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Abstract 

The present thesis is a summary of research result on an innovative manufacturing method for 

production of PM gears for application in heavy vehicle. The method uses a powder metal 

densifications process route to ensure full density. The thesis addresses an innovative processing 

route where loosely packed powder goes through a double pressing followed by double sintering 

combined with hot isostatic pressing at the end of the chain in order to reach the full density for 

the PM gear.  

The thesis addresses three research questions. First the feasibility of reaching full density for a 

gear constructed of standard modules relevant for heavy vehicles is investigated. Then the effect 

of gear geometry on the PM processing is studied. It is revealed that gear geometry influences 

the density distributions hence the final result. Therefore, the part of the research focusing on the 

relationship between gear dimensions and the densification results is conducted. It is shown that 

specific gear geometrical parameters could be more suitable to reach full density. Finally, a 

prediction model is proposed which can be used in order to measure the density before HIP and 

exclude risky geometries.  

A combined numerical and experimental research methodology is implemented in order to 

address the research questions in the thesis. A verified hardening model for one sample powder 

mixture is developed in ABAQUS using experimental densification tests. The model helps us to 

simulate the first pressing and follow the density gradients generated during the first pressing 

step. The density gradient will be stored in the green component and modified after first sintering 

and then is used as the input for the second pressing simulation. The result of the second pressing 

simulation is then modified to include the second sintering effects and finally it is used as the 

input for HIP simulation. This chain of simulations helps us to understand the gear geometry 

influence on the density gradients and neutral zone formation during the pressing process. It also 

ensures that the transition of open pores to closed pores occurs before HIP as a requirement to 

reach fully density in the analysis. Physical experiments were performed in order to validate FE 

simulations predictions. Density measurement and dimensional measurement are used to 

compare the results of FE simulations and physical trial results in order to validate and support 

the final conclusions based on FE model. Using the validated FE model, a methodology to predict 

the density before HIP is designed where different gear geometries are modelled and then a 

regression model is extracted which can predict the minimum RD in neutral zone of the gear 

before performing costly experiments for a specific material and gear dimensions. 

Keywords:  

PM (Powder Metallurgy), Gears, Hot Isostatic Pressing, Densification, FE simulations  



4 

Sammanfattning 

Denna avhandling presenterar en sammanfattning av forskningsresultat om en innovativ 

tillverkningsmetod för produktion av PM-kugghjul, för användning i tunga fordon. Metoden 

utnyttjar pulvermetallförtätningsprocessvägar för att säkerställa full densitet. Avhandlingen 

behandlar en innovativ processväg där löst packat pulver genomgår dubbelpressning följt av 

dubbelsintring i kombination med varmisostatisk pressning i slutet av kedjan för att kunna uppnå 

full densitet för PM-kugghjulet. 

Avhandlingen behandlar tre forskningsfrågor. Först undersöks möjligheten att nå full densitet för 

ett kugghjul uppbyggt av standardmoduler som är relevanta för tunga fordon. Därefter studeras 

effekten av växelgeometri på PM-behandlingen. Det avslöjas att kugghjulsgeometrin påverkar 

densitetsfördelningen och följaktligen det slutresultatet. Därför undersöks den del av forskningen 

som fokuserar på sambandet mellan kugghjulets dimensioner och förtätningsresultaten. Det 

påvisas att specifika kugghjulgeometriska parametrar kan vara mer lämpliga för att erhålla full 

densitet. Slutligen föreslås en prediktionsmodell som kan användas för att mäta densiteten före 

HIP och utesluta riskabla geometrier. 

En kombinerad numerisk och experimentell forskningsmetodik implementeras för att behandla 

forskningsfrågorna i avhandlingen. En verifierad härdningsmodell för en provpulverblandning 

har utvecklats i ABAQUS genom att utnyttja experimentella packningstest. Modellen hjälper oss 

att simulera den första pressningen och följa densitetsgradienterna som genereras under det första 

pressningssteget. Densitetsgradienten lagras i grönakroppen och modifieras efter första 

sintringen och används sedan som ingång för den andra pressningssimuleringen. Resultatet av 

den andra pressningssimuleringen modifieras därefter för att inkludera de andra 

sintringseffekterna och slutligen används den som ingång för HIP-simulering. Denna kedja av 

simuleringar hjälper oss att förstå hur kugghjulets geometri inverkar på densitetsgradienter och 

neutral zonbildning under pressningsprocessen. Det säkerställer också att övergången av öppna 

porer till slutna porer inträffar före HIP som ett krav för att nå full densitet i analysen. Fysiska 

experiment utfördes för att validera förutsägelserna från FE-simuleringarna. Densitetsmätning 

och dimensionell mätning används för att jämföra resultaten av FE-simuleringar och fysiska 

testresultat för att validera och stödja de slutliga slutsatserna som baseras på FE-modellen. Med 

hjälp av den validerade FE-modellen designas en metod för att förutsäga densiteten före HIP där 

olika kugg-geometrier modelleras och sedan extraheras en regressionsmodell som kan förutsäga 

minsta RD i kuggens neutrala zon innan man utför dyra experiment för ett specifikt material och 

kugghjulsdimensioner. 

Nyckelord: 

PM (Powder Metallurgy), kugghjul, varm isostatisk pressning, täthet, FE-simuleringar 
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CHAPTER 1: INTRODUCTION 

In this chapter of the thesis, a review on traditional gear manufacturing methods will be provided. 

Innovative methods to manufacture metallic gears with higher production efficiency will be 

introduced. Then the PM gear manufacturing will be highlighted as the main topic of this research 

which could have great potential to increase the efficiency in manufacturing of gears for heavy 

vehicle applications. The heavy vehicle applications imply gears with high modules (normal 

modules from 3mm up to 6mm) and this range of gear sizes are referred as large gears in the 

thesis. The research will address existing challenges in the implementation of PM gears for high 

volume production. The challenges are reviewed in this chapter of thesis and then the research 

questions for this thesis are provided. The work in this thesis will answer the research questions 

and help to solve some of the problems of industrialization of innovative PM gear manufacturing 

for high volume production. 

From Traditional Gear Manufacturing Towards Innovative 

Techniques 

Gear manufacturing technologies which are based on metal cutting (machining) are the most 

accurate methods to produce gears with high precision for application in industries among the 

existing traditional techniques. Hobbing, milling and shaping are the main cutting processes to 

create the tooth on the blank which should be completed by a heat treating and finishing operation 

to reach the required material properties and surface geometry. One drawback of material 

removal-based methods is the high amount of wasted machining chips produced during the gear 

manufacturing process. The collection, disposal and recycling of these chips is against the 

sustainable production definitions. Also, the finishing process which itself is also a material 

removal process is usually expensive due to the extensive tool wear and is not a clean process 

since a high amount of lubricant is necessary to be used in such process. To move toward a more 

sustainable manufacturing, engineers and researchers in this domain are trying to solve each of 

the mentioned problems by innovations in the gear manufacturing technologies. Reducing the 

amount of harmful lubricants or replacing them by green lubricants, improving the energy 

efficiency by improving the machining parameters and replacing the cutting technology itself by 

near net shape or forming processes with less machining involved are the main ongoing activities 

to address the sustainability challenges in gear production. Figure 1 shows the traditional gear 

manufacturing techniques [1].  

Casting processes are most used for manufacturing the gear blank itself. But for some 

applications a toothed blank close to final shape is also casted like the very large size internal 

gears (1500 Kg of weight) where the gear is heat treated to strength levels close to700 MPa and 

no machining is required [2]. For applications such as agriculture machinery sand casted teeth 

are used. The general problem with the method is the distortions occurring during the cooling 
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step which reduce the gear accuracy and therefore such a solution is not suited for high quality 

gear requirement in heavy load carrying applications. Cold chamber die casting is another 

solution in large volume production of gears with a limitation of size up to 150 mm in diameter 

of gear and a normal module of 0.5 up to 2.5 mm. This process has a main disadvantage that it is 

suitable only for metals with low melting points such as aluminium, zinc and copper, however 

none of them has the required hardness for carrying high loads existing in heavy vehicle 

applications [3, 4]. Therefore, the application of this method is today limited to the manufacturing 

of gears used in toys, home appliances and smaller machinery which does not need to bear high 

loads. 

Forming processes for manufacturing gears could be performed by several different methods. For 

manufacturing thin gears with face-width between 0.25 mm up to 3 mm. The application of 

stamping is suited for a group of material including steels with low or medium content of carbon 

as well as aluminium-based alloys. This process is recommended to be used for manufacturing 

gears which are used in clocks, timing mechanisms, small home appliances such as mixers and 

blender as well as larger devices like washers. Cold drawing and cold extrusion of gears is another 

forming method which could be referred here which has been used in industries to great extent. 

For this method the material should have very good drawing properties. Therefore, steels with 

high carbon content, bronze and brass gears could be used with this process. One limitation is the 

size of gear which is limited to gears with a normal module up to 1.5 mm. The process is generally 

recommended for production of gears used in watches, typing machines, cameras and any 

mechanical toys [4, 5]. Forging of gears is one of the most used methods to manufacture gear 

wheels by application of metal forming. This technology was first used to forge accurate gear 

blanks and then manufacturing gear by machining. In the past four decades high precision forging 

is developed to manufacture near net shape or net shape gears without additional machining and 

these methods are used to a great extent in automotive, heavy vehicle, railroad and even aerospace 

industry. High energy rate forging is closed hot or cold die forging method where the high 

velocity of the ram will deform the metal at a very high strain rate and creates the near net or 

final shape with high precision. The method is well developed for normal modules between 1 

mm up to 6 mm and could manufacture gears with no additional machining required. Such high 

precision will have negative influence on the die life and therefore a finishing stock is usually 

considered in the route of manufacturing with forging. The intensive use of energy in the process 

together with very high costs of maintaining forging dies in high accurate shape are the main 

challenges of this process [5].  
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Figure 1.Traditional technologies used for manufacturing of metallic gears [1] 

A typical traditional manufacturing route is shown in Figure 2. In heavy vehicle manufacturing 

the gear blanks are normally manufactured by methods such as strand casting, hot rolling and hot 

forging which are in need of intensive energy consumption. Then the blank is cut into the gear 

shape and subsequently is heat treated and finished. Replacement of the blank preparation and 

tooth cutting steps by an innovative process which does not require intensive material removal 

and energy are the main driver of this research. Normally even if forming or casting techniques 

are used in manufacturing the accuracy of final shape is guaranteed only by a finishing process 

as discussed earlier in this section. 

 

Figure 2. Typical sequence of processes to machine a gear 

One of the recent innovative methods is application of wire electrical discharge machining 

(WEDM). WEDM is considered mainly in production of precise gears with no special tooling 

required while a high surface finish could be achieved in the process with no lubricant involved. 

Gupta et al. have reported the manufacturing cost of 5 € for a sample gear while the same gear 

produced with conventional methods has a cost about 100 € [6]. The reported average from the 
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process is roughness of up to 1 µm and a maximum roughness of 6.4 µm while a DIN 5 quality 

level is achieved. One main issue considering the WEDM manufacturing of gears is that the 

process time is long, and it is not comparable with processing time of traditional methods using 

tooth cutting. Due to this limitation the method could be recommended basically for miniature 

gears with small sizes and where the production volume is small but not for large gears which 

are required for heavier applications such as heavy vehicle transmission gears [7,8]. 

Abrasive waterjet (AWJ) cutting has been investigated also as an alternative for traditional 

cutting. The AWJ is considered to require lower force in production, very low amount of heat 

generated during the cutting, less change in material properties and most importantly 

reasonably low cost for initial investment. The process could be considered as a more 

sustainable method for cutting, where no chip is produced and chemicals as cutting fluids is 

involved. Babashov et al. reported the results of their comparative research comparing a gear 

manufactured with traditional hobbing process with a gear cut with AWJ in [9]. The main 

disadvantage of the water abrasive water jet cutting is the long process time. Babashov et al. 

have reported that for the case of their research it requires 11 times longer time to manufacture 

a sample with AWJ compared to hobbing. Also, it is an expensive process where the cost is 

reported to be 5 times more than a hobbing solution. Therefore, even though the environment 

and surface integrity of the AWJ is competing with hobbing this solution cannot survive due to 

its low productivity and high costs. Babashov et al. have proposed a combined innovative 

process to combine the AWJ as the initial coarse machining and then finishing the gear by a 5-

axis machining to achieve the precision and keep the cost of investment low [9]. 

Among the available innovative processes cold gear rolling has shown promising results 

especially for gears with application in passenger vehicles [10, 11]. This method could be 

performed using flat or rounded tools. For larger gears the round rolling is the feasible solution. 

Flat rolling using gear racks is dependent on the size of product, and larger the size of the gear it 

becomes it will require larger size of racks which will need very large machines and expensive 

tooling. Therefore, for case of cold rolling of large gears the rounded tools are preferred. 

Neugebauer et al. have published their achievements in development of gear rolling for smaller 

gear modules up to 3 mm with a DIN quality of 7 and surface finish of 0.4 µm which is very 

promising for future developments [11, 12]. One of the problems of the process is the generation 

of so called “rabbit-ear” on tip of the gear tooth which is due to material flow during the forming 

process as well as excessive axial material overflow during the process. While the main 

motivation is to use a one step process to replace all the post processes of heat treating and 

finishing just by gear rolling, it is not yet achieved and at least a post processing to remove the 

excessive material deformed on two sides of the gear is necessary. 

Research in this thesis has also investigated cold gear rolling for production of larger gears where 

the results showed that the method could be a feasible solution. For the studies performed on a 
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helical gear with normal module of 4 mm and diameter of 100 mm, it was found that the DIN 

quality 11 is possible which means the need for expensive post operations to improve the gear 

quality and ensuring the requirements for applications in industrial level. Therefore, the cold 

rolling of gears has a way to go to meet the geometrical quality requirements which are necessary 

for industrialization of the process application in heavy vehicle gear manufacturing in future [13, 

14]. Currently hot gear rolling is also under investigation to solve the quality issues by achieving 

better control on the material flow and performing the processes with lower loads in the research 

conducted by [15]. Hot rolling of gears has the drawback of high amount of energy used and also 

destroying the improved material characteristics.  

To replace the gear cutting step in gear manufacturing route shown in Figure 2, another well-

known solution is using powder metallurgy technologies. The application of PM in automotive 

industry is very well developed and in recent years there has been several investigations regarding 

manufacturing gears with PM. While the application of PM for lower load carrying structural 

parts in any vehicle is common today, the PM gears are used only in passenger car transmissions 

and to a limited extent. The main reason is that PM gears with the current state of art 

manufacturing technology do not meet required strength to carry high loads and torques in heavy 

vehicles transmission. This is generally caused by the lower density of PM gears which reduces 

their fatigue strength in dynamic loading. Therefore, it would be beneficial if a process route of 

PM gears could be designed so that it can reach full density and provide gears with strength levels 

of the wrought steel. PM provides extra benefits on top of increased material efficiency. The 

possibility of creating more complex material combinations as alloy and also giving the designer 

the opportunity to create more complicated tooth shapes which might not be possible to generate 

with cutting techniques are some of the most cited benefits [16]. Therefore, in this thesis the main 

attention is paid to a gear manufacturing sequence based on using powder metal. As shown in 

Figure 3, compared to the traditional methods, the gear blank is not anymore existing but the 

powder material instead. Then the tooth cutting process is replaced by PM processing which itself 

consists of some other processes. 

 

 

Figure 3. Gear manufacturing using powder metal (PM) as its input 
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PM Processing 

There are several PM processing routes to manufacture PM components. In Figure 4, the basic 

steps required for processing the powder to manufacture PM component are illustrated. The 

powder itself could be manufactured with different methods. As an example, water atomization 

is a process where the powder particles are created by high pressure water jet blown to the molten 

metal. The powder particle quality is very dependent on the pressure of the waterjet applied in 

the process. A comprehensive review on different modern methods to create high purity powder 

metals is performed by Antony et al. in [17]. The PM processing route generally starts with 

mixing the different metal powders and additives. The combination of different metal powders, 

lubricant and carbon will create the mixture. Application of binders in this step has shown 

positive effects on the subsequent results for green densities, green component strength as well 

as material flow and productivity of the PM processing route [17]. Binder is preventing the 

segregation to different PM mixtures due to their different size and specific gravity [17]. The 

blending should be performed to create a homogenous mixture before compaction. The blending 

process is a mechanical process performed normally in a rotating drum, screw mixer or a blade 

mixer [17]. Parameters could influence the result of PM processing to a great extent as described 

in [17]. Feeding speed to the container or mixer, number of blades or screws, the geometry of 

blades or screws and time of blending are among the main influencing parameters in the blending. 

After the powder is blended it will be delivered to the compaction step. The main purpose of 

compaction is to create the near net shape component from the metal powder. This could be 

performed in cold or hot condition. When cold compaction is performed, the resulting component 

is referred as a green component which is still brittle and does not possess high strength. The 

green component normally will be sintered to create a dense and solid-state component with high 

strength. Hot compaction is also possible where mechanical pressing is performed in elevated 

temperatures. If the PM component has reached the required density and strength for its 

application the powder processing route could be finished at this point (either after performing 

cold compaction and sintering or going through hot compaction). Normally in this stage the 

component has a porous structure with a relative density over 90%. Depending on the application 

of the PM component the densification process should be designed properly so that the required 

density, geometrical accuracy, tolerances and mechanical strength is achieved after densification. 

For some applications a densification process is essential to remove all pores and reaching full 

density (relative density of 100%). Gears which are used in transmission of heavy vehicles are 

among such components where a pore free structure with full density is essential to meet the 

manufacturer requirements. 
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Figure 4. Basic processing steps for PM [18] 

PM Gears and Challenges 

PM gears are used for lower load carrying application in several industries. Bringing the 

application of PM gears to automotive industry has been a challenge for several years. The gears 

of transmission units experience higher stresses, work under fatigue loading and require a great 

noise, vibration and harshness performance. In recent years several steps have been taken to 

develop and prepare the application of PM gears in passenger car transmissions [19, 20, 21, 22, 

23]. The results are promising and show a great potential to compete with traditional gear 

manufacturing methods based on gear cutting techniques. The competition is driven by lower 

costs and lower waste in PM gear processing compared to the gears made from wrought steel. 

The challenge is to improve and increase the durability of PM gears while keeping the 

manufacturing costs low and still meet the required material characteristics for automotive gear 

transmission, which could bare the fatigue loading and perform as good as or better than gears 

made from wrought steel. Application of densification methods after compaction and sintering 

play an important role in this field where the porous sintered gear structure should change into a 

solid component with high density. The success of such developments enhances possibility of 

using PM gears for heavy vehicle applications. In that domain gears are larger and require full 

densified structure with no pore to deliver full strength and meet the manufacturing requirements. 

Therefore, in this thesis development of a process route for PM gears to manufacture gears for 

heavy vehicle application is under focus. The main challenge in this work is to manufacture large 

gears with full density. For this purpose, it is very crucial to develop the solutions at a cost level 

which could compete with traditional methods. Densifications methods have shown that reaching 

the full density is possible by application of a post processing. For example, surface densification 

could be a solution which can increase the surface density of the gear teeth. Another method for 

reaching full density is hot isostatic pressing (HIP) of the gear by using a container with the shape 
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of gear which implies the final shape tolerances during the HIP. These methods have shown great 

potential but there are some drawbacks as well. In surface densification by gear rolling it is just 

the surface to a limited depth which is densified. HIP with container is also possible to use, but 

in large batch of high-volume production such method may not be cost efficient. Therefore, in 

this work both reaching the full densification and keeping the cost low is under focus. A more 

detailed review on existing solutions for densifications will be provided in next chapter of the 

thesis. 

The Scope of the Thesis 

There are several densification processes that could be used to increase the sintered gear density 

and remove the pores from the gear which will be reviewed in the thesis. Hot isostatic pressing 

(HIP) as densification step after “double pressing double sintering” (2P2S) to reach full density 

is investigated in this thesis. It has been shown earlier that HIP could result in pore-free gears 

with full density. HIP has influences on the geometrical accuracy due to the effects of density 

gradients. These influences are under focus in the thesis to answer research questions about the 

proposed PM processing route and its effects on the gear geometry and quality. The potential 

effects of powder mixture or materials, the additives and blending influences on the results are 

out of the scope of the thesis. Therefore, the scope of this thesis could be defined as evaluation 

of PM processing route for manufacturing fully dense gears as presented in Figure 5 which 

consists of five processes. The first pressing (P1) is to create green component, first sintering 

(S1) is to remove the lubricant, second pressing (P2) and second sintering (S2) are added to 

ensure the maximum density level before final step which is hot isostatic pressing (HIP) to full 

density. 

The important issue to consider here is that while HIP process is normally performed in PM 

processing industries with a container in the shape of the component to maintain its tolerances 

and stop the HIP gas to penetrate into the open pores, in this thesis the HIP with no container is 

under focus. That means the gear surfaces are not protected against penetration of the Argon gas 

(HIP gas) in the process and if there are open pores remained on the surfaces of the gear there is 

the risk that gas could get inside the open pores and reaching full density would not be feasible 

in that situation. Therefore, the process development should ensure that before HIP step, the 

component is open-pore free. The criteria for reaching an open-pore free surface is looking at the 

density level. Normally if after second pressing and second sintering the component has reached 

over 95% of its full density that could be an indicator that there is no more open pores in the 

component [31]. Therefore, one main contribution of this thesis would be to create a reliable 

model for prediction of density level in each step and then using such model in process 

development for different gear geometries. The second issue due to HIP is that it will cause 

shrinkage due to non-homogenous density distribution. From gear manufacturing perspective 

such shrinkage will cause deviation in gear profile which should be removed. The second 
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contribution of this work would be to present a framework for predicting such deviations as a 

tool to help the process development concerning gear dimensions. A successful process 

development will be marked by minimizing cost and densification time for HIP. However, this 

aspect is not studied in this research work and therefore out of its scope. 

 

Figure 5. The process route for processing PM gears considered in the thesis  

Research Questions and Hypothesis 

The research here is performed to investigate the effects of HIP on PM gears as the densification 

step at the end of PM processing. The thesis will address three main research questions about the 

PM gear processing route presented in Figure 5. 

RQ #1 

Is it possible to manufacture large gears (mn > 3 mm) by using container-less HIP technology as 

densification process after 2P2S PM processing? 

Comments to RQ #1 

The first aim is to investigate the feasibility of application of HIP as a densification process after 

2P2S processing to find if it is possible to reach a fully dense structure by adding container-less 

HIP at the end of the processing. 

Hypothesis #1 

The claim is that by creating a certain relative density after 2P2S, it is possible to remove all the 

pores and reach full density by means of container-less HIP technique. Therefore, it is possible 

to use the combination of 2P2S and HIP to manufacture gears with normal modules larger than 

3 mm. 

RQ #2 

Is it possible to reach a certain minimum required density levels for large gears (mn > 3 mm) after 

2P2S so that the subsequent process of HIP could increase the density of PM gear to 100%? 

Comments to RQ #2 
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The second RQ addresses the effects of earlier PM processing steps including the first pressing, 

first sintering, second pressing and second sintering on the density distribution in the PM gear. 

The purpose of this research questions is to understand the potential effects of pressing and 

sintering on the results of subsequent HIP process. 

Hypothesis #2 

It is known that the density distribution in the sintered component is influenced to a great extent 

by pressing and sintering process. The claim here is that with a certain design of pressing and 

sintering parameters it is possible to ensure the success of HIP to densify the PM to 100% density 

level. 

RQ #3 

What are the influences of gear size on the results of proposed PM processing route for 

manufacturing gears with respect to their module and face-width? 

Comments to RQ #3 

This research question will address the potential influence of different gear geometrical 

parameters including its outside diameter and its face-width on the results of HIP process. It is 

known that HIP process will influence the shape of gear in the form of shrinkage. The research 

questions here, will evaluate effects of gear design parameters on the shrinkage behaviour during 

HIP process. 

Hypothesis 3 

There is a relation between the gear size (gear overall dimension) and the density distribution in 

pressing and subsequent shrinkage caused by density gradients in HIP. The claim is that not all 

large gears are proper to be manufactured by the PM processing route proposed and the result of 

processing is size dependent. 

Outline of the Thesis 

The thesis started with the introduction chapter. In this chapter the gear manufacturing in general 

and PM gear manufacturing as an innovative method was introduced. The challenges in 

developing PM gears for application in heavy vehicles were explained and the research 

framework to address one critical challenge of PM gear-manufacturing for heavy vehicle 

application is illustrated. Then the research questions together with hypotheses are provided to 

address the PM gears processing route which is under study in this doctoral thesis. 
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Second chapter of the thesis will provide the frame of reference, where the theoretical background 

about PM gears and the challenges in front of introducing them as an innovative alternative for 

gears manufactured by traditional techniques is given. This chapter will help to understand the 

achievements made by prior research and bring up the questions about the required improvements 

to develop PM gear processing. 

Third chapter of thesis is allocated to present the research methodology used in the thesis. 

Research methodology used in similar problems in the literature is provided to support the chosen 

approach in the thesis. Then the finite element method used in simulation of PM processing steps 

in this work is explained. The experimental procedure to test the PM processing route in practice 

and also validation of the FEM simulation models is presented in this chapter. The measurement 

techniques and validation parameters are defined here as well. 

In chapter four, summary of appended papers is presented and major findings in each of the 

publications are highlighted. The connection between the appended publications to the research 

questions is provided in the end of fourth chapter. 

In chapter five the results of the research based on FEM simulation and experiments are presented 

and compared. The validated FEM model is used to simulate and predict the effects of processes 

on the size and density distribution of gears. The FE model is finally used for screening the 

processing route on different gear designs and a predictive model is proposed based on the results. 

Chapter six of the thesis provides a discussion around the assumption and simplifications of FE 

model. This chapter provides a way forward for future development and improvements on top of 

the presented research result in this thesis by explaining the limitations in this work. 

In chapter seven conclusions are drawn based on observations from research results and are 

presented as answers to the research questions. Validity of the individual hypothesis is accepted 

or rejected based on the answers found to research question.  

Chapter eight is finalizing this thesis by proposing the future steps based on the discussion points 

provided in chapter six in form of future work. 
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CHAPTER 2: FRAME OF REFERENCE 

One challenge in using PM gears in heavy duty applications such as truck transmission gears, is 

lower strength of PM gears due to their porous structure which are manufactured with the 

traditional PM processing techniques. In this chapter the methods to increase the PM components 

strength by increasing their density through densification is reviewed. A review of surface 

densification of sintered gear by means of gear rolling is provided since it is one of the few 

methods that can deliver full density on a limited depth of flank surface. Finally, after identifying 

the limitations of the existing solutions for densifying PM gears an introduction to the innovative 

process which is the subject of this thesis is provided and the process route is explained. In this 

chapter the criteria to measure the influence of process route on the gear dimensions are defined. 

These criteria together with the measurement of the density of the gear after each step in the 

processing route of the PM gear is used in next chapters to evaluate the research results. The 

chapter ends with a review on the history of computational models used in the literature to 

simulate and evaluate effects of material densification methods and mechanisms. 

Densification Methods for PM Components 

There is a direct relation between the density of the component and its mechanical properties 

including the strength of the component [32, 28]. Basically, to increase the density and improve 

the strength of PM components at least one densification method in the PM processing route is 

required. Some of the most used methods are listed by Mahes in [31] as: 

• Warm compaction 

• Warm die compaction 

• High velocity compaction (HVC) 

• Powder forging (PF) 

• High temperature sintering (HTS) 

• Liquid phase sintering (LPS) 

• Cold Isostatic pressing (CIP) 

• Double pressing and double sintering (DPDS) 

• Hot isostatic pressing (HIP) 

Normally one of these methods or a combination of them is used in powder processing route to 

reach a highly densified component which can provide a higher strength. Selection of the process 

or processes to densify the PM component is depending on the powder size and shape, the 

requirement for the final properties of the component, the potential cost and time considerations 

[31]. 
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Mahes [31] has provided an in-depth review of the PM densification processes and explained the 

limitations of each process. Warm compaction is done using preheated dies and powder where 

density up to 7.3 g/cm3 could be reached. In the die warm compaction, die is preheated alone, 

and powder is added into the die with room temperature, but the resulted density could not be as 

good as warm compaction while the cost of process could be less that warm compaction. High 

velocity compaction, the high velocity striking of the die and the resulted intensive shock wave 

will cause the densification of the powder, while this process offers a very homogenous density 

distributions application is limited to simple geometries and could not be proper for PM gear 

densification. Powder forging is the most commonly used densification process in automotive 

manufacturing, where the compacted powder in green or sintered stated is hot forged to reach its 

full density [33]. High temperature sintering performs at elevated temperature over 1100 C and 

is a common densification method for many PM components in industries. One important 

influence of high temperature sintering on the material properties is that during this process the 

pores become rounded and the necks between powder particles growth which will result in 

improved oxide reduction and increasing the fatigue properties of the PM component [34]. The 

high temperature sintering cause noticeable shrinkage and dimensional changes in the component 

which is considered as a negative effect of the process since controlling such effects at high 

temperature is more difficult. Liquid phase sintering (LPS) is also used widely for low alloyed 

steel and hard metals [35]. The process is performed by addition of an alloy with low melting 

temperature which could help the densification mechanism by liquid phase formation. It has been 

shown that Boron is a suitable element to activate the sintering of iron-based powders [36]. 

Application of Boron in LPS of stainless steels, has been widely reviewed in [37, 38, 39, 40, 41] 

and reaching density levels higher than 95% in several references [42]. Cold isostatic pressing 

(CIP) a uniform pressure applies on the component surface by means of a liquid or air at room 

temperature. Based on how the moulds are used the process could be performed with wet bag 

process or dry bag process [31]. This process compared to hot isostatic pressing (HIP) is cheaper 

and has the advantage of reaching homogenous density distribution without additional lubricants. 

The density variation in the component is also small which will reduce the distortions in 

subsequent sintering [42, 43]. Double pressing double sintering and HIP process are explained in 

next parts of this chapter as part of the process route under study in this research. 

Densification of Gears 

The needs for reducing the costs of mass production and increasing the material utilisation and 

at the same time meeting the quality requirements to stay competitive in the automotive 

production and heavy vehicle manufacturing is well obvious. This need pushes the production 

research toward establishing sustainable methods where they can satisfy the requirements to 

remain profitable and more efficient. Gear production is also following the same trend as 

explained earlier in chapter 1 of the thesis. Therefore, in this section a detailed review of the 
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potential solutions to densify PM gears is provided. This review provides a fundamental 

background on what has been done prior to this research in the domain. 

Sintered gears, are the most used PM gears in the industry today where they are used in several 

applications such as car seats, mirror adjusting systems, handheld devices, etc. Sintered gears 

with a relative density of ~90 % are widely used in lower load carrying applications such as 

hydraulic pumps as well [44, 45, 46]. Sintered gears are favourable due to their low cost of 

production where the geometry of the teeth could be generated directly with a pressing process 

and then the component is sintered and is ready for final heat treatment and finishing process 

which should be selected based on the accuracy requirements [28, 30]. For such application one 

sintering step after the powder pressing is the usual densification process used [30]. 

During past years researchers have developed surface densification of PM gears to densify their 

surface density. This solution is normally based on application of “gear rolling” as the 

densification method. Kloke et.al [24, 25] have reviewed the fundamental of surface densification 

using rolling methods. Surface densification by rolling is possible to perform based on two 

different methods. First method is using transitional rolling where the sintered gear is rolled 

between two gear racks. The second method is rotational rolling where the sintered gear is rolled 

between to master gears as rollers [24, 25]. The rotational rolling has several advantages [13] and 

is mostly used. The process of surface densification by gear rolling is evaluated based on three 

different requirements as reaching a specific depth of surface layer densified, reaching the 

geometrical accuracy requirements and creating a homogenous densified layer on the gear teeth 

surface [24]. The depth of densification is important since it is connected to the material 

properties and defines if the gear could meet the strength requirements to bear the contact stresses 

or not [25]. The geometrical accuracy in automotive and heavy vehicles is very important. 

Usually, a DIN Q7 is required for transmission gears of automotive and heavy vehicle 

transmission gears. The homogeneity is critical since the further distortions in the heat treatment 

of the gear, could be influenced by that. For gears, it is very important that distortions are 

homogeneous and systematic so they could be removed by a hard finishing process at the end of 

the cycle. The result of Kloke [24, 25] showed that the initial density before rolling (the density 

after sintering), applied rolling force and also the number of rolling cycles is in direct relation 

with the final depth of densified layer on the gear tooth. A surface densification with depth of 1.1 

mm for a spur gear with 4.5 mm normal module is reported, but no measurement of the gear 

quality is provided. 

Takemasu et. Al [47, 48] have investigated the mechanical properties of sintered gears and rollers 

after surface densification by gear rolling and rolling respectively. Surface densification of a spur 

gear set with normal module of 3 mm is considered where the pinion has 13 teeth with a face 

width of 16 mm and the gear has 26 teeth with a face width of 6 mm. Takemasu has also 

investigated surface densification of a cylindrical sintered roller with a diameter of 60 mm and 
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height of 16 mm. The result of densification showed a fully densified surface up to 0.5 mm in 

depth for rollers as well as for gears. This study has also addressed the geometrical accuracy of 

rolled gears, where it is shown that a tooth accuracy of JIS 3-4 is reached [49]. 

Peng et.al has published their research results about the effects of surface densification on the 

microstructure of PM gears by using a surface rolling process in [50]. This study has addressed 

the effects of different rolling feeds on the performance of the PM gear after gear rolling is 

investigated. Their research showed that increasing feed in gear rolling process could result in 

increase of the depth of densified layer as well as improving the mechanical properties including 

the strength and wear resistance of the gear. The surface rolling can provide better fatigue 

resistance by reducing the number of pores close to surface of flank and prevent the cracking in 

that area as well according to their results [50]. Peng et.al has not considered the influence of the 

increasing feed on the geometrical accuracy of the gear which could be an important drawback 

of this change in rolling parameters. 

Based on the prior investigation which are reviewed here it could be concluded that surface 

densification could be a proper method for a limited depth of flank surface densification. The 

process design is very complicated due to the kinematics involved in rolling of gears [51]. The 

tool design is also complicated and costly since for any specific gear geometry there is a need for 

a specific tool geometry for that gear which could not match changes in the design and 

requirements easily [13, 14].  

In next section, the innovative processing route which is investigated in this thesis to address the 

densification problem for PM gears is introduced in detail. 

Manufacturing Route to Manufacture Gears with Full Density 

The processing route of PM gears to reach full density in this work consisted of 5 steps. Pre 

compaction and pre sintering which are followed by second compaction and sintering. These 4 

steps are called double pressing and double sintering (2P2S) in the literature and in this thesis. 

2P2S is then completed with Hot Isostatic Pressing (HIP). 

Double pressing double sintering (2P2S) 

Double pressing double sintering is used to form the powder into gear shape, then sinter it for 

removing lubricants and then repressing the sintered component to reach the tolerance 

requirements and finally a second sintering is to increase the gear density.  

First pressing is performed by a mechanical press where the powder is compacted into the gear 

shape with application of two punches moving against each other as shown in Figure 6. 
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Figure 6. Pressing schematic to compress the powder into Green compacted component 

Application of two punches is useful to manufacture a symmetric distribution of density with 

respect to the middle plane of gear face width. This step is very critical since the generation of 

density gradients is occurring at this step which will be stored in the structure of the gear and is 

source of many challenges in next processing steps. This gradient generation is basically due to 

the friction between powder particles and die walls, punch surfaces and as well the internal 

friction between the powder particle themselves [52, 53, 54]. Also, the powder particle size and 

shape and the lubricant used in the powder mixture could influence this step as well with respect 

to the compaction behaviour and the resulted density distribution [55].  

First sintering is basically for removal of lubricants which is mixed with powder before initial 

compaction to reduce the frictional effects. During first sintering the material is annealed. The 

compacted PM gears (green component) inserted into a furnace with high temperature for a 

specific time duration. This process results into removal of lubricants and initiation of bonds 

between powder particles. Due to the removal of lubricant some pores are generated in the 

component which means that the material state changed to porous solid from granular compact.  

Second pressing has the similar setup of the first pressing, but the main differences are in the 

design of die and punch geometries. The final shape of the gear should be reached in this step. 

Due to the porous solid structure of the gear the amount of displacement and expansion of the 

gear in this step is smaller than what occurred in first pressing. The density of the gear will 

increase for a small amount and a geometry near to the final shape is created. 

Second sintering is performed in higher temperature with purpose of increasing the density of the 

gear to the maximum density before putting it into HIP furnace. Closing the open pores closed to 

the surface occurs in this step of the process which is very critical for a successful HIP afterwards 

to reach pore free and fully densified gears.  The closure of pores in second sintering is critical 
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since in this work the capsulate free HIP is under investigation. That means, if there are open 

pore close to the surface of the flank, then the HIP gas could penetrate into the material structure 

and avoid densification and result in keeping the pores inside the material. Therefore, application 

of the high temperature sintering at this step is very important. By increasing the temperature, 

solid-state diffusion becomes more pronounced, and this leads to a material transport towards the 

contact points of powder particles and, subsequently, a closing of the open structure between 

particles - even if the temperature is well below the melting points of the respective components 

[123, 124]. 

Hot isostatic pressing (HIP) 

Hot isostatic pressing (HIP) as defined by EPMA [57] is powder processing method where 

powder or sintered components are densified at a high temperature from 900 to 1250 C and at a 

high pressure from 100 to 200 MPa for steels or super alloys. The pressure is applied using gas 

pressure uniformly applied on all the surfaces of the component which could keep the isotropic 

properties of the component and reach the 100% of its density. The HIP could be performed as 

the single pressing and densification method of the powder as well as in combination with other 

PM processes [57]. 

For the Gear manufacturing process route under study in this work, HIP is the last process in PM 

processing steps where it should deliver gears with full density. In this work HIP parameters are 

not under investigations but the effects of HIP on the density and the geometry of the component 

will be investigated. Normally the HIP is performed using a container which has the shape of the 

component to avoid penetration of gas into porous structure of sintered component during the 

process of HIP [124].   

In order to reduce the costs of process and also increase the productivity in this research 

container-free HIP of double pressed double sintered PM gears is investigated as novel approach. 

That means as a pre-requirement it is necessary that all the open pores near to the gear surfaces 

are closed/removed after second sintering as it was discussed earlier under second sintering 

section. 

Material Models 

To evaluate the efficiency of material processing route of powder material, the most significant 

measure to follow is the density of the bulk and how it grows during the processing steps. In 

compaction processes understanding of the density distributions and investigating how the 

density gradients are created and propagated are crucial but difficult to be measured by use of 

experimental methods. Therefore, simulation model is necessary to be developed and tuned to 

provide the required insight on the process influences on PM gears. For this purpose, it is required 
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to select the proper material model which can deliver a good prediction of material response 

during different processing steps and gives reliable information about the density after each step 

without running costly experiments.   

In the processing route under investigation in this thesis (Figure 5), all of the five steps result into 

the compaction and densification of the gears. Using the research publications available prior to 

this thesis, a brief review on the approaches toward PM compaction models which are commonly 

used for FE simulation of powder pressing is provided in this part of the chapter. 

There are basically two approaches for FE modelling of the powder material during the pressing 

which are used to define powder constitutive model. The first constitutive models are based on 

the microscopic approach and the second approach is the macroscopic models. In microscopic 

modelling the powder is modelled discretely. Discrete models are common to use when the 

physical interaction of powder particles is required to be investigated. In discrete models the 

powder size and shape, friction between powder particles and the influence of additives and 

lubricants are very important to be considered as main parameters of the material model to be 

able to predict the particle deformation on a micro-scale by applying a proper model for contact 

between the particles [60, 61, 62]. In macroscopic approach the behaviour of the powder as a 

continuum is of interest. The purpose is to understand the global behaviour of the component 

during pressing process. Understanding the overall deformations and how the component shape 

is changing are important in this approach [63, 64, 65, 66, 67, 68, 69, 70, 71]. Therefore, in 

macroscopic material models the powder distribution and powder initial density distribution are 

significant parameters to be included in the model together with the contacting condition between 

tools and powder and the frictional parameters in the contacting areas. The friction between the 

powder particles internally inside the bulk of powder and the friction on the boundaries of PM 

component against the surfaces of contacting tools during the pressing are of main interest in the 

macroscopic models since they are drivers of density gradients generated during the compaction. 

The microscopic approach is more used by researchers in order to investigate the physical process 

of compaction and the macroscopic approach is more applied for engineering developments in 

PM processing domain [72].  

Macroscopic models originate from soil mechanics where they basically were developed for 

describing the soil behaviour under compression [65, 73, 74, 75]. Soil mechanic models showed 

to be a very suitable model also for powder metallurgical components as used in many studies in 

the review provided in [72]. Depending on the PM component material state two different types 

of theories could be used in macroscopic modelling of powder behaviour. One category is when 

the powder is in granular state and the second category is when the powder is in porous solid 

state. Figure 7 shows the most cited and used material models for granular and porous state of 

PM components which is part of the results of Selig et. Al published in [76] where they have 
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investigated the most used models in the literature for simulation and modelling of powder 

behaviour. 

 

Figure 7. Trends in modelling PM processing [76] 

Drucker-Prager Cap (DPC)  

First category of macroscopic material models is suited for granular materials (powder with loose 

condition). The most used models in this category are Drucker-Prager Cap model (DPC) [75] and 

modified CAP model by Mohr-Coulomb and Cam-Clay [77]. These models are showed to be 

proper for modelling the powder from the beginning of compaction when it has a low density. 

When the pressure is applied during the pressing process, the powder compact becomes denser 

and therefore its yield strength grows. 

 

Figure 8. CAP model, yield surface 

To simulate such behaviour of the powder during pressing a moving cone which will expand 

along the hydrostatic axis could be of reasonable to be used compared to the traditional 
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cylindrical yield surfaces with fixed radius [75]. For instance, in DPC formulation of the yield 

stress is done using the invariants of deviation stress J1 and J2d, analogous to hydrostatic pressure 

and von Mises stress respectively [75]. The expandable upper yield surface of DPC model has a 

maximum limit for growth where the material reaches its full density and show the same strength 

as in wrought steel. Therefore, such models are used in simulating the powder plastic deformation 

while a uniform hydrostatic pressure is applied on it [76]. The schematic of DPC model is shown 

in Figure 8. 

Krezalek and Sivakumar [78] have studied the drivers of deviations of powder movement in iron 

powder compacts in the uniaxial powder die compaction. They have used DPC model derived by 

earlier work of Hehenberger [79] tests of triaxiality to define their FE simulation model and 

validated their simulations of powder layer separated by copper layers. Krezalek and Sivakumar 

have shown that the potential cracks and imperfections are mainly introduced into the product 

during the initial compaction of powder to the green state component (P1). Their simplified DPC 

based modelling showed satisfactory agreement with experiments. 

Coube and Riedel [70] using phenomenological material modelling has studied the formation of 

cracks during the initial compaction of powder by using DPC model. The DPC model 

modification is performed by considering cohesive strength and cohesion parameter of Drucker-

Prager model as functions of material state during compaction in a way that the strength will be 

increased by densifying the powder and will be reduced if shearing forces applied on the compact. 

The proposed model is tested on iron-based powders and they found that on top of good accuracy 

in modelling the densification results as density distribution in powder compact, the proposed 

model could provide a good qualitative insight about the crack formation during pressing, 

unloading and ejection steps. 

Doremus et al. in [80] have been investigating methods for calibrating the compaction models 

experimentally for being used in FE codes. DPC model is explained as an elastic-plastic model 

where the volumetric plastic strains could be considered as the hardening parameters when the 

elastic effects are negligible [81]. In [82] Doremus has presented application of simple 

compression tests for fitting yield stress surface, cohesion and friction angle of DPC model as 

functions of iron powder density during the compaction process. In [83] Doremus has simulated 

compaction of a drawing die and then by comparing it to the density distribution and punch forces 

of simulations against those recorded in experiments has fitted the DPC model parameters. 

Khoei et. Al [84] have analysed the hot iso static pressing of stainless-steel powders using CAP 

model. They have considered the influence of high temperatures into their model through 

defining yield stresses for different temperatures and plastic strain levels. Using their developed 

model, they have simulated the HIP of different automotive components with a conclusion that 

such approach is suitable to include the temperature effects into FE simulations where the thermo-

mechanical effects are coupled. 
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As a complement to Doremus results, Sinka et al. [85] have developed an experimental testing 

facility which could be used for modelling the powder behaviour during the cold compaction 

process for triaxial pressure about 500 MPa. Their results showed good reproducibility and are 

consistent with earlier material models publish by Doremus in [86]. 

The PM Modnet research group [87, 88] has explored the compaction of complex multilevel 

ferrous powders. They have used both cam-clay and DPC models in two different case studies. 

The comparison of the simulations results from comparing the density distribution predicted by 

each of models to the values measured from experiments and also comparison the forces to punch 

forces showed a good consistency. The accuracy of density distribution predictions is better in 

radial direction of the H shape component than the height direction of it. Using CAP model with 

constant friction and with no re-meshing showed provided good consistency in results.  

Wikman et.al [89] has used an inverse modelling approach to identify the material parameters to 

be used for simulations of powder compaction. In such approach the difference in output of 

displacement and force from simulation and experiments is considered as a function of the 

material parameters and then the function has been minimised in order to provide the most 

suitable material parameters to be used in simulation models. Their approach has showed good 

readiness for being used in industrial developments. Wikman et. Al [90] have investigated the 

quantification of the friction between die wall and powder. They have estimated the friction 

coefficient by comparing the results of compaction of a cylindrical shape component from 

experiments and simulation where the values of friction factor are optimised using the data from 

experiments and simulations. 

Gurson model 

The second category of material models are useful to simulate porous materials deformations 

during pressing processes. Kuhn and Downey [91], Shima and Oyane [66] and Gurson [92] are 

among most cited models in this group according to the comprehensive review provided by Selig 

et.al in [76]. In porous material models the hydrostatic and deviatoric stresses are described in 

terms of the yield stress for solid state material without pores together with the yield stress of the 

material when it has a relative density lower than 1. The assumption when implementing these 

models for simulations is that they show higher agreement with experiments for material when it 

has higher initial relative density (RD > 0.9) and are less accurate for modelling material when it 

has very low relative density. This assumption limits the application of porous models and make 

them the proper choice when it comes to simulating the material deformation after sintering when 

a high level of relative density is guaranteed. The schematic of the Gurson model is shown in 

Figure 9. 
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Figure 9. Gurson model, schematic of the yield surface in the p-q plane 

Lee, et al. [93] have used Shima-Oyane model for three-dimensional finite element analysis of 

powder compaction process for forming cylinder block of hydraulic pump. According to Lee et.al 

results, Shima-Oyane model could provide better results compared to granular material models 

in general when simulating porous materials. The only drawback of such model is that the 

predictions for low density regimes are not matching with the recorded densities from 

experiments.  

Yang and Hippman [94] have compared the results for simulation of solid and porous metals by 

comparing the extrusion process result using von Mises and Gurson models for solid (fully dense) 

and porous metals. The study of initial density and respective porosity (1-RD) to that has showed 

that for lower initial density the influence of first-order porosity is larger. They have shown that 

the problem caused by leading order porosity becomes smaller when the component get closer to 

exit from extrusion dies. As part of main result, the connection between the initial density 

distribution, friction and geometry of the component has been shown by Yang and Hippman. 

Sudhakar in [95] has compared the modelling results for a closed die compaction process for a 

porous metal using Gurson, Shima-Oyane and the model from Doraivelu et.al [96] Sudhakar has 

used a quadratic version of Gurson model and have showed the predicted results are very close 

to the results predicted by implementing Shima and Oyane as well as Doraivelu models, but 

Gurson predictions becomes inaccurate if the initial porosity is high ( i.e. low initial relative 

densities). 

Tvergaard [97, 98] has analysed the failure of porous material containing two different sizes of 

spherical voids. He has showed that a full three-dimensional model is required to be able to model 

the nucleation and growth of voids. The smaller voids are considered as spherical voids and larger 

ones are modelled by cylindrical voids. This study showed that the final failure caused by shear 

localisation across larger voids is noticeably delayed in the 3D matrix of voids since the smaller 

spherical voids have to link up sideways as well as interacting with other neighbouring voids to 
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result into shear localisation. Such simulations would be expensive in terms of computation costs 

of course. 

Keralavarma and Benzerga in [99] have studied the porous solid with non-spherical voids. For a 

selection of materials with anisotropic porous structure, Keralavarma and Benzerga have derived 

the plastic constitutive equations. They have considered that material is containing coaxial 

spheroidal with arbitrary orientation respected to the orthotropic matrix. By implementing 

nonlinear homogenisation theory from Eshelby [100], they have developed a model for plastic 

deformation of porous solids. They have shown their model could be simplified to the earlier 

models in the literature by adding specific assumptions and boundary conditions to it. 

HIP time dependent models 

Helle et. Al [60], have shown the relations between the powder density distribution and the 

different dominant HIP mechanisms. Using the results of Helle and his colleagues, in [101] the 

influences of HIP of different powder materials in a container has been investigated by Li et.al 

and their research showed successful simulation of HIP using based on application of the 

constitutive models proposed by Helle. They have measured the shape changes caused by non-

uniform density distributions. This study is limited to one dimensional simulation and analysis, 

but still provides a great insight into the HIP mechanism. Using the formulations provided in 

[101] it is possible to estimate to predict the time required for fully densify a powder component 

by HIP. 

As a complement to the results of Helle and Li, Svoboda et al. in [102] have provided an 

analytical constitutive model for HIP simulation which couple both thermal and mechanical 

effects of HIP process and have tested their formulation against experiments. The model has been 

used for simulation of cylindrical components and turbine blade in a container and the results of 

simulations and experiments matched satisfactory. 

In [103] Aryanpour et al. have proposed an elastoplastic-viscoelastic constitutive formulation 

based on the Abouaf [104] model for simulation of gas atomised stainless steel under hydrostatic 

pressure. The suggested model considers an inelastic deformation (time dependent) together with 

plastic deformation (time independent) during the loading process. The predications results 

(using model parameters published in previous literature) shows good agreement with the 

experimental results. The pressure and temperature field of HIP is modelled using a fixed 

temperature and a ramping pressure curve. Using higher pressurisation rates and higher 

maximum pressures showed to result in higher final density and better agreement of model and 

experiments. 

Xue et. al in [105] have used two constitutive models based on About and a hybrid model of 

Fleck et.al and Gurson formulations for investigating the densification of Titanium alloy during 
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HIP in container. They have measured the changes in dimensions of container during the process 

at different points and have compared their measurement result with the predictions from two 

different models. They have observed better agreement between the experiments and simulations 

using modified Gurson model and observed that About model is overestimating the dimensional 

changes. 

The main densification mechanisms during HIP are plastic yielding, power law creep, 

densification by diffusion and Nabarro-Herring and Coble creep [106].  

In [107] Cassenti and Cheverton have provided their research result on active mechanisms in HIP 

by using analytical models. They have considered active mechanisms in HIP including plastic 

deformations and creep-based deformation and concluded that for powder metals plastic theory 

could account for most of the deformation in short time [108]. 

Selig et.al [76] have reviewed 42 different research publications, where simulation of powder die 

compaction as the core process of metal powder processing route is reviewed. According to Selig 

et.al ’s review about 75 % powder metals used in industry in 2012 were ferrous metals and for 

this purpose Stanley et.al have divided their review on different model for metals into models 

used for simulation of ferrous and non-ferrous metals. In FE simulation of ferrous metals 

compaction 83 % of the researcher has considered granular material models where Dracker-

Prager-Cap (DPC) models has the biggest share by being used in 63 % of the research for 

simulations of iron-based powder compaction. The second most used material model is Cam-

Clay which is used in 21% of publications reviewed by Selig et.al the third widely used model 

for iron-based powders in granular state is Mohr-Columb model with 5% application in the 

research reviewed in [76]. Abaqus has been used in 32% of the simulations as the FE code to 

perform the FE simulation of pressing [76]. 

According the presented literature review, granular models are properly formulated for modelling 

the earlier stages of compaction process when the component has its lower densities, but in higher 

density levels, the application of porous material models could be suitable for FE simulation of 

PM component compaction [109]. 
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CHAPTER 3: RESEARCH METHODOLOGY 

Following the growth in computational power the implementation of finite element method to 

simulate manufacturing processes has a significant growth in the research world and also 

industrial process development. The finite element method gives the setup required to develop 

and predict material behaviour undergoing different production techniques and enable 

researchers to create prediction models to estimate the result of any change to existing 

engineering solutions as well as predicting the outcome of modifications to the process design. 

The body of scientific research found related to PM gear manufacturing is basically driven by 

using experimental and FE simulation models. The experimental design and trials results in form 

of qualitative assessment of process effect on the gear profile and material properties is compared 

against quantitative models build using mathematical models as well as implementing finite 

element simulation methods. This comparison let researchers to analyse and understand the 

influence of process parameters on the PM gears. 

As described in previous chapters the main challenge in PM gear manufacturing is the process 

introduced pores implied to material structure as an unavoidable side effect of PM processing 

techniques. In this section to motivate the methodology used in this research a review of previous 

relevant research publications is provided where the main theme of them was to address the 

density issue and dimensional accuracy obtained from PM processing and densification of gear 

profiles. 

Van Nguyen et al. [118] have published their research results on the effect of initial density 

distribution of PM component where they have combined experiment and FE simulations to 

investigate the topic. This research addresses the HIP process of encapsulated PM pipe shape 

component to reveal the non-uniform shrinkage caused by inhomogeneous density distribution 

prior to HIP. The initial density distribution is obtained using experimental technique 

quantitively. This distribution then is imported to FE simulation of HIP process to estimate the 

shape deviations. A comparison of measured dimensions on the final shape of component 

between simulated component using FE method versus the experimentally produced component 

is used to validate the research result. To reveal the influence of the initial powder density 

distribution two different homogenous and non-homogenous distributions are and the final the 

difference in final shape is proved to be driven based on the initial density distribution 

quantitatively.  Additionally the patterns of deformations caused by the HIP process are well 

predicted by FE simulation and validated by comparing them against experimental results. 

Frech et al. [120] have presented their research result on effects of cold rolling on densification 

of PM gears. A combined research method using FE method and experiments is used to 

understand the effect of gear rolling process parameters including initial density, infeed and 

contact ratio. This research showed that FE method results are in adequate quantitative and 
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qualitative match compared to experiments. Their research method let them to predict the density 

profile and also identify the effect of processing parameters on the modelling parameters 

qualitatively. Therefore, the FE model could be used to predict the processing result quantitively 

based on the processing parameters of PM gear densification using gear rolling. 

Cho et al. [121] have used FE method to simulate the PM gear rolling process. The FE model is 

used to develop the gear rolling process and reduce the cost and time for realising the real process 

in experiments since the gear rolling process require trial and errors to obtain suitable processing 

parameters to reach the desirable gear quality. To tune their material model the compression test 

result on the sintered specimen were used.  

Planitzer et al. [122] have presented their FE supported research approach to develop a surface 

densification of PM gears through radial forging process. FE method is used to create insights 

about the result of modifying the preform and die design on the density growth and the 

dimensional deviations induced by the process in their study. Then following a repetitive 

modelling approach using the FE simulations the basic design for experimental trials are 

obtained. Since the process under study in their research is a new introduced process at the time, 

such methodology shown to be effective in terms of understanding the process design and its 

advantages and disadvantages on the PM gear processing including the densification step. 

Following the same scientific research methods presented above, a combined experimental and 

FE method is considered to be used in this thesis to answer the research questions. A set of 

experiments are performed to examine the density results which could be obtained from the 

presented PM processing route for manufacturing PM gears. A finite element method is 

implemented to simulate the processes involved including pressing and HIP. Using the 

experimental results, the FEM is validated. Finally, to answer the remaining research questions, 

an analytical screening of gear geometries to be manufactured by the process route in focus in 

the thesis is provided. Answers to the research questions are drawn using the results of both 

experiments, FEM and statistical analysis of the developed models in the thesis. 

The specifications for the gears which are used in the experiments and simulations of the thesis 

are presented. The measurement methods for density and dimensions of these gears are 

introduced which are implemented to obtain the results from simulations and experiments to 

investigate the effects of the understudy processing route of 2P2S followed by HIP on gears.  

In the following sections, the selected material model for each step of the process route of in 

interest in this thesis is explained and the model of the process step in FE software is shown. 
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Finite Element Model 

The research questions and the goals of the thesis are toward development of the process route 

for industrial application, the use of the macroscopic models is shown to be the commonly 

accepted approach for simulation and modelling. 

Model for first pressing (P1) 

Powder is granular before and during the first pressing (P1). In this work ABAQUS has been 

used to simulate the process of first pressing by using its DPC model as a suitable model taken 

from the literature review provided earlier in chapter 2. 

The initial estimates for model parameters are taken from [110]. The model parameters are then 

calibrated for the specific powder used in the research by a combined experimental-FEM 

approach. The pressing of the powder into shape of a small cylinder as shown in Figure 10 is 

experimented and the displacement-force curve is recorded for this pressing punch. 

 

Figure 10. Calibrating the material model for first pressing 

This process is simulated with the initial parameters taken from [110] as the first trial and then 

calibrated until a good fit for punch displacement-force curve similar to the experimental curve 

is achieved. Then in rest of simulations of this work the same material model parameters, external 

friction factor (between powder and die and punch walls) and hardening curve are used for 

modelling the powder behaviour during P1 for PM gears. The resulted graphs from experiment 

and calibrated FE simulation corresponding to it is shown in Figure 11. 
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Figure 11. Calibrated hardening curve from compaction tests simulations for the ring shape compact 

An initial uniform density distribution over all nodes of the model is considered as the initial 

density of the PM gear in this work. Figure 12 shows the schematic of first pressing simulation 

model for P1 of PM gears and Table 1 gives the calibrated model parameters for simulations. 

 

Figure 12. First pressing, model in Abaqus 

Table 1.Modified Drucker Prager model CAP plasticity parameters in ABAQUS for the simulation of P1. 

Material 

Cohesion 

[MPa] 

Angle of Friction 

[°] 

Cap Eccentricity 

[-] 

Initial Yield Surface 

Position [MPa] 

Transition Surface 

Radius [-] 

Flow Stress 

Ratio [-] 

0.059 70.55 0.5 0.01 0.01 1 
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Model for first sintering (S1) 

The initial experiments of the research showed that the dimensional changes during the first 

sintering are very small and negligible (-0.02 % in diameter and +0.07 % in face-width). That 

means the influence of the S1 is mainly removing of lubricants and it does not cause significant 

dimensional change in the gears. Therefore, the FE simulation of S1 is not performed, but only 

the influence of S1 on the density distribution is considered. The assumption is that a linear 

density variation will occur during S1. With this assumption the density change factor recorded 

from experiments is applied as a modification factor on the relative density values of model 

nodes. That means after first pressing the RD of all nodes are multiplied in the experimental 

density modification factor and stored as the input for next process model which is second 

pressing (P2). The applied modification factor is assumed to be just dependent on the powder 

properties and sintering parameters in this work, therefore one modification factor is used for 

simulation all different gear geometries since powder properties and sintering conditions kept 

constant. 

Model for second pressing (P2) 

The second pressing (P2) performs when the PM gear is sintered, and gear is a porous solid. 

Therefore, the simulation of P2 should be performed using a proper model for porous solids as 

discussed earlier. The Gurson model as explained in chapter 2 is widely used in the literature in 

simulations of porous solid structures. The model is implemented in commercial FE software 

Abaqus and is used to simulate the second pressing step of the PM gears in this work. The 

schematic model is shown in Figure 13. Second pressing, model in Abaqus. The main assumption 

here is that all pores are in form of sphere and that means the original Gurson model where all 

the parameters are equal to 1 could be used [95, 97, 98]. Gurson model parameters are given in 

Table 2. 
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Figure 13. Second pressing, model in Abaqus 

 

Table 2. Gurson plasticity parameters in ABAQUS for simulation of P2 and Hot Isostatic Pressing (HIP) 

q1 [-] q2 [-] q3 [-] 

1 1 1 

Model for second sintering (S2) 

Second sintering is also shown to have very small influence (-0.7 % in diameter and -0.2 % in 

face-width) on the dimensions of the gear as tested experimentally [56]. That corresponds to the 

main variation in the material density happens due to the spheroidization of pores at high 

temperature [123]. For this reason, the FE simulation of second sintering is not considered 
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analytically but an experimental modification factor for density is defined to take into account 

the influences of S2 on the material density in the simulation steps. Therefore, the linear 

modification factor as effect of second sintering is multiplied to the values of nodes’ relative 

density (RD) from the output of the second pressing and then the resulted RD values of the nodes 

are used as the input for HIP simulation model in next simulation step for HIP. Here also the 

modification factor assumed to be only dependent on the material specification, so an identical 

factor is used for different gear geometries in the simulations which are all made from same 

powder. Modification factors are given in Table 3 which are used in simulations of this research. 

Table 3. Linear modification factors for S1 and S2 

Process Modification Factor [%] 

S1 −0.69 

S2 +0.50 

Model for HIP  

With the increasing amount of HIP applications in PM processing, the HIP simulation comes into 

interest of many researchers. Several research results have been published regarding the HIP 

simulations which are done to improve the HIP results [111, 112, 113, 114, 115, 116, 117, 118]. 

These works are mostly addressing specifically HIP effects on the component density and 

dimensional variations (shrinkage) during HIP of PM components in a container [115, 116, 117, 

118]. Compensations in prior processes to the HIP step are suggested by researchers in order to 

reduce the geometrical distortions caused due to density gradients during HIP. In general, to 

simulate the HIP a combined model of plastic creep behaviour which could describe the time 

independent and time dependent strains is used in literature. It is well known that the initial 

dominant mechanism of HIP is the plastic yielding and then creep becomes the dominant 

mechanism. This approach requires a fully coupled thermo-mechanical model which can describe 

the effects of thermal strains coupled to the mechanical strains. For HIP of components with 

initial low densities where the loose powder is compacted into the near net shape in a container 

this is necessary since the changes in dimensions caused by HIP are noticeably large and creep-

based strains are big part of total strain. 

In the process route under study in this thesis, after the 2P2S of the powder into gear shape, the 

gear has a high initial density before HIP (RD ~ 0.9). If the external pressure applied in HIP is 

enough large, then flow strength of the material is exceeded locally, and plastic deformation 

occurs [115]. The plastic deformation will continue while peff ~3σy. 
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In macroscopic modelling of HIP normally it is assumed that HIP is an isothermal process [124]. 

At a specified high temperature where material has lower yield strength of 30 MPa, the material 

behaviour is described by the Gurson models where the porous structure of the component 

determines the yielding with plastic deformation [115]. This approach has been used in the 

literature and the results showed to have a good agreement with the experiments. Xue et.al have 

simulated the HIP effects on the density and dimensions. They have compared the results of 

models based on Gurson formulation (plastic yielding of porous solids) for porous material and 

Abouaf (viscoelastic yielding of powder material) and have shown that the creep based models 

are overestimating the density and dimensional changes during HIP [105]. 

In this work, the Gurson model is used for simulation of HIP. After second sintering and as an 

input to HIP assuming material has spherical pores is very close to the physical reality as a result 

of prior double pressing double sintering before HIP step. Therefore, the original Gurson 

parameters are used for simulations of HIP step. To use Gurson model properly for simulation of 

HIP, it is necessary that the yield function of material be tailored due to high temperature used in 

HIP to simplify the model. That is because the mechanical strength of material would be lower 

than normal strength of steel in the normal room temperature. Yield strength of 30 MPa is defined 

in the model. This low yield strength is due elevated temperature about 1150 C in HIP. The HIP 

pressure is set at 100 MPa and is applied uniformly perpendicular to all free gear surfaces as 

shown in Figure 14. 

 

Figure 14. Hot Isostatic Pressing model in Abaqus 
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Meshing 

Mesh setup for FE simulations of all the steps is kept constant. By choosing a fine mesh in the 

FE simulation of first pressing, the same deformed (compacted) meshed gear after P1, after 

applying the S1 modification factor on RD of nodes could be exported to the FE simulation of 

P2. Similarly, the resulted deformation caused by P2 will be stored in the mesh and then RD is 

modified by applying S2 density modification factor on the RD of the mesh nodes. Finally, the 

meshed gear after double pressing double sintering simulations will be exported for FE 

simulation of HIP as the last simulation step. 

Following the recommendation provided by ABAQUS manual [126], in this work the gear mesh 

consisted of 8 node linear brick elements (C3D8R) with minimum size of 1 mm on flanks and 

maximum size of 2 mm in face-width direction is used. The simulations are performed on the full 

geometry of the gears in 3D space. 

For meshing the dies, central rod and two moving punches, they are modelled with the same 

element type of 8 node linear brick elements (C3D8R) but with larger element size up to 10 mm 

and as rigid bodies since they are much stiffer than the PM gear experiencing compaction and 

deformations. 

Friction model 

In the first and second pressing a surface-to-surface contact between all the physically contacting 

surfaces of die, punches and rod against the gear surface is defined with a Coulomb friction factor 

of 0.2. The value for friction was calibrated in the material model calibration of powder pressing 

and is used also in the second pressing. No frictional effects are considered in HIP simulation in 

this work. 

As a summary the following assumptions are used in the FE simulations of this thesis: 

• The thermal effects are not simulated numerically. The influence of thermal effects 

considered separately for S1, S2 and HIP. 

• The unloading and ejection of the gear from die after pressing steps are not simulated 

numerically. 

• The friction factor considered to be constant in P1 and P2 simulation models. 

• Frictional effects are not taken into model for HIP simulation models. 

• Spring back effects (elastic deformation) are not taken into account. 

• For HIP simulation the plastic part of strain has been used as the dominant part of the 

deformations and the creep effects is not considered. 

• Pores considered to be spherical in simulation. 
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Experimental Setup 

The experimental setup which is used in the research is explained in this sub-chapter. The powder 

in experiments together with the processing parameters and techniques for pressing, sintering and 

hot isostatic pressing are given. 

The experiments of the research project are performed in parallel to the simulation work. Höganas 

AB has performed pressing and sintering steps, Quintus Technologies has performed HIP trials. 

Density measurements are performed at Chalmers institute of technology. 

Powder material 

PM gears are normally case hardened and require having high core toughness. Therefore, PM 

gears need to be compressible and possess a homogenous microstructure after sintering. Such 

requirements could be provided by water atomised steel powder which at the same time shows 

both good compressibility and hardenability. In this work, the powder is pre alloyed with 1.5 

wt. % Mo (Astaloy Mo). The powder with standard size fractions within the range of 20 to 180 

μm is used. For the experimental tests, powder is admixed with 0.6% LubeE for lubrication and 

0.2 wt. % of graphite to add carbon to the mixture. 

Techniques for pressing, sintering and hot iso-static pressing (HIP)  

The experiments are done on two sample gears which their specification is provided in the next 

section. These experiments are used as the reference to validate the FE results. The pressing steps 

are performed in 800 MPa mechanical press. The mechanical press used at Höganäs AB is shown 

in Figure 15. 



50 

 

Figure 15. Mechanical press, Höganäs AB 

The first sintering step was performed at 800 C in N2 atmosphere for 1 h and the second sintering 

is performed at 1300 C for 1 h in vacuum. The modified ECM furnace used for the first and 

second sintering of gears at Höganäs AB is shown in Figure 16. 
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Figure 16. Modified ECM furnace used for sintering of gear samples at Höganäs AB 

HIP step is performed at 1150 C for 2 h and with a 100 MPa of pressure using Argon gas. The 

furnace which used for capsule free HIP of gear samples at Quintus Technologies AB is showed 

in Figure 17. 
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Figure 17. HIP furnace used for capsule free hot iso static pressing of gears at Quintus Technologies AB 

Validation Methods 

In next section the parameters which are used to follow the dimensional changes in the processes 

involved in production route are introduced. These parameters together with development of the 

average density and density distribution (density gradients) are used to provide answers to the 

research questions of the thesis. 

Evaluation parameters 

To evaluate the process effects on the PM gear dimensions, the gear outer diameter (da) and its 

face-width (b) are measured. Diameter is measured in three different arbitrary planes on the gear 

face-width as showed in Figure 18. 
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Figure 18. Evaluation parameters on the gear 

Density of the component is measured as average density of the PM gear, which is an estimate 

of the gear density. Also, the values for maximum and minimum relative density (RDmax and 

RDmin) are followed between steps. 

Measurement techniques   

To validate the FE model, the mostly used approach is to compare the result of FE model 

simulation with the results obtained from physical experiments. In this manner it is necessary 

that density distribution and dimensions of the compacted or sintered component be measured 

accurately from both experiments and simulations. 

For density measurement several methods are possible to be used which can provide the density 

distribution in the compact. Gamma ray absorption, correlating measure hardness values to the 

density, optical metallography, Archimedes’ method and powder movement are used by different 

researchers to reveal the compact density distribution experimentally [58]. 

In this work, the density and relative density of gear in the simulation results are defined based 

on the average density of the nodes after each step of simulations. The density of gears and the 

level of open pores [32] are measured during the experiments using Archimedes’ method 

according to the ASTM B962-14 standard [59]. 

To follow the dimensional changes, the outer diameter and face-width of the gear is measured 

also from the FE simulation result of each step and then physical measurement of the same 

parameters are performed in the lab using a digital micrometre with accuracy in range of 0.1μm. 
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Tested gears 

Two different geometries of gears are tested experimentally as part of the investigations. The 

specification of gear I and gear II are given in Figure 19. 

 

Figure 19. The specifications of tested gears in experiments and development of FE models 
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Chapter 4: SUMMARY OF APPENDED PAPERS 

Papers A to E which are appended to this thesis are published in peer-reviewed international 

journals and conferences which have addressed the research questions of this thesis.  

Paper A.  

In paper A, a preliminary investigation on closing the pores and reaching full density by using 

the processing route under study is presented. Four different combinations of powder size (fine 

and standard size), sintering temperatures and lubricants are tested experimentally. Two test 

specimens in shape of cylinder and a spur gear are used to perform the trials.  

The final density of specimens is measured using Archimedes principle where the cylindrical 

specimen showed to reach full density after 2P2S processing. But for the small gear, the presence 

of open pores close to gear surface will be causing the failure in reaching full density. Reaching 

a density level around 7.45 g/cm3 is required after second pressing and before HIP step for 

Astaloy Mo Powder [34]. 

By means of numerical simulation the generation of neutral zone in the middle of gear face-width 

is investigated and predictions are made for density distribution in the gear after pressing and 

before HIP. The simulations are beneficial to identify the risk of hitting a lower density than 

required for transition from open to closed pores in PM gear after HIP.  

FE simulations combined with the experimental setup let us to conclude that while reaching the 

full density in the component is feasible, but the generation of neutral zone is unavoidable, and 

the neutral zone could be removed after HIP if all open pores are removed before HIP. 

This work shows the way forward to evaluate the potential of the HIP to close the open pores 

when a certain level of density is reached after pressing. Also, this publication illustrates a 

validated FE simulation model to be implemented in research method of combined simulation 

and experiments as introduced in chapter 3 of the thesis. 

Paper A is mainly addressing the feasibility of the innovative processing route presented in this 

thesis and responded partly to the RQ #1 of the thesis. 

Paper B.  

Paper B addresses the effects of pressing on the density distribution for different gear geometries. 

The research presented in paper B is a response to the challenge identified in the Paper A where 

we have identified that after compaction there is a risk that due to generation of neutral zone, the 

gear teeth surface does not reach the minimum required density to close the open pores. 
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Paper B is investigating and predicting the effects of changing the gear parameters and how the 

density distribution will be after pressing. The FE model from Paper A is used in order to simulate 

8 different gear geometries. Keeping gear module, number of teeth and outside diameter of the 

gear constant at varying face a systematic dependency of density distribution is observed among 

different gear geometries. 

Paper B main conclusion is that there is a higher potential to reach higher densities after pressing 

for certain geometries. Paper B showed that for developing the processes and manufacture a fully 

densified PM gear using 2P2S followed by HIP there should be a group of gears which are more 

suitable to be manufactured with such processing route.  

A reliable FE model validated with experiments from paper A, let us to investigate the gear 

parameters effects only using FE simulations and avoid costly and time-consuming trials to test 

our hypothesis. This is in line with our aim to create a prediction tool to investigate different 

aspects of the process under study in the thesis. 

The research result presented in paper B is mainly part of response RQ #2 and RQ #3 of this 

thesis. The presented research result in paper B showed that gear geometrical parameters might 

be relevant to consider in process development and influence the minimum density before HIP.  

Paper C.  

Paper C is continuation of the investigation started in paper B, where the insights from paper B 

are used to continue research on the effect of gear parameters in the full process under focus in 

this thesis including the HIP step after 2P2S. 

Two questions around the proposed process are in focus in paper C. First question is to investigate 

how the distortions caused during HIP are influenced by density distribution in the gears after 

2P2S process. The second question is the relationship between gear parameters and the 

distortions which are occurring during the HIP process after 2P2S. 

Paper C has presented the FEM simulation method combined with experimental procedures to 

validate the FEM model and then provides a statistical predictive model on the result of HIP for 

gears with different sizes. This paper provides a validated framework for studying the processes 

and simulating them using the FE model developed. The FE model showed to predict the 

geometrical deviations patterns caused by pressing and HIP successfully.  

In addition to the fact that FE model showed to be great qualitative predictor for the density 

distribution and distortions, the results presented in paper C showed that FE models could be 

used to predict the geometrical accuracy in a quantitative manner as well. This fact was concluded 

from comparison of gear dimensions tested in trials against FE simulation predicted dimensions. 
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The research result in paper C is continued by developing a regression model where the FE 

simulations of the whole 2P2S and HIP step is performed on 8 hypothetical gear geometries and 

a simple linear regressive model is developed based on the results for prediction of minimum RD 

before HIP step. This methodology could be used in development of process and selection of 

suitable gears that are proper to be produced by the 2P2S and densified with container-less HIP 

at the end. 

This paper is answering the RQ #3 of the thesis about the relation between the gear size and the 

results of HIP densification and suggests feasible dimensions which could reach good results 

after densifications. 

Paper D.  

Paper D is a comprehensive report of the research and development of the process of 2P2S 

combined with capsulate free HIP densification as the PM manufacturing route for production of 

high-performance PM components with full density. Experiments on cylindrical specimens and 

gears were performed and the results of FE simulations for gears are validated against the 

experiments. 

Paper D shown that powder size, lubricant and sintering temperature are influencing the results 

of process. For reaching the full density and closure of open pores before HIP only a specific set 

of these parameters could be used to achieve the required minimum densities before HIP and 

ensure the removal of open pores in practice. 

The simulation model developed in paper D is used to predict and visualize the density 

distributions and to investigate the neutral zone formed in pressing steps. It is shown in case of 

gears, due to the larger contact surface between the dies and component, the neutral zone could 

grow more than a cylindrical specimen. 

Comparison of the predicted average density by FE simulation model and the measured density 

from the experiments shown to be acceptable. The dimensions measured after each process steps 

on the gear compared to the dimension predicted by FE simulation showed agreement with the 

measured value for tip diameter, inner diameter and face-width of the gear. 

Results of this work have shown that reaching a relative density of over 95% is feasible that can 

ensure the closure of all pores before HIP step. As well capsulate free HIP densification is tested 

experimentally for two gear geometries and fully dense gears are realized. 

Therefore, paper D showed the potential of using the proposed process route with container-less 

HIP to manufacture gears with full density which are suitable for high performance applications 

such as heavy vehicles. Paper D results help us to answer RQ#2 of the thesis in particular. 
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Paper E.  

Paper E presented the innovation proposed to manufacture fully dense gears by combining the 

traditional PM gear manufacturing based on pressing and sintering steps and addition of a 

densification step as container-less HIP in end of process route. This paper benchmarks the PM 

gear produced using the process route investigated in this thesis against the reference gear made 

from conventional steels. 

Paper E has addressed remaining surface porosities which are observed after HIP. The open 

porosities along the tooth surface has negative impact on the fatigue strength of the gear. In order 

to remove such influence grinding of the flank shown to be adequate, but to ensure the highest 

performance of the HIP gear the root of the gear is also ground in this investigation. 

Paper E added a new aspect to the research where the gear fatigue strength were tested in a 

standard test rig. It is revealed that the PM gear produced by the 2P2S and gone through HIP can 

have lower fatigue strength than a gear manufactured from wrought steel (reference gear). The 

root bending strength of HIP gear is shown to be lower than reference gear after running 

experimental tests in pulsator.  

The investigations presented in paper E showed the grain growth during HIP can result into 

lowering the strength of HIP gear. The main driver of such grain growth is long exposure of the 

gears during second sintering and HIP step to extremely high temperatures. The measured grain 

sized after each of the process steps revealed this fact. 

In order to solve grain growth impact without adding further process steps, normalization in HIP 

process is demonstrated to be useful. In this order the gears are heated up and then quenched in 

water to reduce the grain size after HIP. This normalization step proved to be successful in order 

to reduce the grain size in comparable order with reference material. The advantage of HIP is 

that such normalization could be done in the HIP furnace without adding any further step to the 

whole process chain. Avoiding further steps in the processing steps is crucial from industrial 

perspective, to keep the production costs low. 

Paper E highlighted the importance of FE simulation model presented in this thesis to predict the 

density distribution in the gear, to identify the neutral zone formation in middle surface of the 

PM gear due to high friction. Additionally, the implementation of such model in finding the 

suitable demonstrator geometry where there is risk for keeping open pores before HIP which can 

result into failure of the whole procedure is a contribution of this research for the design of 

demonstrator gear in paper E. Therefore, FE model proved to be working and using our model in 

this thesis a suitable demonstrator geometry is designed for the investigations. 

Paper E also presented bore roundness and the runout measurement results after HIP. It is shown 

that HIP step caused larger distortions compared to pressing and sintering. This is in line with 
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observations in simulations presented in paper D as well where the highest distortions predicted 

to occur during HIP step. Anyhow the magnitude of distortions is still under control which means 

that they can be corrected by the final grinding process to reach the desirable gear quality. 

Results presented in paper E let us to enhance the overall understanding of the processing chain 

studied here and also identify the industrial challenges in front of the development of such 

process. The results presented in paper E help us in formulating our answers to all three research 

questions of the thesis where it shown the feasibility to reach full density, geometry effects on 

the density distribution, and the required pre-HIP density for reaching full density based on 

experiments on the demonstrator gear. Paper E opens up the discussion on the industrialization 

aspect of the process design as well as mechanical properties of the PM gear produced by the 

processing route in this research for taking next steps. 
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CHAPTER 5:  RESULTS 

In this chapter, the summary of results of simulations and experiments from appended papers is 

presented. The validation of FE model is done by comparison of the results for measurements 

from experiments to the predicted values by FE models for the two gears which their 

specifications were given in chapter 3. Additionally, eight different gears are selected for 

screening investigations using the FE simulations. The simulation of processing steps is 

performed for these eight gears, and the influence of gear addendum diameter and gear face-

width on the densification and dimensional variations are studied. Using the result of this 

screening, an analysis is provided on the geometrical influences of the gear size in form of a 

regression model for prediction of density based on a given set of gear geometrical parameters 

and for a specific powder material. This approach is shown to be useful for development of the 

process engineering by giving an approximation of powder processing results before investing 

on costly experiments. 

FE Results 

Figure 20, Figure 21and Figure 22 are showing the RD distribution in gear I after P1, P2 and HIP 

respectively. Figure 23, Figure 24 and Figure 25 are showing the RD distribution in gear II after 

P1, P2 and HIP respectively. In all of the figures 20 to 25, the left view shows the overall 

distribution of relative density and the right view show a magnified cut view of the gear teeth on 

neutral surface at middle of the face-width and also the local maximum and minimum values for 

the relative density along the gear face-width. As explained earlier the RD is a relevant parameter 

to follow as indicator of densification results. The difference between RDmin and RDmax is 

considered as the indicator for how big the density gradient is along the gear face-width. The 

bigger the gradient, larger are variations of gear dimensions along the face-width. 

As it is shown in Figure 20 and Figure 23, the RDmin values predicted for gear I and gear II are 

slightly different. That could be due to their size differences which can cause different 

compaction rates and consequently different levels of RDmin at the neutral zone since the all the 

processing conditions and material are similar between the gears I and II.  

As shown by Figure 21 and Figure 24, the FE model predicts that the RDmin values are not 

increased noticeably after P1 up to HIP step while the RDmax values are increasing up very close 

to 1. This observation from FE models shows that the density gradient is growing since RDmax is 

growing but not RDmin. Therefore, before HIP the gears have RDmax very close to 1 at their outer 

surfaces far from neutral zone, and they have RDmin values close to 0.9 at the area near to the 

middle plane. Such difference is considered to be the driver of non-homogenous dimensional 

variation in HIP step. The area which has higher RD before HIP has higher strength so it gets 

less distorted while the area close to the middle plane at neutral zone has lower strength and could 
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deform plastically more than other areas. This behaviour caused the unfavourable dimensional 

deviations in gear shape at the end of the processing which needs to be eliminated in post 

processing. Figure 22 and Figure 22 are showing the density distribution and neutral zone of the 

gears I and II after HIP. The predictions show that both gears are fully densified. Some minor 

surface pores could be related to the small areas close to the surface where the colour of the 

distribution colour is different from the bulk (compare the red and the orange colour in HIP results 

of gear I and II). 

 

Figure 20. Relative density distribution after first pressing in gear I (left) and the neutral zone distribution (right) 

 

Figure 21. Relative density distribution after second pressing in gear I (left) and the neutral zone distribution 

(right) 
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Figure 22. Relative density distribution after HIP in gear I (left) and the neutral zone distribution (right)  

 

 

Figure 23. Relative density distribution after first pressing in gear II (left) and the neutral zone distribution (right) 
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Figure 24. Relative density distribution after second pressing in gear II (left) and the neutral zone distribution 

(right)  

  

 

Figure 25. Relative density distribution after HIP in gear II (left) and the neutral zone distribution (right)  

Dimensions and average density of both gears are measured after each of the processing steps. 

The density of gears is averaged based on the RD values of mesh nodes. The dimensions of the 

gears in FE models are measured based on the exact nodal positions in the 3D space and gives 

an accurate measure of the gear diameter and face-width after simulation of each step. 

Experimental Results 

Figure 26 shows the manufactured gears using the five-step processing route. 
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Figure 26. Gears I and II after capsule free HIP 

The dimensions and density of gears are measured after each of the processing steps using the 

measurement techniques explained in the second chapter of thesis.  

Validation of FEM Model 

Figure 27 shows the density evolution from P1, S1, P2, S2 and HIP from the simulations and the 

experiments for the gear I and II. 
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Figure 27. Average density growth through 5 step processing of PM gears, comparison of predicted values from 

FEM and the measured values from experiments in Gear I 

 

Figure 28. Average density growth through 5 step processing of PM gears, comparison of predicted values from 

FEM and the measured values from experiments in Gear II 

As it is shown in Figure 27 and Figure 28 the predictions of FE model are close to the measured 

values from experiments. Figure 29 and Figure 30 are showing the predicted diameter values 

measured from the simulations and also the measured values from the experiments on both of the 

gears I and II. Figure 31 and Figure 32 are showing the predicted face-width values measured 

from the simulations and also the measured values from the experiments on both of the gears I 

and II. 
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Figure 29. Addendum diameter variation through 5 step processing of PM gears, comparison of predicted values 

from FEM and the measured values from experiments in Gear I 

 

Figure 30. Addendum diameter variation through 5 step processing of PM gears, comparison of predicted values 

from FEM and the measured values from experiments in Gear II 
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Figure 31. Face-width variation through 5 step processing of PM gears, comparison of predicted values from 

FEM and the measured values from experiments in Gear I 

 

Figure 32. Face-width variation through 5 step processing of PM gears, comparison of predicted values from 

FEM and the measured values from experiments in Gear II 

Figure 33 shows the prediction errors for FE simulations on the evaluation parameters. The 

percentage of errors could confirm that FE models have provided a relatively good approximate 

for density and dimensional variations caused by P1, P2 and HIP for gear I and worse prediction 

for gear II. This is discussed later in next chapter. 
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Figure 33. The mean squared error of predictions of FE model for density, face-width and addendum diameter of 

gears I and II 

Screening of Different Gear Geometries 

In this section a pure numerical analysis is performed on eight selected gears which are in 

category of large gears based on the definition in this thesis. Such gears are considered as good 

examples of the gears that are used normally in heavy vehicle applications. 

The selection of the gear specification in this part of study is done considering the influence of 

two gear dimensions including addendum diameter and face width (b) which are defining its 

overall size. The addendum diameter (da) is a function of the normal module (mn) and tooth 

number (Z) as shown in Equation 1. 

Equation 1. Outer diameter is a function of gear normal module and number of teeth 

𝑑𝑎 = 𝑓(𝑚𝑛, 𝑍)  

Gear parameters of the screened gears are given in Figure 34. Gear sample #1 to #4 have equal 

addendum diameters. Sample #1 and #2 have equal normal module and number of teeth but 

different face-width. In samples #3 and #4 by reducing the number of teeth and increasing the 

normal module the addendum diameter is kept equal to sample #1 and #2. The difference of 

sample #3 and #4 is in their face-width. Sample #5 and #6 have lower addendum diameter but 

equal number of teeth and normal modules. The main difference between #5 and #6 is in their 

face-width. The same applies to #7 and #8 where the addendum diameter has been reduced again 

but the number of teeth and normal module is equal in both and their difference is in their face-

width. 
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Figure 34. Gear parameters of samples #1 to #8 for screening investigations on gear size influence on processing 

result 

The validated FE model in previous sections of the thesis is implemented as a prediction tool for 

screening these gears behaviour by simulating their processing through 5 step routes of interest 

in this thesis. The value of RDmin predicted by simulations is shown for P1 and P2 results of all 

of 8 samples in Figure 35. 

 

Figure 35. RDmin after first pressing and second pressing from simulation of eight gear samples (#1-#8) 
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Figure 36. dimensional distortion (shrinkage) occurred during HIP predicted by FE simulation for each of eight 

samples (#1-#8) 

Figure 35 shows the minimum relative density (RDmin) values for each of the eight gears and 

after P1 and P2. Figure 36 reveals the influence of overall gear size on the density gradients and 

is in line with results of prior research on influence of geometry on pressing of powder material. 

The predicted variations in gear face-width and gear addendum diameter which occurs during 

HIP and are known as HIP distortion or HIP shrinkage are reported in Figure 36 for the 

simulations of these 8 gear samples. 

Analysis on The Proposed Process for Manufacturing of Gears 

for Heavy Vehicles 

The results from Figure 35 and Figure 36 could be combined to understand the general influence 

of gear size parameters on the density gradients caused by pressing steps and also the consequent 

shrinkage of the gear diameter and face-width. 

Comparing results of #1 and #2 shows that a constant diameter of gears higher face-width will 

cause larger shrinkage. This is confirmed by pairwise comparison of sample #3 and #4. Another 

comparison could be made by comparing the results of samples #2 and #4, where both have same 

face-width but different normal-modules and number of teeth. It seems the increase of module in 

#4 and the reduction of the number of teeth in #4 has resulted to noticeable higher values of 

RDmin. This could support the theory that at a constant face-width and outside diameter, it is more 

favourable to have gears with larger modules to obtain better density distributions and 

consequently less shrinkages after HIP. 



71 

In samples #5 and #6, a smaller addendum diameter is selected compared to samples #1 to #4. 

Sample #5 and #6 suggests at a constant normal module and constant number of teeth, the higher 

RDmin could be reached if the face-width is lower. 

Samples #7 and #8 have even smaller addendum diameters compared to samples #5 and #6. Here 

the simulation results show that at a constant module and number of teeth the gear with lower 

face-width has reached higher RDmin.  

By comparing the results of sample #5, #7 and the result of sample #6, #8 it is observed that at 

the same module and face-width, the higher number of teeth which can generate larger addendum 

diameters is favourable in terms of reaching higher RDmin. 

Simulations predict that gears with lowest RDmin value will have biggest range of density 

gradients and therefor will experience larger amount of shrinkage in HIP step. This screening 

investigations shows that there could be a relation between the gear size and the result of the 

densification process route. With this, it can be concluded for some gear design it is possible to 

reach full density with small distortions which should be removed in post processes with a 

reasonable effort. At the same time, densification of some gear designs could result in full density 

but with large distortions which may require a large amount of post processing to remove the 

distortions.   

To create a simple predictive model, an analysis of variance (ANOVA) has been performed. The 

regression model obtained from ANOVA could provide a pre-estimate for selections of gear 

dimensions which are suitable for being manufactured using the five-step process route studied 

in this thesis. 

The linear regression performed based on three independent variables, b, mn, and Z from the gear 

parameters and RDmin as the dependent variable. The initial ANOVA analysis results to a P-Value 

of 0.551 for Z, which suggests that the outcome is not significantly dependent on the number of 

teeth. Therefore, a second analysis performed with considering just two independent variables (b 

and mn) and the resulted regression model is presented here. The details of model are described 

in the Table 4. 
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Table 4. The ANOVA results for RDmin 

  Coefficients Standard 

Error 

t Stat P-value Lower 

95% 

Upper 

95% 

Lower 

 95,0% 

Upper  

95,0% 

Intercept 86.431 1.115 77.497 0.000 83.564 89.298 83.56 89.29 

b -0.225 0.045 -4.958 0.004 -0.34 -0.108 -0.34 -0.11 

mn 1.184 0.300 3.953 0.011 0.41 1.95 0.41 1.95 

 

The examination of results presented in Table 4 illustrates that both of the gear parameters mn 

and b are significantly predictive of value of RDmin according to the ANOVA statistics [F (2, 5) 

= 20.105, P < 0.004]. The model degree of prediction of RDmin is R=0.94, and the model degree 

of explaining the variance in the RDmin is R2 = 0.88. With these two coefficients it could be 

concluded that the model can predict the RDmin. Using the ANOVA results the prediction for 

RDmin after P2 could be obtained from Equation 2.  

Equation 2. Regression equation for prediction of RDmin based on gear dimensions 

RDmin, P2 = 86.413 + 1.184×mn − 0.225×b 
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CHAPTER 6: DISCUSSION 

In this chapter, the assumptions used to simplify the processes with respect to building a finite 

element model are addressed. Also, the FE setup used in the thesis is discussed. In the end a 

review on validity of our results is provided where the differences between the result of FE 

simulations and experiments are discussed. 

Modelling Assumptions 

The effects of sintering on geometry were considered to be very small so the sintering does not 

cause geometrical deviations out of the tolerance limits. This is driven by the fact that the 

geometry tolerances are imposed to the PM gear during the pressing step and sintering at high 

temperature is only result into formation of metallic bonds and increase of the strength in the 

material in solid state [31]. Anyhow the simplistic approach applied in this research to only 

modify the density distribution has its own limitations. For instance, the modification factor used 

here are only usable for the material composition here and it could not be generalized. 

The assumption around spherical voids in the research let us to drive the basic Gurson model 

with all parameters equal to 1 in this research. This assumption is based on the fact shown by 

Haynes in [123] have illustrated how the iron powder components gain better mechanical 

properties after going through high temperature sintering. This improvement of mechanical 

properties is due to reduction in the stress concentration in the material which is caused by 

spheroidization and make the pores spherical in sintering [123]. Miura in [125] has shown how 

the exposure to high temperature even for a short time will decrease the size of pores and make 

them to become spherical in his research. Therefore, such assumption should reflect the real 

physical phenomena occurring in the process and does not impact the presented results in 

negative way. 

In order to simplify the process FE modelling and remove the heating effects from the problem 

iso thermal condition during HIP was considered in the methodology used in the thesis. This is a 

well-known assumption in most of the research work done previously on simulation of HIP 

process on macroscopic level, where the main aspect of simulations is to realize the geometrical 

changes in the component shape caused by HIP [124]. At the same time in the industrial 

application normally heating comes before the pressurizing. This means the gradual increase in 

the applied pressure in the HIP furnace will cause yield to happen to the component at the same 

time as densification is activated due to creep and diffusional mechanisms [124]. This means the 

results of proposed model in the thesis exclude such physical interactions happening in the real 

problem. 
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One assumption in the proposed HIP model is to consider plastic yield occurring in the process 

as the main driver of strains and deformations. This assumption is realistic and could be supported 

by densification maps presented in literature. At elevated temperatures where the yield of material 

is much lower than room temperature and the applied HIP pressure is about 3 times higher than 

yield stress, the plastic strains will be the dominant component of the total strain [124]. Anyhow 

such assumption could be challenged to gain better accuracy and to improve the accuracy of 

prediction of geometrical tolerances at cost of building a model incorporating creep effects in an 

extension work. 

In the simulations of pressing steps, the unloading step and ejection of the component are not 

modelled. This means the potential spring back effects are neglected in our research method. 

During this part of the process three different aspects could influence the results. First is that 

while the unloading of the component from the die starts the applied pressure on the bottom of 

the PM gear could result into peak pressure which can cause an extra re-densification at the lower 

part of the PM gear. Additionally, in the real pressing process depending on the powder PM 

material combination and lubricants used the frictional forces could act differently. In case 

lubrication becomes weak or die walls are worn, during the unloading a cold-welding effect can 

occur between the PM gear and the die walls which can increase the ejection pressure required 

and again change the realised density distribution. One other issue that may happen during 

unloading is the risk for cracking on the top part of the PM gear which comes out of the die 

initially and will experience an elastic spring back and increasing shear stress on the still engage 

part of the PM gear with die may cause cracks in the green component. All of these effects are 

removed when in the used methodology we considered a clean process without any unloading 

effects disturbance in the FE models.  

The friction factor in second pressing considered to be equal as friction in first pressing. Although 

the friction factor for first pressing was verified during compaction test performed to adjust the 

powder material model, for second pressing a simplified approach was implemented in the 

research method proposed here. This can imply the density changes and frictional forces in 

second pressing may have some biased prediction due to the approach used in here. A separate 

analysis and measurement of frictional forces from second pressing could help this work to 

address this limitation more in detail to eliminate the potential errors caused by such assumption. 

For HIP model no friction force is considered to influence the results. This is in line with other 

research results provided for HIP FE simulation in the literature. Since no movement is involved 

in HIP, such assumption is a fair simplification used in the proposed research method and applied 

in the FE model of HIP. 
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FE Configuration 

In order to develop an accurate FE model a convergence study is necessary to ensure that 

developed model in the research method covers the details with good accuracy. In this work the 

main parameters to be followed by FE model was the density of the component and how the 

density distribution is propagates during pressing and HIP steps. 

It was realised due to complex shape of tooth geometry a fine mesh with size of 1 element per 1 

mm on curved surfaces is adequate to follow the density with a reasonable accuracy. While a 

mesh with element size of 1 element per 0.9 mm used, it was observed the finer mesh with 0.9 

does not add accuracy more than 2% on density prediction. While the computational time grows 

40% on an 80-node supercomputer with parallel computing enabled in both jobs. Therefore, it 

was concluded the mesh presented in research method is adequate enough to capture the material 

behaviour and density growth during pressing and HIP while keeping the simulation time 

relatively low. For the smallest gear simulated each step of simulation converged in 60 minutes 

and for the largest gear in diameter the models converged in less than 300 minutes approximately. 

The selected 3D linear elements with reduced integration(C3D8R) were used in the FE 

simulations were recommended by ABAQUS to be used in problems with large mesh distortions 

with compressive response behaviour of the material. The problem nature includes large contact 

between die, punches and the central rod and the PM gear surfaces and also large deformations, 

therefore using linear elements to model the geometries involved in the problem could be a better 

option to start. For the research problem in this work the second order element may cause longer 

computational times and potentially convergence issues due to oscillation in contacting surfaces 

which were not of interest at this stage of research. Anyhow if a model with second order 

elements could be solved, it will give more geometrical accuracy in the results at cost of increased 

time of computation and larger model size which could be addressed in a separate line of work. 

Final Remarks 

The errors in results are due to several reasons which some of them are addressed in the above 

discussion points. Some of presented assumption in the research method to reduce the complexity 

of model and increase the simulation model calculations speed may result into deviation of FE 

results from physical trials. 

The classical numerical errors and mesh dependencies in FE simulations is also one reason behind 

the error values observed in the validation of results in Figure 33. This effect could be reduced 

as explained by using more informative elements types that can capture more details of 

deformation and strain gradients and density distribution. 
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The errors in tip diameter (da) prediction are larger than the errors in face width (b) predictions 

for both of experiments. The better prediction accuracy in face width compared to the radial 

direction needs to be highlighted. A potential hypothesis that can explain this difference in 

prediction accuracy could be due to the fact that in face width direction the mesh size is constant 

at a given surface where in radial direction a finer mesh at outer diameter is used compared to 

the coarser mesh at internal hole surface. The results provided for FE models prediction of face 

width are given based on measuring the distance of nodes at top and bottom of the gear at its 

outside diameter where the finest mesh exists which can explain better accuracy on face width 

predictions compared to outside diameter prediction provided by the FE model where the radial 

distance is modelled using coarse and finer elements in all surfaces along the gear thickness. A 

separate analysis could be performed to test this hypothesis. 

If we compare gear I and gear II, the accuracy of FE model predictions is higher for gear I where 

a lower error in validation results found in Figure 33. One main reason behind such difference is 

the slight modifications performed in the powder mixture for the gear II as demonstrator gear 

later on in experimental trial, where the graphite content is increased from 0.2 wt % to 0.3 wt % 

(as explained in paper E). Therefore, the material model used for first pressing needs 

modifications to gain more accuracy for gear II pressing simulations since its hardening curve is 

different due to its higher carbon content [127]. It was not possible to perform a new compression 

test for the modified material combination and add a new and verified hardening curve for the 

gear II due to time boundaries and different timeframes in running simulations and performing 

the final experiments on gear II. 

Second point to consider regarding the difference in results of gear I and II in terms of errors of 

predictions of gear dimensions, is that sintering models used in our methodology is based on the 

density modification factor extracted experimentally for gear I. Considering that the gear II with 

a larger dimension will show different deviations in sintering processes could justify the errors 

we get from FE model for gear II to some extent. 

The errors observed in the validation of simulation results of Gear I against physical test from 

experiment are very low which can confirm the fact the verified material response model for gear 

I is working accurately. It means that using a verified compaction model for the first pressing and 

based on an accurate modification of sintering effects on density we can model the whole process 

route using our proposed methodology.  

The results for gear I are reliable and therefore such model could be used in order to understand 

the density gradients caused by first pressing and also to approximate the further density 

variations in second pressing and HIP. The approach here could be used in a quantitative manner 

for predicting the RDmin obtained from pressing process for a certain powder mixture. Also, our 

presented methodology could definitively let us to understand the HIP effect on geometrical 
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distortions qualitatively. For instance, we can predict at which areas of the flank and tooth root, 

a post processing (e.g., grinding) is required based on the HIP simulation results, see Figure 25. 

Our approach is dependent on the verification of the material model. The verification of the 

hardening curve by performing a compression test on the PM material combination shown to be 

necessary to achieve accurate FE results. In addition, an accurate measurement of sintering 

effects from physical trial to consider a proper approximation for density deviations caused by 

sintering shown to be crucial for our research method, which is a limitation of presented work 

here and needs to be addressed in future. 

Finally, with respect to the main objectives of the thesis which were to understand the density 

distribution and distortion patterns a satisfactory agreement was achieved between predicted 

density values, dimensional changes and the measured values in the experiments. Therefore, the 

proposed models can be used to formulate answers to the research questions. 
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CHAPTER 7: CONCLUSION 

To draw conclusions out of the research results in this chapter the answers to the research 

questions are provided. These answers are based on the results and observations form simulations 

and parallel experiments performed in the research project.  To answer the specified research 

questions in chapter 1 modelling and simulating the potential outcomes of five step processing 

route incorporating container-less HIP as final densification process after 2P2S to solve the 

porosity problem of PM gears is done and result are extracted.  

The main contribution of this research work is to create and develop a predictive model which 

can evaluate the potential outcome of the process route on different geometries of gears and by 

considering their geometries as its input parameters for a specific powder metal mixture. Such 

model could be useful in further developments of this processing route in order to manufacture 

fully dense gears with right dimensions and in large scale production. 

Answers to The Research Questions 

The conclusions of this research are presented as the answers to the research questions in this 

section. 

RQ #1 

Is it possible to manufacture large gears (mn > 3 mm) by using container-less HIP technology as 

densification process after 2P2S PM processing? 

Answer to RQ#1 

Yes, the result of the research showed that the manufacturing of fully dense gears using HIP after 

2P2S is possible. This manufacturing of gears with modules larger than 3 mm was tested 

experimentally and also a validated FE model is developed which could simulate the processing 

of such geometries with good accuracy. Based on the findings of the simulations and also 

experiments the hypothesis #1 is accepted. 

RQ #2 

Is it possible to reach a certain minimum required density levels for large gears (mn > 3 mm) after 

2P2S that the subsequent process of HIP could increase the density of PM gear to 100%? 

Answer to RQ#2 

The investigations showed that reaching a minimum average density is possible for such gears. 

The 2P2S process showed to be effective in delivering the required minimum density before HIP 
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with no open pores. The research showed that with proper selection of pressing and sintering 

parameters it is possible to reach the goal of closing pores before HIP. Therefore, the hypothesis 

#2 is accepted. 

RQ #3 

What are the influences of gear size on the results of proposed PM processing route for 

manufacturing gears with respect to their module and face-width? 

Answer to RQ #3 

The research showed that the density distribution in the gear could be influenced by the gear size. 

That means for some gears it would be more likely that larger density gradients are created after 

2P2S. For those gears’ larger effects of HIP on the geometry were observed in terms of change 

of outside diameter and face-width of the gear caused by HIP. This let us to conclude that the 

2P2S followed by HIP could be suitable for a group of large gears with specific combination of 

gear parameters. Therefore, the hypothesis #3 which claims existence of a relation between gear 

size (geometry) and shrinkage after 2P2S and HIP is approved. 
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CHAPTER 8: FUTURE WORK 

The research has its own limitations and assumptions as discussed in lines of the thesis in details 

and particularly in chapter six. Therefore, there is room for improvements and taking next steps 

in this area of research. Few suggestions and ideas for more developments are provided in this 

chapter as future work. 

The research method could be developed to a greater extent if the elastic spring back effects and 

local densification caused during ejection of the green compact from die taken into account in 

FE model. Such model could help the whole process chain be analysed with higher dimensional 

accuracy. 

The research method in the thesis could be completed with addition of sintering simulations to 

the research method instead of using linear modification factors which are material and geometry 

dependent and could not be generalized from the results here. Such addition also could increase 

the model accuracy where the small geometrical changes during sintering will be considered in 

FE models. 

The HIP step in this research were modelled using a very simple iso thermal approach which only 

considered the plastic strains at elevated temperature and at a fixed reduced yield stress. A more 

accurate model could be developed concerning the presence of temperature gradients during the 

HIP step which can influence the shrinkage and distortion patterns as a future work. 

Testing other material models in the simulation models is also another approach which could add 

more value to the current results of this work in future. Friction effects are considered as a 

constant factor in this work, a separate study on the potential ways of influencing the results by 

changing the frictional conditions could be of high interest since the main driver of the density 

gradients are the frictional effects occurring during pressing.  

Performing a more detailed analysis on the gear parameters into the models and considering more 

geometrical factors could create better insights on the geometrical effects of the gear shape on 

the PM processing results. Such investigations will imply also using more accurate element types 

that can capture the details of gear geometry to a higher level than used here by using C3D8R 

elements. 

The last but not least area for future work could be to investigate the potential result of reaching 

the full density with less steps and by running one pressing and one sintering (1P1S instead of 

2P2S) followed by HIP to reduce the process time and costs. Such approach can be helpful with 

respect to industrialization of the processing route. 
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APPENDIX A: CONNECTION TO THE 

LICENTIATE THESIS 

The author of this thesis has published the result of his first half of doctoral research as a licentiate 

thesis “Gear rolling for production of high gears” at KTH Royal Institute of technology in 2015. 

The connection between the licentiate thesis to the doctoral thesis is that in both works an 

innovative method to manufacture gears with a specific size (in the range of 100 mm of diameter 

and normal module of 4 mm) are investigated. In the gear rolling case the success of process was 

defined when the full depth of gear teeth together with the right face-width could be achieved 

while in PM processing method the density is the main factor to consider is ensuring removal of 

open pores and reaching the full density at the end of HIP process. Therefore, the outcome of 

these two theses could be used to compare the two methods together. 

In the licentiate thesis the Finite Element Method has been implemented to simulate and forecast 

the results of gear rolling for gears with application in heavy vehicles. The work is performed by 

a parallel experimental process development investigation on large module gears. The results of 

experiments are used to improve and validate the numerical simulation model. Finally, a 

validated model is presented which can be used mainly to predict the gear quality with respect to 

the gear dimensional accuracy. The effects of friction and process planning parameters are 

addressed in form of testing their influence on the loads and torques required for gear rolling and 

also how such parameters could affect the formed tooth shape after rolling. The licentiate thesis 

was written based on four publications (Paper F-J). The licentiate thesis has shown that the 

resulted quality for gears with a normal module of 4 mm is in DIN 11 class. Therefore, such 

process could not be qualified for production of high-performance gears which are used in the 

heavy vehicle applications. Consequently, it was concluded that the gear rolling process as a 

stand-alone process could not compete with the traditional methods of gear manufacturing. One 

idea of application of rolling process could be hybrid process for manufacturing gears where the 

initial tooth geometry is formed by the rolling method and the final tooth shape with high quality 

is created by a second fine finishing process based on metal cutting. Also, the rolling process 

could be considered as a final process for finishing gears or for densifying the PM gear surfaces 

to higher densities which will be discussed in the next chapter of the current thesis as well. Paper 

J here, is the last publication from the gear rolling research results which was published after 

licentiate work and was not included in the licentiate report. Paper J focus is on the effects of 

blank modification on the final gear quality and accuracy. Effects of blank geometry on the gear 

rolling quality is evaluated in paper J. Using the validated simulation model of the gear rolling 

process published in the licentiate thesis, author has evaluated three different blank geometries 

for the case study in the paper and has made some conclusions on the favourable blank 

modifications to reach better gear qualities after gear rolling. 
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List of publications not appended 

For papers F, G, H, I and J author has been responsible for developing the whole paper drafts, 

the research method and performing the simulation work and analysing the results and validating 

the simulation technique using the experiments results. Preparing the paper with respect to the 

conference or journal requirements and responding to the peer reviewers’ questions are also 

performed by author. Author has contributed to 90% of the work in the following five 
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