Figure 27. Fractured Charpy samples displaying percent shear area for each experimental group. 

4.4.4 SEM Analysis of Fractured Surfaces 

SEM images taken at 50x magnification of the corner area of the fractured surface was 

examined for each of the six samples representing each experimental group. In 

comparing the surfaces between the two methods of manufacturing for each heat 

treatment group, more ductile fracture behaviour is seen among the rolled samples 

(Figure 28, Figure 30, and Figure 32) than the DMLS samples (Figure 29, Figure 31, and 

Figure 33). Sample groups Rolled-A (Figure 28) and Rolled-C (Figure 32) have similar 

low amounts of ductile fracture area compared to their counterpart DMLS-A (Figure 29) 

and DMLS-C (Figure 33), which showed little to no ductile fracture area. Sample groups 

that were not subject to heat treatment H900, Rolled-B (Figure 30) and DMLS-B (Figure 

31), showed the most amount of ductile fracture area, in particular Rolled-B.  

Shear 
area 
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Figure 28. SEM fracture surface micrograph of Rolled-A at 50x magnification. 

 

 
Figure 29. SEM fracture surface micrograph of DMLS-A at 50x magnification. 
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Figure 30. SEM fracture surface micrograph of Rolled-B at 50x magnification. 

 

 
Figure 31. SEM fracture surface micrograph of DMLS-B at 30x magnification. 
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Figure 32. SEM fracture surface micrograph of Rolled-C at 50x magnification. 

 

 
Figure 33. SEM fracture surface micrograph of DMLS-C at 50x magnification. 

 
 When examining the corner edges of DMLS-A (Figure 34) and DMLS-C (Figure 

35) at higher magnification, some ductile behaviour is seen in the form of dimples near 

the fractured surface edge. In Figure 34, a fracture transition from dimpling to 
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intergranular embrittlement is shown at 1000x magnification, with presence of Nb 

carbides. At 5000x magnification the dimples are more prominently shown (Figure 35). 

However, this amount of ductile fracture in DMLS-A and DMLS-C is to be considered 

very minimal and the fractures are primarily brittle. 

 
Figure 34. SEM micrograph of DMLS-A fracture surface edge at 1000x. 

 

 
Figure 35. SEM micrograph of DMLS-C fracture surface edge at 5000x. 
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 The center area of the fractured surfaces showed a combination of cleavage 

facets, voids, and dimples (as shown in Figure 36) among the precipitation hardened 

treatment groups (A and C) for both forms of manufacturing (Figure 36, Figure 37, 

Figure 41, and Figure 42). The precipitate hardened rolled material (Figure 36 and Figure 

41) showed slightly more ductile dimple structures than the DMLS material (Figure 37 

and Figure 42). At higher magnification, DMLS-A (Figure 38), showed some hidden 

dimples within the brittle structure. The Charpy samples that did not undergo 

precipitation hardening (B) predominantly showed dimples in the microstructure (Figure 

39 and Figure 40). When comparing the different methods of manufacture for the non-

heat treated material, the rolled material (Figure 39) showed a completely ductile 

structure with large dimples, where DMLS ( Figure 40) showed much smaller dimples 

and a few areas of brittle cleavage facets. 

 
Figure 36. SEM micrograph of Rolled-A near center of fractured surface at 1000x magnification. 
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Figure 37. SEM micrograph of DMLS-A near center of fractured surface at 1000x magnification. 

 

 
Figure 38. SEM micrograph of DMLS-A near center of fractured surface at 5000x magnification. 
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Figure 39. SEM micrograph of Rolled-B near center of fractured surface at 5000x magnification. 

 

 
 Figure 40. SEM micrograph of DMLS-B near center of fractured surface at 5109x magnification. 
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Figure 41. SEM micrograph of Rolled-C near center of fractured surface at 1000x magnification. 

 

 
Figure 42. SEM micrograph of DMLS-C near center of fractured surface at 1000x magnification. 

 



 

 94 

4.5  Microstructure 

The median absorbed energy values from experimental groups Rolled-A, DMLS-A, 

Rolled-B, and DMLS-B were found in specimens: Rolled-A3, DMLS-A3, Rolled-B5, 

and DMLS-B1. For labeling purposes, the micrographs are referenced to the 

experimental group names Rolled-A, DMLS-A, Rolled-B, and DMLS-B. The following 

section includes an analysis on the grain structure, grain orientation, presence of austenite 

and martensite, and elemental composition.  

 The SEM micrographs showcasing the microstructures at 2000x magnification of 

the polished and etched top surfaces of Rolled-A, DMLS-A, Rolled-B, and DMLS-B are 

shown in Figure 43, Figure 44, Figure 45, and Figure 46, respectively. Through SEM 

analysis, the etchant used in this research was only able to clearly identify grain 

boundaries for Rolled-B top surface as shown in Figure 45, and some grain boundary 

detection in Rolled-A top surface as shown in Figure 43. Since grain boundaries were not 

detectable for all experimental groups, grain size was not measured. 

 When comparing the microstructure of Rolled-A to DMLS-A, grain orientation 

and structure were similar in Rolled-A and DMLS-A, both appearing as equiaxed and 

homogeneous. Both groups showed similar amounts of martensite and austenite, with 

martensite appearing as an organized columnar structure within the grains. However, the 

grains appear more refined in the SEM micrographs of Rolled-A than DMLS-A. The 

microstructures of Rolled-B and DMLS-B in annealed state appeared similar, both 

showing less martensite than in their precipitation hardened conditions. The only clear 

difference between Rolled-B and DMLS-B are the apparent grain boundaries shown in 

Rolled-B (Figure 45). 
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Figure 43. SEM micrograph of Rolled-A polished and etched top surface at 2000x magnification. 

 
Figure 44. SEM micrograph of DMLS-A polished and etched top surface at 2000x magnification. 

Martensite 

Martensite 
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Figure 45. SEM micrograph of Rolled-B polished and etched top surface at 2000x magnification. 

 
Figure 46. SEM micrograph of DMLS-B polished and etched top surface at 2000x magnification. 

Grain boundaries 
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Figure 47. SEM micrograph of DMLS-A polished and etched side surface at 2000x magnification. 

 
Figure 48. SEM micrograph of DMLS-B polished and etched side surface at 2000x magnification. 
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 No evidence of material layering from the DMLS process was shown on the side 

surfaces of DMLS-A (Figure 47) and DMLS-B (Figure 48). However, when comparing 

the side surfaces of DMLS in annealed condition versus when precipitation hardened, 

more martensite was shown after precipitation hardening (Figure 47).  

 The EDS spot analyzed for elemental composition of the Rolled-A side surface is 

shown in Figure 49 (spot 2), along with the elemental distribution for spot 2 (Figure 50). 

The elemental weights from spot 2 are displayed in Table 20. The majority of the 

measured elemental weights are within the requirements from the manufacturer (see 

Table 4 in section 3.2.1), apart from the carbon content that is higher (5.4%) than 

expected (max. 0.07%). Presence of Nb carbides was detected in all cases as small white 

spots. However, more Nb carbides were seen in DMLS samples than in rolled samples. 

Figure 51 and Figure 52 show the EDS spot location and elemental distribution, 

respectively. 

 
Figure 49. SEM micrograph of Rolled-A side surface analyzing spot 2 for elemental composition. 
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Figure 50. EDS elemental distribution for spot 2 in Figure 49. 

Table 20. Element composition of etched Rolled-A side surface in weight % from spot 2 in Figure 49. 

Element C Si Cr Fe Ni Cu 
Weight % 5.4 0.24 13.92 72.98 4.41 3.04 
 

 
Figure 51. SEM micrograph of Rolled-A side surface showing EDS spot 1 analyzing Nb carbides. 

 

 
Figure 52. EDS elemental distribution of spot 1 from Figure 51. 
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4.6 Porosity 

There were no visible signs of porosity observed in the SEM micrographs of the fractured 

surfaces from section 4.4.4 and of the polished and etches surfaces from section 4.5 

across all of the experimental groups. However, when observing the fractured surfaces of 

specimens with the naked eye, three of the six experimental groups appeared to have a 

darkened area near the notch location. These darkened areas could be the result of 

contamination from an unidentified liquid during machining, which could be indicative of 

a porous material. Dark areas were found in all replicate samples from groups that were 

heat treated first followed by machine notching (DMLS-C and Rolled-C) and DMLS-B. 

However, there were no darkened areas found in the samples that had been machine 

notched first followed by heat treatment (DMLS-A, Rolled-A), and Rolled-B. Darkened 

areas were most prominent in DMLS-C, and least prominent in DMLS-B. See Figure 53 

for an image of the fractured surfaces displaying the darkened areas.  

 

Figure 53. Photographic image of one fractured specimen from each group showing darkened areas 
on DMLS-B, DMLS-C, and Rolled-C. 
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Chapter 5 

5  DISCUSSION 

The two factors tested on 15-5PH stainless steel were method of manufacture and 

precipitation hardening heat treatment. Their significance and effect on material 

toughness and the other material properties tested are discussed in the following sections.  

5.1  15-5PH Material Toughness of DMLS versus Rolled 

The fixed effect model determined that method of manufacture is a significant factor 

(p<0.0001) when predicting energy absorption. It was found that manufacturing 15-5PH 

stainless steel using DMLS does not create the same mechanical strength in terms of 

material toughness than conventionally rolled 15-5PH. Most importantly, without 

precipitation hardening the material, the material toughness of DMLS was 27.25 J, which 

is only 16% of the rolled material (168.15 J). With precipitation hardening, the material 

toughness of DMLS 15-5PH decreased by 72% to 7.68 J, and the rolled material 

toughness decreased by 92% to 14.84 J. As a result, the difference in material toughness 

between DMLS and rolled reduced to a difference of 50%. However, even with 

precipitation hardening, the material toughness of DMLS is not comparable to those of 

conventionally rolled.  

 The following section discusses the possible causes for the different material 

toughness’s found between 15-5PH stainless steel manufactured by DMLS from metal 

powder and by traditional machining of conventional rolled stock. These areas include 
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the nature of the DMLS process, powder quality, density, porosity, mode of fracture, and 

microstructure.  

5.1.1 Nature of the DMLS Process 

Different build environments between the two manufacturing methods may be the key 

factor in explaining the difference in material toughness between DMLS and 

conventional manufacturing. While the DMLS parts undergo manufacturing, the 

substrate and surrounding powder are exposed to heat from the laser, inert gases, and 

contact with sintered and un-sintered powder. The exposure to this type of build 

environment has an effect on the material properties such as density, porosity, 

microstructure, and material properties. For example, Yasa et al. [8] have investigated the 

material toughness of DMLS parts and agree that laser-fused parts do not have as high 

material strength than bulk metal materials. They declared a lower material toughness in 

DMLS parts is due to lower porosity, impurities found in the parts such as oxygen and 

nitrogen, and the nature of more brittle non-equilibrium phases. Although the research 

presented found no conclusive evidence of porosity or impurities among the DMLS 

material, a more brittle behaviour was found among the DMLS material than the rolled 

material in terms of brittle fracture surface, cleavage facets, and more martensite. All of 

these brittle characteristics found in DMLS indicate that the material has a low resistance 

to fracture, which correlates with the low absorbed energies measured.   

 It is possible that DMLS exposes the substrate to a form of “precipitation 

hardening” during the manufacturing process. Martensite is a brittle phase that forms at 

132°C and completes at 32°C [58]. The nature of the DMLS process involves continuous 

melting of the powder and cooling of the sintered layers, therefore the temperature of the 
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DMLS material fluctuates thus forming martensite phases within the structure. In 

addition, the DMLS manufacturing process is often several hours essentially exposing the 

substrate to a precipitation hardening-like environment over a long period of time. The 

result of having the DMLS part in this kind of thermal environment could be the reason 

why the material toughness is lower for the DMLS material than the rolled material. 

Furthermore, since the DMLS parts have already been exposed to this sort of heat 

treatment during manufacturing that has potentially caused material hardening, it could 

explain why the difference between the material toughness of DMLS before and after 

H900 heat treatment is much less than the difference for rolled 15-5PH before and after 

H900 heat treatment.  

 The reason for the difference in martensite formation between DMLS and 

conventional manufacturing is attributed to the surrounding build environment. When 

conventionally manufacturing parts made from rolled material, the material is exposed to 

air. On the other hand, when DMLS parts are manufactured all surfaces minus the surface 

being lasered are exposed to metal powder or the metal baseplate. When considering the 

thermal conductivity of air (0.024 W/m�K) versus 15-5PH stainless steel (13.8 ± 0.08 

W/m�K) [67], heat flow is much quicker in metal than in air. Hence, during DMLS the 

substrate is continuously losing heat to its surrounding environment, whereas during 

conventional manufacturing the heat is mostly retained within the material. As a result of 

heat loss during DMLS, the temperature of the substrate reduces which causes martensite 

to form and prevents reversed austenite to form. The actual temperature of the substrate 

during DMLS is unknown, but it is assumed that it is less than the temperature of rolled 
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material during conventional manufacturing based on the thermal conductivities of the 

surrounding build environment.  

5.1.2 Particle Analysis 

Quality of powder feedstock plays a very important role in determining final material 

characteristics of DMLS parts such as density and mechanical properties [20]. Although 

the powder had been recycled from previous builds, 99% of the particle distribution 

remained within nominal particle size distribution for DMLS powder of 10 to 45 µm [6], 

with a mean size of 38 µm. Having used a layer thickness of 40 µm as opposed to 20 µm 

can be considered more suitable for the powder that was used because Sames et al. [69] 

suggest using a mean particle size smaller than the layer thickness. When particles larger 

than the layer thickness are used, the particles are less likely to undergo full melting and 

may result in loose particles, a porous structure, and a rough surface finish [6]. However, 

using a larger layer thickness can have negative effects on material density and porosity. 

 The remaining 1% of particles by volume was detected as a small distribution of 2 

to 10 µm. It is very possible that the small distribution is represented by the little attached 

particles appearing as bumps on the SEM micrographs as shown in Figure 16 and Figure 

17 from section 4.1, given their microscopic measurement from the micrographs and 

having the same elemental composition as the main particles. These small bumps can be 

referred to as satellite particles because they showed the same elemental characteristics as 

the particles themselves. Satellite particles are common in recycled metal powder for 

DMLS. The attached particles are likely to have formed during previous builds, where 

the very fine particles in the powder batch may have sintered to the larger particles. 

Carroll et al. [70] have studied the effects of powder recycling and say that particles may 
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interact with the laser beam or heated substrate during build, which may or may not cause 

them to attach to the substrate or surrounding particles. Their study showed similar 

powder surface morphology of small attached bumps on the majority of the particles and 

was consistently found in the same powder that had been recycled once to ten times. 

Sames et al. [6] suggest that satellite particles and non-uniform spherically shaped 

particles can have a negative impact on flowability, material density, which can impact 

mechanical properties such as material toughness. However, Carroll et al. found that 

powder could be recycled 10 times without showing significant changes to surface 

morphology, porosity, particle size distribution, and elemental composition.   

 The elemental analysis of 15-5PH powder (Table 7) showed to have some 

differences and similarities in chemical compositions listed from the manufacturer’s 

powder spec sheet (Table 5). The carbon content detected in elemental analysis was 

relatively high measuring over 3% weight (Table 7), where the spec sheet from EOS 

declares carbon content should be a maximum of 0.07 % weight (Table 5). In addition, 

the carbon content detected in the etched Rolled-A side surface was also higher (5.4% as 

shown in Table 20) than the measured value from the manufacturer in annealed condition 

(0.04% as shown in Table 4). This large increase in carbon content could be attributed to 

the effects from precipitation hardening, however given both cases of unusually high 

carbon content detected, it is likely that there is a source of error with the EDS 

measurement. It is uncertain when the EDS system was last calibrated, and whether the 

laser used for analysis was the appropriate size. Nonetheless, carbide growth tends to 

cause hardening and brittle behaviour [55]. This could be a reason why material 

toughness was lower in DMLS samples than in rolled samples. Additionally, small 
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amounts of aluminum (<1%) were measured in the powder but were not declared in the 

spec sheet. Most importantly, chromium, copper, and nickel contents were within range 

of 15-5PH powder requirements of approximately 14-15.5% chromium, 2.5-4.5% copper, 

and 3.5-5.5% nickel except in one area where it was slightly lower than 3%.  

5.1.3 Effects of Density and Porosity 

Although the density results tested from the DMLS and rolled Charpy samples showed to 

be significantly different, they are both comparable to the density requirement of 15-5PH 

stainless steel in annealed and precipitation hardened conditions. 15-5PH has a density of 

7.78g/cm3 in annealed condition, and increases to 7.80g/cm3 after being precipitation 

hardened [52]. Density results for DMLS and rolled 15-5PH were 7.75 and 7.78 g/cm3 in 

annealed condition, which is 99.6% and 100% the actual density, respectively. The 

density of DMLS and rolled 15-5PH after being precipitation hardened to H900 were 

7.76 and 7.79g/cm3, which is 99.5% and 99.9% the actual density, respectively. In both 

cases, the densities increased by approximately 0.01g/cm3 after precipitation hardening. 

Therefore it can be concluded that heat treating 15-5PH increases its density. 

 Normally, materials reaching full density shall exhibit typical mechanical 

behaviour related to their alloy composition. However, the mechanical behaviour of 15-

5PH stainless steel is different based on the method of manufacture, even though both 

forms of manufacturing showed adequate density results with minimal differences. In 

annealed condition, the DMLS and rolled mean material toughness’s were 27.25 J (SD: 

1.21) and 168.15 J (SD: 7.72), respectively. That is, a difference of 140 J between the two 

forms of manufacturing tested. After H900 heat treatment, the material toughness gap 

between the two forms of manufacturing reduced to 7.16 J but remains significantly 
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different by 2-fold. In precipitate hardening condition, the DMLS and rolled materials 

showed mean material toughness results of 7.68 J (SD: 0.52) and 14.84 J (SD: 2.94), 

respectively. Given that the differences in material toughness between DMLS and 

conventional forms of manufacturing were much larger than the difference in densities, it 

can be concluded that density does not contribute to the material toughness. Therefore, a 

significantly reduced material toughness of DMLS alloy must be caused by other sources 

such as material composition, powder quality, and the nature of the DMLS process.  

 Although both forms of manufacturing reached near full/full density, DMLS 

showed slightly lower density values than rolled at both heat treatment levels. This may 

be attributed to the process parameter settings, powder quality, the nature of the DMLS 

manufacturing process, and porosity. Although EOS claims that a layer thickness of 40 

µm can achieve full density with the appropriate parameter settings, density may have 

been increased if a smaller layer thickness (20µm) was used instead of 40 µm because 

smaller layers have been found to create parts closer to full density and a reduction in 

porosity [41]. However, the benefits of reducing layer thickness on density is counter-

active on the recommendation of using a layer thickness greater than mean particle size, 

thus would likely not execute the benefits of using a smaller layer thickness. Other ways 

to improve density for DMLS materials would be to improve powder quality by avoiding 

use of recycled powder, and making adjustments to the precipitation hardening heat 

treatment process.         

 Porosity is related to density, therefore a slight reduction in density among the 

DMLS material could be a sign of porosity. However, there were no visible signs of 

porosity in either material’s structure at a microscopic level, though there was presence of 



 

 108 

liquid penetration found in DMLS-C, Rolled-C, and DMLS-B. Among those groups, the 

most prominent signs of liquid based on darkened area around the fractured surface were 

in the DMLS material. This could be related to porosity and density differences. It has 

been noted in the literature that achieving minimal porosity in DMLS materials is a 

constant challenge [18]. Porosity developing in DMLS materials may be initiated by the 

quality of the metal particles used. Furthermore, while the powder is exposed to inert gas 

during build, the gas may get lost inside the powder and lead to vapour pressurize 

spherical pores, resulting in powder-induced porosity in the fabricated material [6]. A 

possible solution to improving density and reducing porosity is to increase the 

temperature of the build chamber [29]. 

 The conclusions drawn from the density results found in this thesis indicate that 

DMLS can produce parts near full density, however there is room for improvement. In 

terms of density effecting material toughness, there is no evidence to support that the 

cause of lower material toughness for materials manufactured by DMLS is due to density. 

A benchmarking study by Lyczkowska et al. [26] have reported that DMLS can produce 

parts near full density with good mechanical strength. In fact, DMLS has been used for 

medical applications such as creating full homogeneous scaffolds with complex 

structures. As a result, DMLS has the potential for applications that involve 

manufacturing parts with medium to high complex geometric features while maintaining 

full density and mechanical strength. However, further research is needed to determine 

the cause of lower material toughness among DMLS made parts. With additional 

improvements in DMLS of 15-5PH, the potential for using this advanced manufacturing 

technique to create custom surgical tools for impact may increase.  
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5.1.4 Mode of Fracture 

The ASTM standard for notch bar impact testing of metallic materials [63] describes 

brittle and ductile fractured surfaces as the following. A brittle fractured surface appears 

crystalline and occurs when the normal stress exceeds the cohesive strength before any 

plastic deformation can occur after the pendulum swings and strikes the specimen bar. A 

ductile fractured surface appears fibrous and occurs when elastic behaviour develops 

until the shear stress exceeds the shear strength of the material and the material begins to 

deform plastically. It is also possible to see a combination of brittle and ductile fractured 

surface. 

 When comparing annealed 15-5PH in DMLS and rolled materials, the differences 

in fractography were clear. The fractured surfaces on the rolled samples appeared 

completely fibrous with a percent shear area of nearly 100%, concluding it to be a 

completely ductile fracture caused by plastic deformation. On the other hand, DMLS 

appeared fibrous around the perimeter of the fracture surface and crystalline in the 

middle, resulting in about 50% shear area. Microscopically, the rolled material showed 

much larger dimples (approx. 2-10 µm) at high magnification than the dimples in DMLS 

(approx. 0.5-1µm). Larger dimples are related to greater plastic deformation, thus a 

higher resistance to fracture. Additionally, there appeared to be some cleavage facets on 

the DMLS surface, which is an indication of brittle fracture. These microstructures 

examined on the fracture surfaces correlate with the findings on material toughness 

among these two methods of manufacturing 15-5PH stainless steel, where rolled 

exhibited a 6-fold larger resistance to fracture than DMLS.  
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 When analyzing the difference in mode of fracture between DMLS and rolled in 

precipitation hardened condition, both had primarily brittle failures. When observing with 

the naked eye, both methods of manufacture appeared as crystalline, with less than 10% 

shear area and were difficult to distinguish between the two. However, when observing at 

low magnification through SEM some differences were found. The rolled samples 

exhibited more ductile fracture near the edge of fracture in comparison to DMLS. 

Furthermore, when observing at high magnification a larger surface area of dimples 

appeared near the edge of the rolled material. Additionally, slightly more ductile 

microstructure was also observed in the middle of the fractured surface for the rolled than 

the DMLS. Dimples are a sign of ductile fracture because they occur from plastic 

deformation [56]. Completely brittle materials do not undergo plastic deformation, and 

have high hardness but low ductility. Material toughness decreases when hardness 

increases and ductility decreases. More dimples found in the rolled material correlates 

with the higher absorbed energy values among the rolled samples, and less dimples found 

in the DMLS material correlates with the lower absorbed energy values among the 

DMLS samples.      

5.1.5 Microstructure  

 The difference in grain orientation between Rolled-A and DMLS-A is 

undistinguishable. Rolled-A and DMLS-A showed a columnar martensite structure. For 

DMLS-A, this can relate to the direction of heat flow from the melt pool. This finding 

correlates with research on DMLS, where DMLS materials are described as typically 

having a columnar grain structure that follows the direction of the melt pool and the heat 

flow through the melt pool [6]. Additionally, equiaxed grain structures containing 
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randomized formation of austenite and mixed martensite within the matrix were seen in 

Rolled-A and DMLS-A samples. This microstructure is typically caused by dissolution of 

alloying elements in ferrous matrix [55]. It was difficult to find evidence of more 

martensite in the DMLS samples than the rolled samples, considering that martensite is a 

contributing factor to brittle behaviour. Sample groups Rolled-B and DMLS-B whom did 

not undergo precipitation hardening showed microstructures similar to those in 

precipitation hardened condition, but had less martensite phase. Since martensite is a 

brittle phase due to its BCC structure, more martensite in the precipitation hardened 

materials exhibited a more brittle behaviour than the annealed samples, which underwent 

a more ductile fracture.  

 Although layering was not visually detectable among the DMLS samples, this 

does not necessarily mean that the layers do not exist. It could be that the layers fused 

together very well, thus making them difficult to detect microscopically.  

 Niobium carbides are commonly found in 15-5PH stainless steel because Nb is 

added to the steel to trap the low level of carbon into carbides [54]. Carbides alter the 

mechanical properties by increasing material hardness, hence reducing material 

toughness. Since more Nb carbides were found among the DMLS material than the rolled 

material, the difference in material toughness between these forms of manufacturing 

could be attributed to Nb carbides.  

5.2  Effects of Precipitation Hardening 

The following section discusses the effects and significance of precipitation hardening 

15-5PH stainless steel on material toughness, material deformation, density, porosity, 

mode of fracture, and microstructure.  
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5.2.1 Material Toughness 

When comparing 15-5PH stainless steel in annealed condition versus after H900 

precipitation hardening, precipitation hardening has shown to significantly (p<0.0001) 

decrease material toughness in both DMLS and rolled methods of manufacture. 

Precipitation hardening changes the microstructure and mechanical properties of metals 

by creating barriers to dislocation movement. In 15-5PH stainless steel, precipitation 

hardening is caused by the production of copper precipitates [57], and dissolution and 

growth of carbon into carbides [55]. These changes increase material hardness, thus 

reducing ductility and material toughness [56]. A research paper that studied the material 

toughness of DMLS metal material also found that heat treating the material significantly 

lowers the resistance to breakage and decreases the amount of plastic deformation [8]. 

These explanations of material change from exposure to H900 correlates with the 

findings in this thesis of a reduction in material toughness in both DMLS and rolled 

manufacturing groups after being precipitation hardened. 

 This type of brittle behaviour when precipitation hardened is to be expected for 

15-5PH stainless steel, as it is designed to undergo precipitation hardening to improve 

mechanical strength and hardness. Based on the material toughness outcome from H900 

precipitation hardening on DMLS, this condition may not be the most suitable for 

achieving optimal material toughness for DMLS 15-5PH stainless steel. Therefore, H900 

may not be the most appropriate for DMLS parts that are designed for high impact 

conditions, as its brittle behaviour may not be able to withstand such forces without 

fracturing. Taking the nature of the DMLS process into account, a precipitation hardening 
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heat treatment at a higher temperature for a longer duration may improve the material 

toughness by softening the material. Future work on this topic is discussed in section 6.2. 

5.2.2 Deformation 

Precipitation hardening of 15-5PH stainless steel was found to cause significant (p<0.01) 

material deformation among Charpy samples manufactured from DMLS and from 

conventional machining of rolled material. Rolled and DMLS samples underwent 

negative deformation in all dimensions. With all deformation being negative, this 

indicates material shrinkage after exposure to H900 heat treatment. Rolled and DMLS 

materials showed similar material deformation as a result of precipitation hardening. The 

smallest deformation ratio was found in the average height dimension of group DMLS-A 

with a ratio of -0.00041mm/mm, and was the only ratio that was not significantly 

different than zero based on the z-test. On the other hand, DMLS-C that had undergone 

the same manufacturing process and precipitation hardening deformed by -0.00087 

mm/mm, which is close to the values obtained in groups Rolled-A (-0.00083 mm/mm) 

and Rolled-C (-0.00090 mm/mm). Additionally, there were no significant differences 

between the deformation ratios of DMLS and rolled materials in length and width. 

Therefore, it is concluded that precipitation hardening heat treatment H900 has a similar 

effect on DMLS and rolled in terms of shrinking the material.  

 Measured deformation ratios for all groups were larger than the expected 

deformation ratio of 0.00045 mm/mm, apart from the height ratio of DMLS-A. The 

largest ratio was 0.00134 mm/mm from group DMLS-C average width. However, the 

ratios are considered fairly close to the expected value thus validating the method of 

measuring the Charpy dimensions. Deformation by contraction ratios also correlates with 
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the increase in density that was detected in all sample groups after being subject to H900 

heat treatment. However, it is important to note that the deformation change is too 

minimal to have an effect on material toughness from annealed to precipitation hardened 

condition. Accuracy and precision of the caliper used to take all measurements could be a 

potential source of error when taking the Charpy measurements.  

 Negative deformation from precipitation hardening can be explained by the 

changes in microstructure when undergoing heat treatment. Palanisamy et al. [55] claim 

that when 15-5PH stainless steel is precipitate hardened, more BCC martensite forms. 

This change in microstructure causes material deformation. Additionally, Sames et al. [6] 

say that precipitation hardening increases density, reduces porosity, and changes the 

materials structure. This change in structure leads to material deformation such as 

material shrinkage.  

 In considering the deformations in all dimensions, the length showed the most 

reduction in size among all sample groups. This result makes sense because the length 

contains the most material volume, and therefore undergoes more material shrinkage than 

the smaller dimensions such as width and height. There was no significant material 

expansion found among any of the sample groups that underwent precipitation hardening.  

 There were no significant differences found between the amount of deformation 

in the rolled and DMLS samples that had received notch machining prior to (A) or after 

heat treatment (C). However, considering this research has found that heat treatment 

causes material deformation in 15-5PH, it is recommended that post-process machining 

be done after all precipitation heat treatments are applied to achieve high precision for 

part dimension.   
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5.2.3 Effects on Density and Porosity 

Density has been shown to significantly increase as a result of precipitation hardening in 

both methods of manufacture. This change in material property is normal for DMLS 

materials. Any form of post processing heat treatment, including precipitation hardening, 

is known to reduce the porosity, increase density, and improve the microstructure of 

DMLS parts [6]. However, the material toughness significantly reduced after being 

treated with H900. The reason is not because the change in density, but rather the change 

of microstructure (see section 5.2.5).  

 Presence of what is assumed machine liquid in both methods of manufacture in 

treatment condition C, but not A is likely related to the order of notching and 

precipitation hardening. Given that Charpy samples in condition A underwent notching 

prior to H900, any liquid that may have penetrated into the material during that 

machining procedure could have been dispersed and released when heated during 

precipitation hardening. On the other hand, Charpy samples in condition C were 

precipitation hardened first, followed by machine notching, providing no way of 

preventing the liquid from penetrating into the material. When analyzing the Charpy 

samples that did not receive precipitation hardening heat treatment (condition B), only 

the DMLS samples showed some signs of liquid penetration. The explanation for this 

could be that the material is slightly porous, although no porosity was measured 

microscopically or from the density results. Therefore the DMLS material could be 

different from the rolled material in other ways than measured here.  



 

 116 

5.2.4 Mode of Fracture 

SEM micrographs taken of the fractured surfaces indicate primarily ductile fracture based 

on presence of dimples among annealed samples, and brittle fracture from presence of 

cleaving facets among H900 samples. These results agree with the literature indicating 

that ductile fracture is the dominant mode of fracture for conventional 15-5PH in 

annealed condition with fractured structures appearing uniform with lots of small dimples 

[55]. Among precipitation hardened fractures, the literature agrees with the findings in 

this research of a mixed quasi-cleavage mode of fracture as the fractured surface 

appeared to contain cleavage/facets and dimples/voids [48], [55].  

5.2.5 Microstructure 

The structural morphology of 15-5PH in annealed condition for rolled and DMLS 

samples appeared as plate-like and needle-like martensite formation, which is in 

agreement with the literature [55]. Among the rolled samples, the grains detectable from 

the etchant appeared as equiaxed grains with martensite laths inside prior austenite, 

which is also in agreement with literature [54]. Although the grain size was not 

measurable in this thesis for DMLS, the dimple size was detectable for both the rolled 

and DMLS materials in annealed condition. The ductile dimples were much larger in the 

rolled material than the DMLS material, which is relatable to grain size. The larger 

dimples found among the rolled material is attributed to more plastic deformation and 

higher resistance to fracture, thus indicated a higher material toughness than the DMLS 

material.  

 Research suggests that when 15-5PH stainless steel is precipitation hardened the 

grain size tends to increase in size from annealed condition due to the dissolution of 

carbides during aging [55]. After being treated with H900, the material becomes 

hardened and aged. In addition to hardness arising from the formation of copper 
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precipitates, there is an increase in martensite within the structure [55]. Martensite is 

BCC in nature and has a brittle behaviour. The microstructure analysis on rolled and 

DMLS in H900 condition showed more martensite structure than in annealed condition. 

This increase in martensite contributes to the reduction of material toughness. These 

results are in agreement with another study that found that solution treating 15-5PH 

caused a reduction in fracture toughness by 20% due to austenite transforming into 

martensite [51].  

5.3  Significance of Findings 

Through analyzing the material toughness of DMLS 15-5PH stainless steel, the findings 

suggest that it may not be possible to achieve the same mechanical strength from DMLS 

as conventional manufacturing. Therefore, it may not be feasible to manufacture 15-5PH 

stainless steel medical tools subject to impact forces using DMLS. There are several 

issues contributing to this.  

 The main issue addresses the bulk of this research. That is, DMLS 15-5PH does 

not have as high material toughness as 15-5PH in rolled form in annealed and heat treated 

conditions. The primary reason is likely related to the nature of the DMLS process. 

DMLS begins with a metal powder, undergoes a much different material fabrication 

procedure, and is exposed to a different build environment than conventional rolled 

material. As a result, DMLS parts are subject to a form of heat treatment as they are 

being manufactured. This type of exposure affects the material properties and material 

toughness. Perhaps the heat treatment processes need to be adjusted to accommodate the 

material property differences between DMLS and conventional forms. Other factors that 

may have contributed to a lower material toughness among the DMLS material are the 
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quality of metal powder feedstock, mode of fracture exhibiting more brittle behaviour, 

and a mainly martensite microstructure.  

 Additionally, 15-5PH is a precipitation hardened steel, which means the material 

is designed to undergo heat treatment to harden the material and change its material 

properties. After applying H900 heat treatment to DMLS and rolled sample material, both 

forms of manufacturing showed a decrease in material toughness. When considering the 

motivation for this research, which was to determine the potential of manufacturing 

surgical tools subject to impact forces, applying H900 is not recommended because it 

reduces material toughness. Perhaps applying a different precipitation hardening 

treatment would increase material toughness. However, precipitation hardening did 

improve material density in both methods of manufacture tested. Unfortunately, density 

was not attributed to the material toughness outcome.  

 Aside from the nature of the DMLS process and H900 heat treatment causing a 

reduction in material toughness for DMLS 15-5PH stainless steel, density and porosity 

were found to be similar among DMLS and rolled material. Therefore, the density and 

porosity of DMLS parts are concluded to be up to par with those of parts made by 

conventional manufacturing of rolled material.    

 Although the findings from this research suggest that DMLS should not be used 

in DMLS of 15-5PH stainless steel to create medical tools subject to impact, the 

manufacturing technology could be applied to other devices. It should not be forgotten 

that DMLS offers many advantages such as the ease of manufacturing custom parts with 

geometric freedom at low production cost while reducing waste. It may be feasible for 
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DMLS to manufacture other medical devices that are not subject to impact forces such as 

more refined surgical tools, for example in dentistry or soft tissue operation procedures.   

5.4  Limitations 

The factors tested on in this research were limited to a horizontal build orientation for the 

DMLS samples. However, performing impact tests on DMLS samples built in 

orientations other than horizontally is unnecessary because research has shown that 

horizontal builds produces optimal mechanical properties in comparison to other build 

orientations [5], [31]. Therefore, it is assumed that other build orientations would produce 

lower material toughness’ than the ones recorded here.  

 The slightly lower measured density values of DMLS sample groups in 

comparison to the rolled sample groups may be limited by the nature of the pycnometer 

test used to measure density. For each test, the sample specimens were positioned to 

stand up lengthwise, with one end resting on the bottom of the cylindrical holding 

chamber. It is worth noting that the surface roughness between the DMLS and rolled 

samples were different, with DMLS samples exhibiting a much rougher surface due to 

the process nature of DMLS. As a result of a higher surface roughness among the DMLS 

samples, there could have been a very small amount of air trapped underneath the end of 

each specimen in contact with the bottom of the holding chamber. This may have caused 

slightly higher volume sample readings for the DMLS experimental groups during each 

test run. Therefore, the somewhat lower density measurements among the DMLS 

samples could be explained by this source of error caused by this particular test method. 

However, the density difference between the two methods of manufacture tested in this 

thesis could also be related to the nature of manufacturing. For instance, in DMLS 
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density depends on several factors such as particle quality, process parameters, and 

elemental composition, as discussed in section 5.1.3.       

 Unfortunately, the grain boundaries were not detected among the DMLS fractured 

samples. The reason could be due to the nature of the microstructure. Therefore, grain 

sizes were not measured and the microstructure analysis was limited to observing the 

presence and patterns of martensite and austenite. Microstructural analysis was unable to 

evaluate presence of copper-rich precipitates, which play a major part in the mechanical 

behavior of 15-PH after being precipitation hardened. It would have been of value to 

examine the amount of copper-rich precipitates within the structure of the two methods of 

manufacture to correlate it with the material toughness.  

 Precipitation hardening was limited to treatment H900. This is the standard 

precipitation hardening heat treatment for 15-5PH, and the facility that applied the heat 

treatment is tailored to H900. If a different heat treatment condition were applied, it is 

possible that different material toughness results would have occurred. As a result, 

DMLS may have shown more promising material toughness results suitable for 

producing medical devices subject to impact forces. 
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Chapter 6 

6  CONCLUSIONS 

6.1  Summary of Findings 

Method of manufacture was shown to be a significant factor (p<0.0001) on material 

toughness for 15-5PH stainless steel. In annealed condition, the material toughness of 

DMLS 15-5PH stainless steel had a mean value of 27.25 J (SD: 1.21 J), which is 6-fold 

less than the mean material toughness of the rolled material (168.15 J (SD: 7.72 J)). After 

the materials were precipitation hardened, the material toughness of both forms of 

manufacturing reduced but DMLS remained lower (7.68 J (SD: 0.52 J)) than the rolled 

material (14.84 J (SD: 2.94)) by 2-fold.  

 The difference in material toughness between DMLS and conventional 

manufacturing can be explained by the nature of the DMLS manufacturing process. More 

specifically, as the DMLS parts are produced they are exposed to a form of heat 

treatment. In turn, the material properties are altered causing material hardening. The 

different build environments in terms of thermal conductivities between DMLS and 

conventional manufacturing can also explain the difference in material toughness. Since 

DMLS is surrounded by metal powder, the rate of heat loss is greater than the rate of heat 

loss in rolled material when exposed to atmospheric air during conventional 

manufacturing. This results in lower build temperatures and allows martensite to form 

more easily, causing material hardening.  
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 The recycled 15-5PH powder showed an expected particle distribution, with mean 

particle size of 38 µm. The quality of recycled 15-5PH powder was expected, showing 

presence of small sintered particles and some particle deformation resulting in non-

uniform spherically shaped particles. It is unclear whether using virgin powder would 

have improved material toughness results, but it may have improved density. Density was 

significantly lower (p<0.0001) in DMLS samples than in rolled samples, but was 99% the 

expected density value. Therefore, density was not considered a contributing factor to the 

difference in energy absorptions. There were no visible signs of porosity in both 

materials, apart from what appeared as liquid penetration in DMLS and rolled sample 

groups that were notched after heat treatment, and in the annealed only DMLS samples.   

 Mode of fracture in annealed condition differed between rolled and DMLS 

samples, where rolled showed nearly 100% fracture as ductile, and DMLS showed a 50% 

ductile and 50% brittle fracture based on percent shear area analysis and examination of 

amount and size of ductile dimples and cleaving facets through SEM. Fracture surfaces 

were similar between rolled and DMLS samples in H900 condition without microscopic 

analysis, having less than 10% shear fractured surface area. When examining the 

fractured surfaces at high magnification there showed slightly more ductile behaviour 

among the rolled samples than the DMLS samples as a result of the amount of ductile 

dimples present. The modes of fractures detected in these samples correlate with the 

material toughness results tested in this thesis, where higher material toughness exhibited 

more ductile fracture behaviour. 

 Grain orientation appeared as evenly disbursed equiaxed structures with columnar 

martensite within the boundaries for rolled and DMLS 15-5PH in annealed and H900 
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conditions. Although the SEM micrographs of the DMLS material were not as clear as 

the rolled material, there was slightly more martensite among the DMLS samples than the 

rolled samples in annealed and precipitation hardened states. There were no visible 

layering patterns on the top or side surfaces of the DMLS samples as a result of laser 

sintering. After H900 was applied to both forms of 15-5PH, the amount of martensite in 

the structure increased. An increase in martensite relates to the reduction in material 

toughness from annealed condition to precipitation hardened condition because it is a 

brittle phase. 

 Precipitation hardening was found to be a significant factor (p<0.0001) in terms 

of material toughness for both forms of manufacturing. Machine notching before or after 

H900 heat treatment did not make a significant difference in material toughness or 

density. Precipitation hardening caused similar material deformation by contraction in 

both forms of manufacturing. Material contraction is related to the measured density 

increase of 0.01 g/cm3 in both groups. However, this amount of deformation was 

concluded to be too small to have a significant effect on material toughness.  

 Although DMLS as a form of additive manufacturing offers many advantages in 

production over conventional manufacturing, the findings conclude that DMLS produces 

parts with different material toughness than conventional manufacturing. This difference 

is primarily attributed to the nature of the DMLS process. On the contrary, several 

material properties showed similar behaviour between the two forms of manufacturing 

tested. Precipitation hardening was a significant factor in changing material toughness 

and material properties for DMLS and rolled materials.  
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6.2  Future Work   

Direct metal laser sintering of 15-5PH stainless steel has shown to perform with lower 

material toughness than when rolled material is used in conventional manufacturing. 

Therefore future work is needed to improve its material toughness in order to apply 

DMLS to manufacture workable parts such as medical devices subject to high impact 

forces. Given that the nature of DMLS process was concluded to be the main cause for 

low material toughness, future work is needed to investigate the material changes during 

DMLS. Hardness testing for the DMLS and rolled material is also suggested as future 

work to compare to the material toughness results found here.  

 One suggestion would be to apply an additional heat treatment to the rolled 

material to determine whether it would undergo similar material changes as the material 

does during DMLS. This additional heat treatment would be applied after annealing, and 

would entail a long heat treatment process to mimic the process age hardening that the 

material goes through during DMLS. The energy absorption would be tested for on the 

specially heat treated rolled material and compared to the material toughness of DMLS in 

annealed condition. Microstructure and fractography could also be examined. If similar 

material properties are achieved, then it could be concluded that DMLS does apply a 

form of heat treatment to the manufactured parts that alters its mechanical properties. 

 Another suggestion is to apply a different precipitation hardening heat treatment 

to DMLS 15-5PH stainless steel. For example, H1150 heat treatment is a longer 

treatment process at a higher temperature. As a result, reversed austenite is able to form, 

thus producing a more ductile material. It would be interesting to determine whether 

applying this form of heat treatment to DMLS 15-5PH would have the same effect on 
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material toughness than it does on rolled material from conventional manufacturing. 

Applying other modified heat treatments tailored to DMLS materials is another area that 

could be studied in order to achieve comparable material toughness to that of rolled 

materials.   

 Alternative material selection such as 316L stainless steel could be analyzed as 

another possibility to additively manufacture medical tools subject to impact. This 

material is commonly used in the medical industry for devices and has been shown to be 

successful in developing products made by DMLS, thus making it a suitable candidate for 

future research on this topic.   
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APPENDIX A: Particle Size Distribution Results 

Particle Analysis Test 1 Results: Test output of particle distribution graph. 

 

Particle Analysis Test 1 Results: Test output of particle size by volume %. 
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Particle Analysis Test 2 Results: Test output of particle distribution graph. 
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Particle Analysis Test 2 Results: Test output of particle size by volume %. 
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APPENDIX B1: DMLS Charpy Measurements (mm) in 

As-fabricated Condition 

Group Sample Length 
Top 
Width  

Middle 
Width  

Bottom 
Width 

Top 
Height 

Middle 
Height 

Bottom 
Height  

Avg. 
Width 

Avg. 
Height 

A 1 54.90 10.30 10.28 10.31 10.48 10.48 10.50 10.30 10.49 
A 1 54.90 10.28 10.28 10.30 10.49 10.47 10.49 10.29 10.48 
A 1 54.90 10.27 10.28 10.31 10.47 10.47 10.50 10.29 10.48 
A 2 54.93 10.28 10.27 10.27 10.48 10.49 10.49 10.27 10.49 
A 2 54.92 10.28 10.27 10.27 10.48 10.48 10.49 10.27 10.48 
A 2 54.93 10.30 10.30 10.27 10.51 10.48 10.49 10.29 10.49 
A 3 54.93 10.29 10.31 10.30 10.52 10.56 10.63 10.30 10.57 
A 3 54.92 10.29 10.31 10.31 10.51 10.56 10.65 10.30 10.57 
A 3 54.92 10.29 10.31 10.31 10.51 10.56 10.64 10.30 10.57 
A 4 54.94 10.36 10.33 10.29 10.71 10.66 10.65 10.33 10.67 
A 4 54.94 10.36 10.31 10.28 10.70 10.65 10.64 10.32 10.66 
A 4 54.91 10.34 10.28 10.27 10.68 10.64 10.66 10.30 10.66 
A 5 54.90 10.29 10.30 10.31 10.46 10.50 10.55 10.30 10.50 
A 5 54.91 10.29 10.30 10.31 10.46 10.50 10.53 10.30 10.50 
A 5 54.90 10.30 10.26 10.32 10.45 10.49 10.56 10.29 10.50 
A 6 54.92 10.28 10.28 10.27 10.52 10.47 10.47 10.28 10.49 
A 6 54.93 10.29 10.29 10.28 10.49 10.49 10.47 10.29 10.48 
A 6 54.92 10.29 10.28 10.27 10.50 10.49 10.47 10.28 10.49 
A 7 54.92 10.28 10.28 10.29 10.56 10.49 10.47 10.28 10.51 
A 7 54.91 10.31 10.29 10.31 10.55 10.48 10.48 10.30 10.50 
A 7 54.91 10.30 10.31 10.29 10.57 10.50 10.48 10.30 10.52 
B 1 54.96 10.31 10.32 10.30 10.66 10.59 10.60 10.31 10.62 
B 1 54.94 10.28 10.29 10.30 10.65 10.61 10.60 10.29 10.62 
B 1 54.96 10.30 10.37 10.30 10.65 10.61 10.60 10.32 10.62 
B 2 54.95 10.34 10.30 10.32 10.54 10.54 10.68 10.32 10.59 
B 2 54.94 10.32 10.28 10.31 10.54 10.58 10.68 10.30 10.60 
B 2 54.95 10.32 10.29 10.31 10.55 10.61 10.68 10.31 10.61 
B 3 54.94 10.30 10.31 10.37 10.67 10.62 10.60 10.33 10.63 
B 3 54.95 10.30 10.39 10.36 10.67 10.63 10.60 10.35 10.63 
B 3 54.93 10.29 10.39 10.32 10.67 10.63 10.59 10.33 10.63 
B 4 54.91 10.31 10.31 10.29 10.53 10.51 10.54 10.30 10.53 
B 4 54.90 10.31 10.28 10.28 10.51 10.50 10.50 10.29 10.50 
B 4 54.90 10.29 10.29 10.28 10.53 10.53 10.52 10.29 10.53 
B 5 54.90 10.26 10.28 10.28 10.54 10.53 10.53 10.27 10.53 
B 5 54.92 10.26 10.29 10.29 10.54 10.51 10.53 10.28 10.53 
B 5 54.93 10.27 10.27 10.28 10.55 10.52 10.53 10.27 10.53 
B 6 54.93 10.30 10.28 10.27 10.49 10.50 10.56 10.28 10.52 
B 6 54.90 10.28 10.28 10.26 10.45 10.46 10.57 10.27 10.49 
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B 6 54.91 10.30 10.33 10.26 10.44 10.50 10.57 10.30 10.50 
B 7 54.96 10.27 10.27 10.27 10.57 10.54 10.54 10.27 10.55 
B 7 54.94 10.28 10.28 10.27 10.56 10.56 10.55 10.28 10.56 
B 7 54.92 10.27 10.30 10.27 10.56 10.55 10.53 10.28 10.55 
C 1 54.95 10.28 10.29 10.28 10.58 10.60 10.60 10.28 10.59 
C 1 54.96 10.28 10.29 10.28 10.56 10.59 10.60 10.28 10.58 
C 1 54.92 10.29 10.29 10.29 10.60 10.58 10.60 10.29 10.59 
C 2 54.95 10.26 10.28 10.28 10.49 10.50 10.50 10.27 10.50 
C 2 54.97 10.27 10.29 10.29 10.47 10.48 10.49 10.28 10.48 
C 2 54.93 10.28 10.30 10.30 10.47 10.51 10.50 10.29 10.49 
C 3 54.90 10.30 10.28 10.29 10.70 10.56 10.49 10.29 10.58 
C 3 54.92 10.32 10.29 10.28 10.59 10.55 10.49 10.30 10.54 
C 3 54.90 10.31 10.27 10.29 10.63 10.54 10.49 10.29 10.55 
C 4 54.93 10.29 10.29 10.31 10.68 10.62 10.61 10.30 10.64 
C 4 54.91 10.29 10.29 10.30 10.70 10.62 10.60 10.29 10.64 
C 4 54.95 10.30 10.30 10.30 10.70 10.62 10.60 10.30 10.64 
C 5 54.91 10.28 10.30 10.33 10.50 10.54 10.59 10.30 10.54 
C 5 54.92 10.28 10.29 10.33 10.50 10.55 10.59 10.30 10.55 
C 5 54.91 10.28 10.29 10.33 10.52 10.54 10.59 10.30 10.55 
C 6 54.91 10.28 10.28 10.28 10.45 10.48 10.50 10.28 10.48 
C 6 54.93 10.29 10.27 10.28 10.46 10.49 10.49 10.28 10.48 
C 6 54.91 10.28 10.27 10.28 10.50 10.51 10.51 10.28 10.51 
C 7 54.98 10.33 10.29 10.28 10.61 10.56 10.50 10.30 10.56 
C 7 54.97 10.32 10.28 10.28 10.62 10.56 10.50 10.29 10.56 
C 7 54.98 10.32 10.29 10.30 10.62 10.57 10.50 10.30 10.56 
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APPENDIX B2: DMLS Charpy Measurements (mm) after 

Post-Process Machining in Pre-H900 Condition 

Group Sample Length 
Top 

Width  
Middle 
Width  

Bottom 
Width 

Top 
Height 

Middle 
Height 

Bottom 
Height  

Avg. 
Width 

Avg. 
Height 

A 1 55.00 10.00 9.96 10.00 10.03 9.96 10.02 9.99 10.00 
A 1 54.91 10.00 9.96 10.00 10.03 9.97 10.02 9.99 10.01 
A 1 54.91 10.00 9.96 10.02 10.03 9.97 10.02 9.99 10.01 
A 2 54.94 10.07 9.99 9.99 10.06 10.00 10.05 10.02 10.04 
A 2 54.98 10.08 10.02 9.99 10.07 10.01 10.05 10.03 10.04 
A 2 54.91 10.07 9.98 10.00 10.06 10.01 10.05 10.02 10.04 
A 3 54.94 9.89 9.86 9.82 9.92 9.93 10.02 9.86 9.96 
A 3 54.91 9.92 9.85 9.83 9.92 9.93 10.04 9.87 9.96 
A 3 54.93 9.92 9.85 9.83 9.92 9.92 10.04 9.87 9.96 
A 4 54.93 10.02 9.97 10.01 10.06 9.98 10.02 10.00 10.02 
A 4 54.90 10.05 9.96 10.01 10.06 9.98 10.02 10.01 10.02 
A 4 54.92 10.02 9.98 10.01 10.06 9.98 10.02 10.00 10.02 
A 5 54.95 10.08 9.99 10.02 10.02 10.01 10.02 10.03 10.02 
A 5 55.00 10.04 10.00 10.02 10.02 10.01 10.02 10.02 10.02 
A 5 54.93 10.05 9.99 10.02 10.02 10.01 10.03 10.02 10.02 
A 6 54.99 10.05 10.01 10.06 10.05 10.05 10.01 10.04 10.04 
A 6 54.92 10.05 9.99 10.05 10.04 9.99 10.01 10.03 10.01 
A 6 54.95 10.04 10.00 10.02 10.05 9.98 10.00 10.02 10.01 
A 7 54.92 9.98 9.92 9.95 10.03 9.98 10.02 9.95 10.01 
A 7 54.94 9.95 9.92 9.96 10.02 9.98 10.01 9.94 10.00 
A 7 54.90 9.97 9.90 9.94 10.02 9.97 10.00 9.94 10.00 
B 1 54.98 10.04 9.96 9.99 10.07 10.03 10.04 10.00 10.05 
B 1 54.94 10.05 9.96 9.98 10.06 10.01 10.04 10.00 10.04 
B 1 54.95 10.04 9.96 9.97 10.06 10.03 10.04 9.99 10.04 
B 2 54.96 10.01 9.98 10.00 10.02 9.95 10.00 10.00 9.99 
B 2 54.96 10.02 9.99 10.00 10.03 9.95 10.00 10.00 9.99 
B 2 54.95 10.02 9.98 10.01 10.03 9.96 10.00 10.00 10.00 
B 3 54.95 9.96 9.94 9.97 10.08 10.00 10.04 9.96 10.04 
B 3 54.96 9.96 9.93 9.97 10.07 10.00 10.03 9.95 10.03 
B 3 54.98 9.96 9.94 9.97 10.07 9.99 10.04 9.96 10.03 
B 4 54.92 10.03 9.99 10.02 10.02 9.99 10.02 10.01 10.01 
B 4 54.91 10.05 10.00 10.03 10.04 10.00 10.04 10.03 10.03 
B 4 54.96 10.05 9.99 10.02 10.02 9.98 10.03 10.02 10.01 
B 5 54.94 10.00 9.97 10.00 10.03 9.96 10.01 9.99 10.00 
B 5 54.94 9.99 9.96 9.99 10.01 9.95 10.01 9.98 9.99 
B 5 54.93 10.00 9.96 9.99 10.01 9.95 10.02 9.98 9.99 
B 6 54.94 10.04 9.97 10.00 10.05 9.98 10.03 10.00 10.02 
B 6 54.91 10.05 9.97 10.01 10.06 9.99 10.02 10.01 10.02 
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B 6 54.97 10.04 9.98 10.01 10.06 10.00 10.03 10.01 10.03 
B 7 54.95 10.05 9.99 10.00 10.04 9.97 10.01 10.01 10.01 
B 7 54.91 10.05 9.98 9.98 10.03 9.97 10.00 10.00 10.00 
B 7 54.93 10.05 9.99 10.00 10.04 9.97 10.01 10.01 10.01 
C 1 54.94 10.02 10.01 10.03 9.96 9.92 10.01 10.02 9.96 
C 1 54.97 10.02 10.01 10.04 9.96 9.93 10.01 10.02 9.97 
C 1 54.93 10.02 10.04 10.04 10.02 9.92 10.00 10.03 9.98 
C 2 54.91 10.07 10.02 10.03 10.02 9.96 10.00 10.04 9.99 
C 2 54.94 10.08 10.01 10.03 10.03 9.96 10.01 10.04 10.00 
C 2 54.93 10.07 10.01 10.03 10.03 9.96 10.01 10.04 10.00 
C 3 54.91 10.04 9.99 10.00 10.06 10.03 10.04 10.01 10.04 
C 3 54.98 10.04 9.99 10.00 10.06 10.00 10.03 10.01 10.03 
C 3 54.97 10.09 9.99 10.00 10.06 9.99 10.03 10.03 10.03 
C 4 54.95 10.09 10.01 10.04 10.04 9.96 10.03 10.05 10.01 
C 4 54.95 10.09 10.01 10.04 10.02 9.96 10.03 10.05 10.00 
C 4 54.93 10.11 10.03 10.03 10.02 9.96 10.05 10.06 10.01 
C 5 54.91 10.06 10.02 10.04 10.02 9.97 10.01 10.04 10.00 
C 5 54.93 10.04 10.01 10.03 10.01 9.98 10.00 10.03 10.00 
C 5 54.97 10.03 9.99 10.03 10.00 9.95 10.00 10.02 9.98 
C 6 54.99 10.08 10.02 10.03 10.05 9.98 10.01 10.04 10.01 
C 6 54.95 10.08 10.02 10.04 10.06 9.97 10.01 10.05 10.01 
C 6 54.99 10.07 10.03 10.04 10.07 10.00 10.03 10.05 10.03 
C 7 54.98 10.04 9.99 10.02 10.05 9.93 9.92 10.02 9.97 
C 7 54.98 10.05 9.99 10.01 10.05 9.93 9.91 10.02 9.96 
C 7 54.97 10.05 10.02 10.02 10.06 9.92 9.90 10.03 9.96 
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APPENDIX B3: DMLS Charpy Measurements (mm) in 

Post-H900 Condition 

Group Sample Length 
Top 

Width  
Middle 
Width  

Bottom 
Width 

Top 
Height 

Middle 
Height 

Bottom 
Height  

A 1 54.93 10.00 9.96 10.00 10.03 9.97 10.01 
A 1 54.89 10.00 9.96 10.00 10.03 9.98 10.01 
A 1 54.89 9.99 9.95 10.00 10.03 9.98 10.01 
A 2 54.91 10.04 9.97 9.99 10.06 10.01 10.04 
A 2 54.93 10.05 9.97 9.97 10.06 10.01 10.04 
A 2 54.93 10.04 9.97 9.99 10.06 10.01 10.04 
A 3 54.88 9.90 9.85 9.82 9.91 9.94 10.03 
A 3 54.88 9.99 9.85 9.82 9.91 9.93 10.04 
A 3 54.88 9.91 9.85 9.82 9.91 9.93 10.04 
A 4 54.90 10.01 9.96 10.00 10.05 10.01 10.02 
A 4 54.90 10.02 9.96 10.00 10.06 10.00 10.02 
A 4 54.96 10.01 9.96 10.00 10.06 10.00 10.02 
A 5 54.87 10.03 9.99 10.02 10.01 10.00 10.02 
A 5 54.89 10.03 9.99 10.01 10.01 10.00 10.01 
A 5 54.89 10.03 10.03 10.02 10.01 10.00 10.01 
A 6 54.91 10.03 10.00 10.02 10.04 9.97 10.00 
A 6 54.92 10.03 9.99 10.02 10.04 9.97 10.00 
A 6 54.96 10.03 9.99 10.02 10.04 9.97 9.99 
A 7 54.89 9.98 9.90 9.94 10.02 9.97 10.01 
A 7 54.88 9.95 9.91 9.95 10.02 9.97 10.01 
A 7 54.92 9.95 9.91 9.94 10.02 9.97 10.00 
C 1 54.90 10.01 9.99 10.02 9.95 9.92 10.00 
C 1 54.92 10.01 9.99 10.01 9.95 9.92 10.00 
C 1 54.90 10.01 9.99 10.02 9.95 9.92 10.00 
C 2 54.90 10.09 10.01 10.02 10.02 9.96 10.01 
C 2 54.90 10.09 10.01 10.02 10.02 9.96 10.01 
C 2 54.91 10.08 10.01 10.03 10.02 9.96 10.03 
C 3 54.87 10.04 9.98 10.00 10.05 9.98 10.02 
C 3 54.89 10.04 9.98 10.00 10.05 9.98 10.02 
C 3 54.89 10.04 9.98 10.00 10.05 9.99 10.02 
C 4 54.93 10.06 9.99 10.02 10.02 9.96 10.02 
C 4 54.89 10.06 10.00 10.02 10.02 9.96 10.02 
C 4 54.90 10.07 10.00 10.03 10.02 9.96 10.02 
C 5 54.89 10.03 9.99 10.02 10.00 9.96 10.00 
C 5 54.89 10.03 9.99 10.02 10.00 9.95 10.00 
C 5 54.91 10.03 9.99 10.02 10.00 9.96 10.00 
C 6 54.88 10.06 10.00 10.02 10.04 9.97 10.01 
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C 6 54.90 10.06 10.00 10.02 10.04 9.97 10.01 
C 6 54.94 10.07 10.01 10.02 10.04 9.97 10.01 
C 7 54.95 10.04 9.98 10.00 10.04 9.92 9.98 
C 7 54.95 10.04 9.98 10.00 10.04 9.92 9.89 
C 7 54.95 10.04 9.99 10.00 10.04 9.91 9.89 
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APPENDIX B4: Rolled Charpy Measurements (mm) in 

Pre-H900 Condition 

Group Sample Length 
Top 

Width  
Middle 
Width  

Bottom 
Width 

Top 
Height 

Middle 
Height 

Bottom 
Height  

Avg. 
Width 

Avg. 
Height 

A 1 55.13 10.05 9.99 10.01 10.01 9.98 9.99 10.02 9.99 
A 1 55.12 10.06 10.00 10.02 10.02 9.99 10.00 10.03 10.00 
A 1 55.13 10.06 10.00 10.02 10.02 10.00 10.00 10.03 10.01 
A 2 54.72 10.01 9.99 10.01 9.99 9.98 10.04 10.00 10.00 
A 2 54.71 10.02 9.98 10.01 9.99 9.98 10.04 10.00 10.00 
A 2 54.71 10.01 9.99 10.02 9.99 9.98 10.04 10.01 10.00 
A 3 54.49 10.08 10.04 10.09 9.98 9.96 10.04 10.07 9.99 
A 3 54.46 10.09 10.04 10.09 9.97 10.00 10.04 10.07 10.00 
A 3 54.47 10.08 10.04 10.08 9.98 10.06 10.04 10.07 10.03 
A 4 55.37 10.01 10.00 10.04 9.99 9.97 10.04 10.02 10.00 
A 4 55.13 10.01 10.00 10.03 9.98 9.97 10.04 10.01 10.00 
A 4 55.13 10.01 10.01 10.03 9.98 9.97 10.04 10.02 10.00 
A 5 54.19 9.98 9.96 9.97 9.98 9.91 9.91 9.97 9.93 
A 5 54.22 9.98 9.95 9.98 9.98 9.90 9.90 9.97 9.93 
A 5 54.19 9.98 9.95 9.98 9.98 9.90 9.91 9.97 9.93 
A 6 54.89 10.06 10.03 10.04 9.98 9.94 9.99 10.04 9.97 
A 6 54.93 10.06 10.03 10.03 9.98 9.95 10.00 10.04 9.98 
A 6 54.95 10.06 10.04 10.03 9.98 9.95 9.99 10.04 9.97 
A 7 54.95 9.98 9.96 10.02 10.01 9.98 10.00 9.99 10.00 
A 7 54.95 10.03 9.96 10.03 10.01 9.98 10.00 10.01 10.00 
A 7 54.94 9.98 9.96 10.03 10.01 9.98 10.01 9.99 10.00 
B 1 55.04 9.99 9.96 9.97 10.03 10.00 10.01 9.97 10.01 
B 1 55.04 9.99 9.96 9.97 10.03 10.01 10.03 9.97 10.02 
B 1 55.06 9.99 9.96 9.97 10.03 10.00 10.01 9.97 10.01 
B 2 55.04 10.05 10.03 10.03 10.02 10.03 10.06 10.04 10.04 
B 2 54.92 10.05 10.01 10.03 10.01 10.03 10.06 10.03 10.03 
B 2 54.93 10.04 10.00 10.02 10.01 10.02 10.06 10.02 10.03 
B 3 55.15 10.08 10.00 10.07 10.01 9.98 10.01 10.05 10.00 
B 3 55.16 10.07 10.00 10.06 10.01 9.98 10.01 10.04 10.00 
B 3 55.34 10.06 10.00 10.05 10.00 9.99 10.01 10.04 10.00 
B 4 55.07 10.05 9.98 10.00 10.08 10.05 10.00 10.01 10.04 
B 4 55.06 10.05 10.00 9.99 10.03 10.01 10.00 10.01 10.01 
B 4 55.06 10.05 9.98 9.99 10.03 9.99 10.00 10.01 10.01 
B 5 55.06 10.00 9.95 9.99 10.11 10.08 10.10 9.98 10.10 
B 5 55.07 10.00 9.95 10.00 10.11 10.09 10.10 9.98 10.10 
B 5 55.09 9.99 9.94 10.00 10.11 10.08 10.11 9.98 10.10 
B 6 55.17 10.02 9.97 10.04 10.01 10.01 9.99 10.01 10.00 
B 6 55.17 10.01 9.97 10.04 10.01 9.97 9.99 10.01 9.99 
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B 6 55.17 10.01 9.97 10.03 10.01 9.97 9.98 10.00 9.99 
B 7 55.06 10.02 9.99 10.01 10.02 9.94 9.98 10.01 9.98 
B 7 55.06 10.02 9.97 10.02 10.01 9.94 9.98 10.00 9.98 
B 7 55.05 10.02 9.98 10.01 10.02 9.94 9.98 10.00 9.98 
C 1 55.14 9.93 9.92 10.01 9.99 9.92 9.97 9.95 9.96 
C 1 55.14 9.92 9.93 10.01 9.98 9.92 9.97 9.95 9.96 
C 1 55.18 9.92 9.92 10.01 9.99 9.91 9.97 9.95 9.96 
C 2 55.24 10.06 10.03 10.07 10.01 9.96 10.00 10.05 9.99 
C 2 55.24 10.06 10.03 10.06 10.02 9.96 10.00 10.05 9.99 
C 2 55.24 10.06 10.05 10.07 10.02 9.97 10.00 10.06 10.00 
C 3 55.02 10.06 10.04 10.05 10.04 10.02 10.04 10.05 10.03 
C 3 55.02 10.06 10.04 10.06 10.04 10.02 10.04 10.05 10.03 
C 3 55.02 10.05 10.04 10.05 10.04 10.02 10.04 10.05 10.03 
C 4 55.13 10.01 9.98 10.01 10.12 10.02 10.05 10.00 10.06 
C 4 55.13 10.01 9.97 10.03 10.13 10.03 10.05 10.00 10.07 
C 4 55.15 10.01 9.97 10.01 10.13 10.03 10.05 10.00 10.07 
C 5 54.35 9.98 9.94 9.95 10.04 10.01 10.01 9.96 10.02 
C 5 54.34 9.98 9.95 9.95 10.04 10.01 10.01 9.96 10.02 
C 5 54.34 9.98 9.94 9.95 10.04 10.02 10.02 9.96 10.03 
C 6 55.04 9.96 9.94 9.99 10.01 9.98 10.01 9.96 10.00 
C 6 55.04 9.96 9.95 9.99 10.01 9.98 10.01 9.97 10.00 
C 6 55.16 9.96 9.94 9.99 10.00 9.98 10.01 9.96 10.00 
C 7 55.00 10.05 9.96 10.02 9.99 9.96 10.00 10.01 9.98 
C 7 54.96 10.02 9.96 10.01 9.99 9.97 9.99 10.00 9.98 
C 7 54.97 10.03 9.97 10.01 10.00 9.96 10.00 10.00 9.99 
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APPENDIX B5: Rolled Charpy Measurements (mm) in 

Post-H900 Condition 

Group Sample Length 
Top 

Width  
Middle 
Width  

Bottom 
Width 

Top 
Height 

Middle 
Height 

Bottom 
Height  

A 1 55.10 10.04 9.98 10.01 10.01 9.99 9.98 
A 1 55.08 10.05 9.97 10.01 10.02 10.00 9.99 
A 1 55.11 10.04 9.97 10.01 10.01 10.00 9.99 
A 2 54.68 10.01 9.97 10.00 9.97 9.98 10.03 
A 2 54.69 10.00 9.96 10.00 9.98 9.97 10.04 
A 2 54.68 9.99 9.97 10.00 9.98 9.98 10.03 
A 3 54.41 10.08 10.04 10.08 9.96 9.95 10.03 
A 3 54.42 10.08 10.04 10.08 9.97 9.96 10.02 
A 3 54.42 10.08 10.04 10.08 9.96 9.96 10.03 
A 4 55.11 10.00 9.99 10.02 9.97 9.96 10.02 
A 4 55.12 10.00 9.99 10.03 9.97 9.97 10.03 
A 4 55.12 9.99 9.99 10.03 9.97 9.96 10.03 
A 5 54.16 9.98 9.92 9.97 9.96 9.91 9.90 
A 5 54.15 9.95 9.92 9.97 9.98 9.92 9.90 
A 5 54.18 9.97 9.93 9.97 9.97 9.90 9.90 
A 6 54.86 10.06 10.02 10.03 9.97 9.95 9.99 
A 6 54.86 10.05 10.01 10.03 9.97 9.95 9.99 
A 6 54.86 10.06 10.01 10.03 9.97 9.95 9.99 
A 7 54.94 9.98 9.95 10.02 10.00 9.97 10.00 
A 7 54.68 10.01 9.96 10.01 9.98 9.97 10.04 
A 7 54.94 9.97 9.95 10.03 10.00 9.98 10.00 
C 1 55.13 9.90 9.92 10.01 9.97 9.91 9.96 
C 1 55.11 9.92 9.93 10.00 9.98 9.91 9.96 
C 1 55.12 9.91 9.93 10.00 9.97 9.92 9.96 
C 2 55.21 10.05 10.02 10.06 10.02 9.95 9.99 
C 2 55.22 10.06 10.02 10.06 10.02 9.95 10.00 
C 2 55.21 10.05 10.02 10.06 10.02 9.95 9.99 
C 3 54.99 10.06 10.02 10.04 10.02 10.01 10.02 
C 3 55.02 10.04 10.03 10.04 10.03 10.01 10.03 
C 3 54.98 10.03 10.03 10.04 10.03 10.01 10.03 
C 4 55.12 10.01 9.96 10.01 10.12 10.02 10.04 
C 4 55.10 10.00 9.97 10.01 10.12 10.00 10.04 
C 4 55.10 10.00 9.97 10.01 10.13 10.00 10.04 
C 5 54.31 9.97 9.93 9.94 10.03 10.00 10.00 
C 5 54.32 9.97 9.93 9.94 10.04 10.00 10.01 
C 5 54.31 9.97 9.94 9.94 10.03 10.00 10.01 
C 6 55.01 9.94 9.99 9.98 10.00 9.97 10.01 
C 6 55.02 9.94 9.93 9.98 10.00 9.97 10.01 



 

 148 

C 6 55.03 9.94 9.94 9.98 9.99 9.97 10.01 
C 7 54.93 10.02 9.96 10.00 9.99 9.95 9.99 
C 7 54.93 10.02 9.96 10.00 9.98 9.95 9.99 
C 7 54.93 10.01 9.96 10.00 9.98 9.95 9.99 
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Appendix C1: Notch Measurements (mm) of Rolled and 

DMLS Charpy Specimens 

A-TOP Left Width Right Width Avg. Width Left Angle Right Angle Avg. Angle 
RA1 1.951 1.887 1.919 45.741 49.259 47.5 
RA2 2.032 1.991 2.0115 43.055 52.218 47.6365 
RA3 1.887 1.97 1.9285 43.323 49.497 46.41 
RA4 1.948 1.969 1.9585 43.589 50.372 46.9805 
RA5 1.969 1.926 1.9475 44.371 47.578 45.9745 
RA6 1.953 1.929 1.941 44.344 43.776 44.06 
RA7 2.013 1.97 1.9915 46.279 46.465 46.372 
DMLS A1 1.99 1.99 1.99 43.152 47.536 45.344 
DMLS A2 1.99 2.011 2.0005 44.949 48.069 46.509 
DMLS A3 1.926 1.99 1.958 43.607 47.319 45.463 
DMLS A4 2.032 2.011 2.0215 43.607 48.635 46.121 
DMLS A5 2.054 1.948 2.001 44.949 44.83 44.8895 
DMLS A6 2.011 2.032 2.0215 45.977 48.423 47.2 
DMLS A7 2.014 2.002 2.008 44.333 47.003 45.668 
RC1 1.947 1.976 1.9615 47.707 44.16 45.9335 
RC2 1.948 2.006 1.977 46.753 44.986 45.8695 
RC3 2.006 1.976 1.991 45.399 47.083 46.241 
RC4 2.032 2.032 2.032 46.599 45.712 46.1555 
RC5 2.004 2.005 2.0045 46.558 44.158 45.358 
RC6 2.005 1.921 1.963 48.831 42.45 45.6405 
RC7 1.977 2.033 2.005 48.611 44.321 46.466 
DMLS C1 1.92 1.948 1.934 43.063 43.526 43.2945 
DMLS C2 1.948 1.891 1.9195 47.192 46.383 46.7875 
DMLS C3 1.919 1.976 1.9475 46.559 47.499 47.029 
DMLS C4 1.976 1.92 1.948 43.23 43.782 43.506 
DMLS C5 2.004 2.004 2.004 45.714 41.785 43.7495 
DMLS C6 1.891 1.976 1.9335 43.534 43.029 43.2815 
DMLS C7 1.893 1.976 1.9345 44.923 42.283 43.603 
RB1  2.032 1.99 2.011 42.755 47.703 45.229 
RB2  2.054 2.032 2.043 44.13 48.888 46.509 
RB3  2.011 2.011 2.011 42.501 44.175 43.338 
RB4  2.096 2.032 2.064 43.793 43.995 43.894 
RB5  2.053 2.096 2.0745 43.465 46.494 44.9795 
RB6 1.99 1.991 1.9905 41.75 42.21 41.98 
RB7 1.99 2.011 2.0005 48.504 44.915 46.7095 
DMLS B1 2.032 2.053 2.0425 41.673 45.111 43.392 
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DMLS B2 2.032 2.032 2.032 42.677 47.102 44.8895 
DMLS B3 2.076 2.033 2.0545 43.636 44.384 44.01 
DMLS B4 2.074 2.054 2.064 43.793 46.115 44.954 
DMLS B5 2.032 2.013 2.0225 44.371 46.291 45.331 
DMLS B6 2.075 2.032 2.0535 43.229 44.419 43.824 
DMLS B7 2.032 2.011 2.0215 43.42 41.905 42.6625 
 


