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Abstract 

Pressing of cemented carbide powders is the second process step in the 

production of cutting tool inserts, but the first process that gives the 

geometrical shape to the insert. It is therefore crucial that pressing produces 

parts with high quality, as it affects the performance of the subsequent 

operations. Different powder grades with different characteristics behave 

differently when pressing cemented carbide blanks. Knowing how to 

optimize the pressing step will speed up the industrialization process when 

launching new products. It will also lead to improved quality of the inserts. 

The objective of this project is to investigate the influence of different 

methods of die filling and press methods on the width and height of cutting 

tools inserts at AB Sandvik Coromant using design of experiment (DOE) 

methods. In particular, the process of die filling for achieving a uniform fill 

is investigated with respect to different pressing parameters. 

Design of Experiments refers to the process of planning the experiments in a 

way that appropriate data can be collected and analyzed by statistical 

methods in order to obtain valid and objective conclusions. The experiments 

were carried out at AB Sandvik Coromant, Gimo, Sweden. 

It was possible to reduce variation in height of milling inserts and obtain a 

stable pressed weight by achieving a more uniform die fill. Regarding width 

variation, none of the factors studied did bring to relevant results, mostly 

because the width variations obtained during the experiments performed in 

this study were very moderate. 

 

 

Key words: Powder metallurgy, Cutting tool inserts, Die filling, Pressing, 

Design of Experiments 
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Sammanfattning  

Pressning av hårdmetallpulver är det andra tillverkningssteget vid 

skärtillverkning och det steg som ger den geometriska formen på ämnet. Det 

är därför av största vikt att pressningen producerar ämnen med hög kvalitet, 

eftersom det påverkar utförandet för alla efterföljande operationer. Olika 

pulversorter har olika pressningskarakteristik och beter sig således olika vid 

pressning, d.v.s. samma inställning vid pressning kan ge olika mått på det 

sintrade ämnet.  

Kunskap om hur man optimerar pressningssteget kommer att påskynda 

industrialiseringsprocessen vid lansering av nya produkter och leder till 

bättre kvalitet på skären. 

Syftet med detta projekt är att m.h.a. statistisk försöksplanering (DOE) 

undersöka vilken inverkan olika pressmetoder och dynfyllningsmetoder har 

på bredd och höjd på ämnen på AB Sandvik Coromant. Speciellt fokus har 

lagts på att undersöka dyn fyllningsprocessen för att uppnå en homogen 

pulverpelare detta med avseende på olika pressparametrar. 

DOE hänvisar till processen att planera och genomföra experiment på ett sätt 

så lämplig data kan samlas in, analysera dessa med statistiska metoder och 

därigenom kunna dra objektiva och statistiskt signifikanta slutsatser. 

Experimenten utfördes vid AB Sandvik Coromant i Gimo. 

 

Det var möjligt att minska höjdvariationen mellan skäreggarna på frässkären 

genom att skapa en homogenare pulverpelare vid dyn fyllning.  

När det gäller breddvariationen, gav ingen av de studerade faktorerna något 

relevant resultat, främst på grund av att variationen i bredden i de utförda 

experimenten i denna studie var mycket måttlig.          

 

 

Nyckelord: Pulvermetallurgi, Skärande verktyg, Dyn fyllning, Pressning, 

Statistisk försöksplanering.     
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1. Introduction 

1.1 Background 

Gimo plant is a manufacturer of cemented carbide, from powder to finished   

cutting tool inserts. The cemented carbides are a group of materials, which 

consist of hard carbide particles bonded together by a metallic binder. A 

metal cutting carbide insert is part of a cutting tool, mostly used for metal 

cutting. The insert is the tip of the tool. It is the only part of the tool that is in 

direct contact with the workpiece during machining operations. The most 

common applications for the cutting tool inserts are turning, milling, and 

drilling applications. 

This project is focused on the width and height variation of cutting tool 

inserts used in milling operations. Figure 1.1.a shows the insert selected for 

this study. The cutter types associated to the milling inserts are the endmills. 

Figure 1.1.b shows the most used endmill for this type of insert. It is a 

versatile cutter that is ideal for shoulder applications, including pocket 

milling, key slot milling, shoulder milling, and plunge milling. The endmill 

is beneficial for machining small features in any size component including 

medical, automotive and oil and gas parts. Due to the small size of the 

inserts, a higher cutter-teeth density delivers superior productivity in any 

type of milling operations. It is suitable for all machine types and can be 

used with different materials and applications. 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 
 

Figure 1.11: (a) Milling insert;(b) Endmill [1]. 

                                                 
1 Figures are removed due to their classification as confidential information of AB Sandvik 

Coromant. 
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In order to reduce variation in width and height, the manufacturing process 

of cutting tool inserts (Figure 1.2) has to be analyzed. The first step in the 

production flow is powder manufacturing. The powder consists of a mixture 

of tungsten carbide WC, cobalt Co, other carbides, such as titanium tungsten 

carbide (Ti,W)C and tantalum niobium carbide (Ta, Nb)C, and polyethylene 

glycol PEG. The cobalt is used to bind the carbide particles together to form 

the hard cemented carbide body. The powder mixture is blended with 

polyethylene glycol (PEG), which functions as glue during pressing. The 

powder is then pressed into blanks, also called green bodies. In the sintering 

process the blank (powder compact) is heated to a temperature below its 

melting point and the powder particles fuse together. The fusion will 

decrease the voids between the particles and in the end a dense rigid body is 

obtained. The overall volume of the green compact decreases by ca. 44% 

(18% in each direction). In this phase, the amount of PEG used during 

pressing will evaporate due to the high temperatures, leading in this way to a 

reduction of ca. 2% in weight of the blank. In order to raise the shear 

strength, to improve the durability and the thermo-resistance, the inserts are 

coated. Two different coating methods are used, CVD (Chemical Vapor 

Deposition) coating and PVD (Physical Vapor Deposition) coating. The last 

production steps are inspection, laser marking, packing and labeling. 

1.2 Problem statement 

The pressing process is the second process step in the insert production but 

the first process that gives the geometrical shape to the insert. It is therefore 

crucial that pressing produces parts with high quality, as it affects the 

performance of the following operations. 

The objective of this project is to investigate the influence of different 

methods of die filling and press methods on the width and height of the 

blank, using design of experiment (DOE) methods. Achieving uniformity 

and consistency in the die filling process is critical for process quality in the 

pressing of powders. A non-uniform die fill can lead to different density 

gradients of the powder in the green compact obtained after the pressing 

operation. These density gradients will lead to different shrinkages of the 

green compact during the sintering process: the areas with lower density will 

shrink more, while the areas will higher density will shrink less. A shrinkage 

of the green compact with different magnitudes will inevitably lead to 

Powder Pressing Sintering Grinding
Coating

CVD/PVD
Inspection

Packing

Delivery

Figure 1.2: The manufacturing process of cutting tool inserts. 
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dimensional distortions, hence width and height variations. The main issue 

of having width and height variations is related with the knowledge of the 

contact point between the cutting edge of the insert and the workpiece 

during milling operations. Furthermore, a width variation will bring to a 

damage of the primary face of the insert during the grinding process as the 

wider side of the insert will be grinded more. The aim of this study is to 

optimize the pressing operation in order to reduce width and height 

variations of the blank. 

1.3 Project outline 

The project was carried out in different steps: 

In the first step, a literature research was conducted to get a principal 

understanding of the pressing process in general and of the theoretical 

aspects of design of experiments (DOE) methods. Also included in this step 

was the familiarization with the statistical software Minitab 17. 

In a second step, several tours were conducted at the company site in order 

to get familiar with the pressing process at Sandvik Coromant. Furthermore, 

trainings on how to use the measuring devices were carried. 

Following, the focus was set on the objective of the project. Initially, the 

effort was put in selecting the factors that most influence width and height 

variations and the correct model to use for the analysis. A first set of test was 

performed using Press A. Afterwards, a second set of tests was performed 

using Press B. Press A and B have different set of tools and press cycles 

which allowed us to investigate the influence of different parameters 

concerning width and height variation.  

Moreover, the reliability of the measurement systems used to measure the 

width and height of the inserts was verified performing a gage R&R study. 

In the last part suggestions were made on how to implement the project 

results in the process. It was found that the introduction of a powder extra 

push up in the standard press cycle of Press B leads to a reduction in height 

variations. Furthermore, by lifting up the drum emptying station, it is 

possible to obtain a more stable pressed weight. This results should be 

investigated further. 

The limitation of this study is the fact that not all the parameters affecting 

the pressing process are tested. Only the parameters with a higher influence 

on the pressing process as demonstrated in previous tests carried out at 

Sandvik Coromant and after a careful literature research are investigated.  
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1.4 Data confidentiality  

The insert selected for this study, the relative drawings, pressing cycle, and 

the measurements carried out are classified as confidential information of 

AB Sandvik Coromant and their publication is restricted. Hence, the data 

presented in the result chapter are scaled and all the measurements carried 

out are not reported in the appendix.  
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2. Theory and literature review 

2.1 Powder flow in silos 

Silos are engineering structures widely used in industry to store, feed and 

process bulk solids. The discharge of powders and bulk solids from silos 

may result in severe problems due to flow obstructions, segregation, shocks 

and vibrations, or unsteady flow [2]. 

2.1.1 Flow patterns: mass flow and funnel flow 

When a bulk solid discharges under gravity from a silo, two main flow 

patterns can occur: funnel flow and mass flow [2] [3] [4]. The funnel flow 

(Figure 2.1.a) results when some material moves while the rest remains 

stationary during discharge: the flow pattern is of first-in and last-out type. 

The bulk solid located in the stagnant zones, which develop at the silo 

periphery starting at the hopper walls directly above the opening, can be 

discharged only if the silo is emptied completely. The funnel flow occurs 

when the slopping hopper walls of a silo are not steep enough and low 

enough in friction for material to flow along them. Under these conditions, 

particles slide on themselves rather than the hopper walls, and an internal 

flow channel develops. On the other hand, mass flow (Figure 2.1.b) results 

when all the material is in motion during discharge: the flow pattern is of 

first-in and first-out type. Mass flow occurs when slopping hopper walls are 

low enough in friction and steep enough for particles to slide along them. 

 

 
 

a) b) 
 

Figure 2.1: Flow profiles:(a) funnel flow; (b) mass flow [5]. 
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2.1.2 Flow problems in silos 

The discharge of powders and bulk solids from silos may result in severe 

problems due to flow obstructions, segregation, shocks and vibrations, or 

unsteady flow. Two of the most common flow problems experienced during 

discharge of powders and bulk solids are no-flow and erratic flow. No-flow 

from a silo can be due to either arching (bridging) or ratholing [2] [3] [4]. 

Arching (Figure 2.2.a) occurs when an obstruction in the shape of a bridge 

forms above the outlet of a hopper and prevents any further material 

discharge. If particles are large with respect to the opening, the reason for 

arch formation is the interlocking of particles. Materials of very fine particle 

size can form cohesive arches as a result of the compressive strength caused 

by consolidation and interparticle adhesive forces. 

Ratholing (Figure 2.2.b), which is common in silos handling a cohesive 

material, occurs when material flow takes place in a channel located above 

the hopper outlet. The reason for ratholing is that the powder has enough 

strength to sustain the walls of the rathole. 

Erratic flow is the result of an obstruction alternating between an arch and a 

rathole. A rathole may fail due to an external force such as vibrations. While 

some material discharges as the rathole collapses, falling material often gets 

compacted over the outlet and forms an arch. This arch may break due to a 

similar external force and material flow resumes until the flow channel is 

emptied and a rathole forms again. The result of this is irregular flow from 

the silo. 

 

  

a) b) 
 

Figure 2.2: Flow problems in silos: (a) arching; (b) ratholing [5]. 



7 

Malvina Roci - Master Thesis in Production Engineering and Management 

Another flow problem called flooding may result with very fine collapsing 

material. A flooding material will exhibit a fluid-like behavior and 

potentially discharge from the silo uncontrollably at high rates of discharge. 

The stagnant zones in a funnel flow silo (Figure 2.1.a) will not give any 

circulation of the powder.  The material that was first deposit in the silo will 

be the last one to leave. Thus, the bulk material can remain in the stagnant 

zones over long periods of time and change its properties if the silo is not 

regularly completely emptied. Furthermore, the bulk solid in the stagnant 

zones can consolidate with time to such an extent that it will not be able to 

flow out after the flow zone is emptied out.  

When filling a silo, it is important to take into account that the product can 

segregate across the cross-section of the silo. When the silo is filled 

centrically, it can be observed that there is an increased amount of fines 

close to the silo axis, and coarser particles close to the silo walls. If funnel 

flow takes place at discharge, at first the material from the center (the fines) 

flows out, followed by the coarser material from the silo periphery as shown 

in the graph in Figure 2.3. The time-dependent composition of the 

discharged bulk solid can bring to quality problems in the downstream 

processes (for example, during the filling of small cavities). 

 
 

Figure 2.3: Variation of particle size with discharge time, for a product flowing from a funnel flow silo [6]. 

Most of the problems mentioned above are connected with funnel flow. 

Therefore, many of these problems can be avoided if the silo is designed for 

mass flow: 

- Ratholes are formed from consolidated stagnant zones. Therefore, they 

are only possible in funnel flow. 
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- The residence time distribution in a mass flow silo is narrow (“first in – 

first out”). Thus, the unfavorable long and unknown residence time 

occurring in a funnel flow silo can be avoided. 

- Segregation during filling, where different fractions separate across the 

surface of the silo filling, has a strong influence on the transient 

composition of the bulk solid discharged from funnel flow silos. In 

contrast to this, in a mass flow silo the bulk solid is often sufficiently 

remixed in the hopper section.  Remixing during discharge minimizes 

segregation effects. 

Thus, in mass flow silos only the potential problem of arching remains where 

a stable arch forms above the silo outlet so that discharge is stopped. Coarse 

grained bulk solids can build up arches due to interlocking and wedging of 

particles. This kind of arching can be avoided by a sufficiently large outlet 

opening. The outlet dimension depends on particle size distribution and 

particle shape. A narrow particle size distribution and sharp-edge particles 

will tendentially increase the probability of arch formation due to 

interlocking and wedging. With fine-grained and cohesive bulk solids the 

reason for arching is the cohesive strength of the bulk solid due to adhesive 

forces between individual particles. Even in this case arching can be avoided 

by a sufficiently large outlet opening.   

In case of funnel flow silo, all problems mentioned above, which are 

characteristic of funnel flow, can occur (e.g. segregation or a wide residence 

time distribution). To ensure at least unobstructed flow, arching as well as 

ratholing must be avoided. A stable rathole develops in a funnel flow silo if 

only the bulk solid vertically above the outlet discharges, whereby the rest of 

the bulk solid – the material in the stagnant zones – remains stationary in the 

silo due to its cohesive strength, thus building the walls of a stable rathole.  

If the bulk solid tends to time consolidation, the strength of the stationary 

material in the stagnant zones increases with time, and as a result, the 

tendency for ratholing is also increased. Like arching, ratholing can be 

avoided with a sufficiently large outlet opening. 

2.2 Segregation 

Powders and bulk solids tend to segregate mostly due to differences in 

particle size, particle density, particle shape, and/or particle surface 

roughness [2] [7].  Most segregating materials are free-flowing or slightly 

cohesive so that the particles can easily separate from each other. On the 

contrary, poorly flowing bulk solids (materials containing fine particles or 

moisture) are dominated by interparticle adhesion forces, which reduce the 

mobility of individual particles, thus, the tendency to segregate. The 

processes of segregation are complex and thus cannot be predicted 

quantitatively. Powders used in the Powder Metallurgy industry generally 

consist of a wide range of constituents of varying size, shape and density 
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and therefore segregation is a major concern. Segregation may cause 

problems for process quality control, such as unacceptable density gradients, 

unacceptable weight variation from part to part and variation in mechanical 

properties. Therefore, it is important to understand how segregation occurs 

and how it can be minimized. 

2.2.1 Segregation mechanisms 

The main mechanisms of segregation are the following [2]: 

 Sifting 

When particles slide downwards on the surface of a bulk solid heap or 

any other inclined surface of a particle bed, smaller particles have a 

higher probability to be caught by a sufficiently large cavity on the 

surface than larger particles. Thus, smaller particles remain in the 

cavities whereas the larger particles predominantly slide or roll down to 

the base of the heap (Figure 2.4). The surface of the heap acts similar to 

a sieve through which the smaller particles fall. Thus, this effect is called 

sifting.  

 
 

Figure 2.4:  Segregation by particle size on a heap surface due to the sifting effect [2]. 

The difference in particle size is the main cause for segregation through 

sifting. This effect is the more pronounced the more the powder is free 

flowing or has a large mean particle size. It also becomes significant 

when there is significant relative motion between particles, for example, 

during the vibration of a die, flow of powder from a shoe, the packing of 

powder inside a die, fluidizing the powder inside a shoe, etc. Thus, 

segregation due to sifting is more likely to occur during die filling, when 

there are significant velocity gradients between particles. 

 Difference in particle velocity along a surface 
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Finer particles are generally less likely to move along a powder surface 

than coarser particles. As a result, coarser particles move faster and 

longer along the surface. This becomes particularly unfavorable to the 

filling of a large cavity, especially at low shoe speeds where nose flow 

dominates. In this case, coarse particles concentrate at the bottom and 

close to the leading side of the die. Consequently, weight variation from 

part to part is more likely to occur. 

 Air induced segregation: Elutriation 

When a bulk solid is charged into a silo by gravity, the particle stream 

drags a stream of air with it (Figure 2.5). Sufficiently coarse particles 

follow the particle stream down to the surface of the filling and remain 

there. After the material stream has landed, the air escapes from the bulk 

solid. Additionally, the bulk solid already resting in the silo de-aerates 

due to the vertical stresses increasing with increasing filling height. Both 

effects lead to an upwards flowing air stream which can be sufficient to 

keep the upper layer of fines in state of fluidization, whereby coarser 

particles sink downwards through the fluidized layer. Thus, a higher 

percentage of fines accumulates near the surface of the silo filling.  

 

 
 

Figure 2.5: Transportation of fines in air convections [6]. 

2.2.2 Techniques to reduce segregation 

To reduce segregation mainly the following measures can be applied: 

 Modification of the bulk solid 

Segregation can be minimized by reducing the differences regarding 

particle size, particle shape, and particle density which are the main 

causes of segregation. Also increased cohesion might help to reduce 
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segregation because the particles cannot move against each other as 

freely as in a free-flowing material and, thus, the tendency to segregate is 

reduced. However, these modifications are often not practical with 

respect to the process conditions and desired properties of the end 

product, and may lead to flow problems due to reduced flowability [2].  

 Remixing material that has been segregated during filling 

If material have segregated while filling a silo, the silo has to be 

designed so that during discharge the segregated material is remixed. In 

case of segregation over the cross-section of a silo, this can be achieved 

with a mass flow pattern (Figure 2.6.a) where material from the total 

cross-section moves towards the outlet thus being remixed. On the 

contrary, in case of a funnel flow pattern (Figure 2.6.b/c) at first the 

material located close to the silo axis flows out, and the stagnant zones 

will be discharged later starting from the top. Thus, funnel flow does not 

lead to a remixing of the material, resulting in an unsteady and 

fluctuating product composition at the outlet. 

 

   

a) b) c) 

 

d) 
 

Figure 2.6: (a) mass flow; (b)/(c) funnel flow with differently shaped stagnant zones; (d) fines content vs. 

discharged mass during complete emptying (in principle) [2]. 
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The influence of the flow profile on the fines content of the discharged 

material is shown qualitatively in Figure 2.6.d for the case of 

segregation over the cross-section of the silo (fines concentrated in the 

center). In the case of mass flow, a relatively uniform composition of the 

discharged bulk solid can be expected due to remixing in the hopper. In 

funnel flow, at first the bulk solid located close to the silo axis flows out, 

and the stagnant zones will be discharged later starting from the top. The 

composition behavior at the outlet depends on the shape of the stagnant 

zones (compare curves b and c in Figure 2.6.d). For the case of a funnel 

flow pattern with a narrow, steep flow zone (Figure 2.6.b), the stagnant 

zone is discharged layer by layer. Since the layers cover a large portion 

of the silo’s cross-section, the mean fines content of each layer does not 

deviate very much from the overall fines content. Thus, to a certain 

extent remixing takes place while these layers are discharged (see 

horizontal section of curve b in Figure 2.6.d). Nevertheless, at the 

beginning of discharge (high fines concentration in the initial flow zone 

above the outlet) and towards the end (small fines concentration in the 

region close to the hopper wall) larger deviations from the overall fines 

content have to be expected [2]. 

 Increase of the flow zone 

A mass flow pattern is the most reliable means to reduce segregation. To 

attain mass flow, the hopper walls must be sufficiently steep and low in 

friction. However, this is often impossible due to the lack of space 

available or because of high retrofitting costs. An alternative to achieve 

mass flow in existing silos are inserts, i.e. devices of a different shape 

placed inside the silo fill in a hopper region to promote mass flow [8].  

A typical approach is to place an inverted cone within the hopper (see 

Figure 2.7.b). Such an insert enlarges the diameter of the flow zone of a 

funnel flow silo promoting in this way almost a mass flow pattern with a 

very narrow stagnant zone located close to the silo transition. This will 

lead to a sufficient remixing of material during discharge, reducing in 

this way segregation. 
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a) b) 
 

Figure 2.7: (a) funnel flow; (b) inverted cone-mass flow [9]. 

2.3 Die filling 

The manufacturing process for powder metallurgical components can be 

divided into a number of distinct stages, such as die filling, powder transfer, 

powder compaction, unloading, ejection, sintering and sizing [10]. In the die 

filling stage, powder is delivered to the die cavity through a hose into a shoe 

which runs over the die cavity dropping powder into it. This process results 

in a loose packing of powder in the die. After die filling the powder is 

transferred within the die through a series of tool motions to produce a 

compact approaching the final shape. During this process the powder is still 

loose and there are regions of intense shearing, which may result in local 

changes of the packing density. After transfer, the powder inside the die is 

compressed under high pressure to produce the green body. Then the green 

body is ejected from the die. Following ejection, the green body is sintered 

in a furnace in a reducing atmosphere. During sintering, the particles are 

bonded together and the microstructure becomes homogeneous as alloying 

additives diffuse into the grains. Finally, the part is sized in order to ensure 

the maintenance of dimensional tolerances.  

Each of these stages influences the properties of the finished component. 

Achieving uniformity and consistency in the die filling process is critical for 

process quality and reproducibility in the dry pressing of powders. Density 

gradients that are present following die filling can contribute to non-

uniformities and inconsistencies in dimensional changes, density, hardness 

and other properties that affect product performance, since non-uniformities 

in the density distribution may continue through subsequent operations [10]. 
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A volume-controlled feed shoe system is generally used for die filling. This 

system consists of a bottomless box feed shoe that is pressed onto the die 

platen and slit over the open die, and a hopper from which the powder is fed 

under gravity into the feed shoe. When the die cavity is filled, the feeder is 

pulled back into a resting position. There are two major die filling methods 

used in the powder metallurgy industry: gravity filling and suction filling. 

Gravity filling (Figure 2.8.a) is the conventional filling method, in which 

the powder flows into a die under gravity when the shoe moves across the 

die opening. The ejector is positioned to its correct position from start 

filling. Alternatively, suction filling (Figure 2.8.b) can be employed, in 

which the ejector moves downwards to its correct position when the shoe 

moves across the die opening. The motion of the ejector ‘sucks’ the powder 

into the die [11]. 

 

 

 

a)  b) 
 

Figure 2.8: Die filling methods: (a) gravity filling; (b) suction filling [11]. 

The flow of powder from a shoe is a complex event, which depends upon a 

number of factors, such as the powder properties, shoe speed and whether 

the powder is delivered in air or in vacuum [10] [12]. Figure 2.9.a illustrates 

a number of important features of the die filling process. Due to the effect of 

inertia when the shoe accelerates from rest and frictional sliding of the 

powder mass on the base, the powder moves towards the back of the shoe 

forming a nose shaped profile (Figure 2.9.b). As the tip of this nose 

translates across the die opening, material can flow over the surface of the 

nose to the tip and avalanche into the die. At high speeds, or if the die 

opening is small, the tip of the nose rapidly moves across the opening and 

powder is delivered into the die by detaching from the bottom free surface of 

the powder mass. If this flow is reasonably continuous it is referred to it as 

bulk flow (Figure 2.9.c). For some materials, flow occurs as a result of a 

series of discrete instabilities, which releases large chunks of agglomerated 

powder into the die. This is a random, often infrequent, process and it is 

referred to it as intermittent flow (Figure 2.9.d). 
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a) 

   
b) c) d) 

 

Figure 2.9: (a) Illustration of general features of die filling process; (b) nose flow; (c) bulk flow; (d) 

Intermittent flow [10] [13]. 

At low speeds, nose flow is dominant and the cavity will be filled mainly 

with powder form the top of the shoe. At high speeds or with small die 

openings, bulk flow is dominant. Figure 2.10 shows the final powder 

distribution observed in an experiment in which two layers of colored sand 

were deposit initially in the shoe using different shoe speeds. It is evident 

from this experiment that the top layer of sand has supplied more material 

into the die than the bottom layer, indicating that nose flow dominates the 

filling process for low shoe velocity (Figure 2.10.a). Bulk flow becomes 

dominant if the shoe moves so fast that the tip of the nose completely 

translates over the cavity before any powder flows into the die. This is 

illustrated in Figure 2.10.b which shows the results of the experiment for a 

shoe velocity of 500 𝑚𝑚 𝑠−1. At this velocity, the cavity is only partially 

filled and all the powder is delivered by bulk flow from the bottom of the 

shoe [12]. 
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a)  b) 
 

Figure 2.10: View of a rectangular die after filling at different shoe speed (sand, shoe motion from right to 

left). The powder was initially deposited in the shoe to form two horizontal layers, with the darker layer at 

the bottom [12]. 

In addition to the powder and the cavity dimensions, filling depends on the 

feed shoe velocity, with a critical fill shoe velocity 𝑣𝑐𝑟𝑖𝑡 being observed 

experimentally for each distinct type of powder. Critical velocity is the shoe 

velocity above which incomplete filling occurs. The die is filled completely 

by a single pass of the shoe if the shoe velocity is below 𝑣𝑐𝑟𝑖𝑡 , but filling is 

incomplete at higher velocities. The critical velocity depends on the type of 

powder, the shoe kinematics, including the number and intensity of any 

shakes, shoe and die design and the amount of powder in the shoe [13]. 

Deposition uniformity is related to filling conditions (such as filling method, 

feed shoe speed, additional filling cycles, powder level in the feed shoe, and 

powder level in the hopper), powder feed system design (such as hopper size 

and slope angle, tube size, and feed shoe size and geometry), die geometric 

characteristics, and powder characteristics (such as particle size and shape, 

size distribution, bulk density, and flowability). Ambient temperature and 

humidity also affect die filling [14]. 

2.3.1 Segregation during die filling 

Non-uniformity normally occurs during die filling, and this has a negative 

impact on the powder compaction.  One of the most significant reasons to 

cause non-uniformity is segregation. A homogeneous powder blend of 

particles with different physical properties (e.g., size, density and shape) can 

become non-uniform due to the fact that the particles having the same 

properties congregate in one part of the mixture during handling and 

processing. This phenomenon is referred to as segregation. It is crucial to 

understand how segregation occurs during die filling for controlling 

uniformity of powder blends and therefore improving the quality of products 

[15]. 
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As the powder flows into the die and starts to pack inside the die, the growth 

of a heap with free surface flow is normally observed. During the formation 

of a heap by pouring a powder mixture, the larger and/or lighter particles 

cascade along the free surface and accumulate at the base, whereas smaller 

and/or heavier particles sink into the heap close to the pouring point [15]. 

Segregation can be induced by the difference in particle density [16] and the 

difference in particle size [17] during die filling, and the tendency of 

segregation depends upon the presence of air, powder flow pattern and die 

geometry.  

Density-induced segregation, for the die filling with a moving shoe, occurs 

with a low concentration of light particles on the far end of the die (relative 

to the direction of the shoe motion) during the die filling dominated by nose 

flow. The density difference causes segregation along the die depth with a 

low concentration of light particles at the bottom. The presence of air 

enhances the segregation tendency by resisting the flow of light particles 

into the bottom of the die and leads to a higher concentration of the light 

particles at the top. As the shoe velocity increases, the powder flow pattern 

changes from nose flow dominated to bulk flow dominated. Significant 

segregation occurs for nose flow dominated die filling with a reduction of 

light particles not only at the bottom of the die but also at the leading side of 

the die that the shoe moves towards. A lower degree of segregation is 

obtained for bulk flow dominated die filling. Therefore, a more uniform die 

filling process can be achieved by reducing particle density ratios and 

promoting bulk flow (e.g., using relatively high shoe velocity) [16]. 

Size-induced segregation occurs with a higher concentration of fine particles 

at the bottom of the die and a higher concentration of coarse particles in the 

periphery of the die cavity, due to the filtration of fines through the flowing 

powder mass [17]. 

2.3.2 Filling induced density variations 

The quality of a solid part produced by compressing and sintering a granular 

material is dependent on the homogeneous density of the produced part. 

Inhomogeneous density will lead to distortions during sintering, resulting in 

an inability to satisfy dimensional tolerances. During sintering, shrinkage of 

the green compact occurs with different magnitude depending on the 

distribution of the density of the powder: lower density leads to greater 

shrinkage while higher density leads to lower shrinkage of the green 

compact. This difference in shrinkage leads to different dimensions of the 

sintered part. Inhomogeneous density will also compromise the mechanical 

properties of the part, leaving the low density regions as potentially weak 

areas. Variations in powder mix, variations in compaction pressure, 

inhomogeneous temperature gradients during sintering may all lead to 

inhomogeneous density.  
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The filling operation of the powder into a die is a source of density variation. 

Fill density increases with increasing feed shoe speed. At higher feed shoe 

speed, the powder stream has higher kinetic energy, and the oncoming 

particles collapse some bridges in the die and promote higher fill density, 

especially for a large die. Increasing the number of strokes of the feed shoe 

is of significance at fast feed shoe speed, which suggest that holding time of 

the feed shoe over the die is an important factor [18]. 

Fill density decreases with decreasing die opening because the particle 

rearrangement is less easily satisfied in smaller dies. As particle becomes 

large relative to the die, the influence of the die wall becomes important. 

Density varies little on the left and the right side of the feed shoe moving 

direction, but the density of the pullback end side tends to be higher than 

that of the advancing end side [14]. 

2.4 Insert pressing 

This project is focused in the analysis of the press process, in which carbide 

powder is pressed into the green bodies. This section aims at giving a 

general idea about the press process, the press tools and the press cycle. 

2.4.1 Tooling principles and pressing tools 

Axial pressing is the most important forming method used for metal cutting 

inserts. For simple parts, the pressing tools consist of a die, un upper punch 

and a lower punch, whereas more complicated parts require the use of 

mandrels and splitting of the punches. There are two typical pressing 

configurations: single-action pressing and double-action pressing. Single-

action pressing is utilized for rather simple shapes and implies uniaxial 

pressing of powders in a die utilizing a single punch. One major drawback 

of single-action pressing is the unsymmetrical density gradient, which leads 

to distortions of the compact during sintering. Density gradients result from 

differences in the compaction pressure inside the compact, due mainly to 

wall friction effects. When using double-action pressing, the density of the 

compact is more uniform because two movable punches apply pressure from 

opposite directions. If the part has a higher complexity, additional punches 

can be added to obtain a more uniform density [11]. 

The tooling principles used in double-action pressing is described 

schematically in Figure 2.11. Every insert geometry has a separate set of 

tools. The shape of the blank is defined by the set of tools used. This tool set 

is composed by four main parts: the lower punch (A in Figure 2.11), the 

upper punch (B), the die (C), and the core pin (D). 
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Figure 2.11: Principal design of the pressing tools [19].  

The powder is filled into a cavity which is created through the die and the 

lower punch. The lower punch and the upper punch compress the powder in 

z-direction, while the die defines the insert geometry in x and y direction. 

The press process is position controlled which means that the punches are 

always moving to the same position; the parts are thus compacted to the 

same height. The forces applied to reach the press position can vary due to 

the variations in the amount and structure of the powder used.  

2.4.2 The press cycle: Press A 

The press process analyzed in this project is a continuous process, where the 

compaction is achieved by moving both punches at the same time. In 

contrast to that, there is a successive process, where one punch is moved at a 

time. 

Figure 2.12 shows a simplified, cross-section representation of the standard 

press cycle of Press A. The filling operation is volume-controlled. The 

amount of powder to be filled into the die cavity is determined by the 

position of the lower punch in fill position (Figure 2.12.a). The weight of 

the blank is automatically adjusted towards its target value by changing the 

fill position of the lower punch. During production, the average weight of a 

sample of parts is used as a reference to adjust the fill position of the lower 

punch. The parts included in the sample are updated every time a new part is 

produced, by including in the sample the last part produced and excluding 

the earliest one. If the average weight of the parts in the sample is less than 

the target weight, the lower punch will be lowered; more powder can be 

filled into the cavity. If, vice versa, the average weight is more than the 

target value, the lower punch will be set higher, reducing in this way the die 

cavity. Once the fill position of the lower punch is determined, the powder 

can be filled into the cavity via the filling shoe (Figure 2.12.b). The powder 

level is lowered by bringing the die up (Figure 2.12.c) in order to avoid 
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powder waste when the upper punch enters the die (Figure 2.12.d). Both the 

die and the upper punch move down until they reach a certain distance 

which is called the press position (Figure 2.12.e). During this phase the 

forces increase. The press position is followed by a short holding time 

(Figure 2.12.f). Then the die starts to move down and the upper punch up in 

a first unloading step (Figure 2.12.g) keeping the green compact still under 

pressure. The die goes down even further while the upper punch moves up 

(Figure 2.12.h) in order to prepare the part for the ejection phase. After the 

part is ejected completely (Figure 2.12.i), it is picked up by the robot arm. 

Once the pressure is taken from the green body, it expands to a certain 

degree. This means that the height of the green body after pressing is not the 

same as the distance between the punches at the press position. 

 

Fill Position Filling RPL 

   

  a)        b)         c) 

   

Entering Pressing Holding Time 

   

d) e) f) 
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Unloading Ejection Picking 

   

g) h) i) 
 

Figure 2.12: Standard press cycle of Press A: (a) fill position; (b) filling; (c) Reduced Powder Level RPL; 

(d) entering; (e) pressing; (f) holding time; (g) unloading; (h) ejection; (i) picking. 

2.4.3 The press cycle: Press B 

The press cycle and the set of tools used in press B are different with respect 

to Press A. While in Press A there is a moving die, in press B the die is 

stationary. As a consequence, the zero reference is set in correspondence to 

the die surface. With a stationary die, the compaction force is applied 

simultaneously by the upper and the lower punch, compacting in this way 

the powder inside the cavity (Figure 2.13.d). The rest of the cycle is similar 

to the one in Press A. 

 

Fill position Filling Entering 
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Pressing Holding time Unloading 

 

 

  

              d)    e)           f) 

  

 

 

Ejection Picking  

 

 

  

        g)          h)  
 

Figure 2.132: Standard press cycle of Press B: (a) fill position; (b) filling; (c) entering; (d) pressing; (e) 

holding time; (f) unloading; (g) ejection; (h) picking. 

2.5 Design of Experiments 

2.5.1 Introduction to design of experiments 

In general, experiments are used to study the performance of processes and 

systems. A general model of a process or system is shown in Figure 2.14. A 

process can be visualized as a combination of machines, methods, people, 

and other resources that transform some input into an output that has one or 

more observable responses. The process variables can be controllable ( 𝑥1, 

𝑥2, . . ., 𝑥𝑝) or uncontrollable ( 𝑧1, 𝑧2, . . ., 𝑧𝑞). The objective of conducting 

experiments may include the following [20]: 

1. Determining which variables are most influential on the response y 

2. Determining where to set the influential x’s so that y is near the desired 

nominal value 

3. Determining where to set the influential x’s so that variability in y is 

small 

                                                 
2 Figures are removed due to their classification as confidential information of AB Sandvik 

Coromant.   
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4. Determining where to set the influential x’s, so that the effects of the 

uncontrollable variables are minimized. 

 
 

Figure 2.14: General model of a process or a system [20]. 

There are different strategies that can be used to plan and conduct the 

experiments in order to determine the influence that different factors have on 

the output response of the system [20].  

One approach would be to select an arbitrary combination of the factors, test 

them, and see what happens. This strategy of experimentation, called best-

guess approach, often works reasonably well because the experimenter has 

theoretical knowledge of the system as well as considerable practical 

experience. There are, however, at least two disadvantages of the best-guess 

approach. First, if the initial best-guess does not produce the desired results, 

it is necessary to take another guess at the correct combination of factor 

levels. This could continue for a long time, without any guarantee of 

success. Second, if the initial best-guess produces an acceptable result there 

is the temptation to stop testing with no guarantee that the best solution has 

been found. 

Another strategy of experimentation that is widely used in practice is the 

one-factor-at-a-time approach. This method consists of selecting a starting 

point, or baseline set of levels, for each factor, then successively varying 

each factor over its range with the other factors held constant at the baseline 

level. After all test are performed, a series of graphs are usually constructed 

showing how the response variable is affected by varying each factor with 

all other factors held constant. The major disadvantage of this approach is 

that it fails to consider any possible interaction between the factors. 

Interactions between factors are very common, and if they occur, the one-

factor-at-a-time approach will produce poor results. 

The correct approach to dealing with several factors is to conduct a factorial 

experiment. With this strategy, factors are varied together instead of one at a 
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time. The factorial experimental design concept is explained in more detail 

in Section 2.5.2. 

DOE is applicable to three main types of problems which can be referred to 

as experimental objectives [21]. The first experimental objective is 

screening.  Screening is used to identify the most influential factors, and to 

determine the ranges in which these should be investigated. Usually 

screening designs require few experiments in relation to the number of 

factors. The second experimental objective is optimization. Optimization is 

used to define which combination of the main factors will result in optimal 

operating conditions. Optimization designs require more experiments per 

factor compared to screening design. The third experimental objective is 

robustness testing. Here, the aim is to determine how sensitive a product or 

production process is to small changes in the factor settings. 

2.5.2 Factorial design 

Many experiments involve the study of the effects of two or more factors. In 

general, factorial designs are most efficient for this type of experiments 

where it is necessary to study the joint effect of the factors on a response 

[20]. A factorial design consists in the investigation of all possible 

combinations of the levels of the factors in each replication of the 

experiment. For example, if there are 𝑎 levels of factor 𝐴 and 𝑏 levels of 

factor 𝐵, each replicate contains all 𝑎𝑏 treatment combinations. 

The 2𝑘 factorial design is a special case of the general factorial design in 

which there are 𝑘 factors, each at only two levels. These levels may be 

quantitative or qualitative. A complete replication of such a design requires 

2 𝑥 2 𝑥 …  𝑥 2 = 2𝑘 observations. Such factorial designs support interaction 

models and are used in screening. They are important for a number of 

reasons: 

- they require relatively few runs per investigated factor 

- they can be upgraded to form composite designs, which are used in 

optimization 

- they form the basis for two-level fractional factorial designs, which are 

of great practical value at an early stage of a project. 

Factorial designs are usually used with 2 − 4 factors. When more factors 

need to be investigated, fractional factorial designs constitute a more 

appropriate alternative. 

To perform a general two-level factorial design, it is necessary to assign a 

low level and a high level to each factor. These settings are used to construct 

an orthogonal array of experiments. Usually, the low level of the factor is 
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denoted by −1 and the high level by +1. As a consequence, the central 

level, usually chosen for replication, will be denoted by 0.  

The first design in the 2𝑘  series is the one with only two factors, say 𝐴 and 

𝐵, each run at only two levels.  This design is called a 22 design.  With two 

factors and two levels of each factor, there are four possible treatment 

combinations, that is, low-low, high-low, low-high, and high-high. 

Geometrically, the experimental design created may be interpreted as a 

square (Figure 2.15.a). Each row in the experimental design (Figure 2.15.b) 

corresponds to one experiment. 

 

Run Labels A B 

1 (1) -1 -1 

2 a 1 -1 

3 b -1 1 

4 ab 1 1 
 

a) b) 
 

Figure 2.15: Two-level factorial design in two factors:(a) geometric view; (b) design matrix. 

The two-level factorial design in three factors, denoted 23, is constructed 

analogously to the factorial design in two factors. The eight treatment 

combinations can now be displayed geometrically as a cube (Figure 2.16.a). 

The design matrix of the 8 treatment combinations is displayed in Figure 

2.16.b. 

 

 

Run Labels A B C 

1 (1) -1 -1 -1 

2 a 1 -1 -1 

3 b -1 1 -1 

4 ab 1 1 -1 

5 c -1 -1 1 

6 ac 1 -1 1 

7 bc -1 1 1 

8 abc 1 1 1 
 

a) b) 
 

Figure 2.16: Two-level factorial design in three factors: (a) geometric view; (b) design matrix 
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2.5.3. Factorial design with blocking 

Blocking is a design technique used to improve the precision with which 

comparisons among factors of interest are made [20]. This design technique 

is used to reduce or eliminate the variability transmitted from nuisance 

factors; that is, factors that may influence the experimental response but in 

which there is not a direct interest. There are many situations in which it is 

impossible to perform all of the runs in a 2𝑘 factorial experiment under 

homogeneous conditions. In some cases, a single batch of raw material 

might not be enough to make all of the required runs. More batches might be 

needed to perform all the treatment combinations. However, there could be 

differences between the batches due to, for example, supplier-to-supplier 

variability. If there is not specific interest in this effect, the batch of the raw 

material can be considered a nuisance factor. Generally, a block is a set of 

relatively homogeneous experimental conditions. If there are 𝑛 replicates of 

a factorial design, each set of nonhomogeneous conditions defines a block, 

and each replicate is run in one of the blocks. Suppose that a 22 factorial 

design has to be replicated three times, and only four experimental trials can 

be made from a single batch of raw material. Therefore, three batches of raw 

material will be required to run all three replicates of this design. Table 2.1 

shows the design, where each batch of raw material corresponds to a block. 

The runs in each block (or replicate) would be made in random order.  

 
Table 2.1:  𝟐𝟐 factorial design in three blocks. 

Block 1 

 

Block 2 Block 3 

(1) 

a 

b 

ab 
 

(1) 

a 

b 

ab 
 

(1) 

a 

b 

ab 
 

2.5.4 Response surface methodology 

Response surface methodology, or RSM, is a collection of mathematical and 

statistical techniques used for the modelling and analysis of problems in 

which a response of interest is influenced by several variables and the 

objective is to optimize this response [20]. The functional relationship 

between the response 𝑦 and the levels of the 𝑘 input variables 𝑥1, 𝑥2, … , 𝑥𝑘 

can be written as 

 

 𝑦 = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑘  ) + 𝜀 ( 1 ) 
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where 𝜀 represents the noise or error observed in the response 𝑦. If the 

expected response is denoted by 𝐸(𝑦) = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑘) = 𝜂, then the 

surface represented by 

 

 𝜂 = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑘) ( 2 ) 

is called a response surface, which can be represented graphically as shown 

in Figure 2.18 for 𝑘 = 2 . 

In most RSM problems, the relationship between the response 𝑦 and the 

independent variables 𝑥1, 𝑥2, … , 𝑥𝑘 is unknown. Thus, the first step in RSM 

is to find a suitable approximation for the true functional relationship 

between the response and the set of independent variables. If there is a linear 

relationship between the response and the independent variables, then the 

approximating function is the first-order model 

 

 𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+ 𝜀 ( 3 ) 

where 𝛽’s are the parameters whose values are to be determined. If there is a 

curvature in the system, then a polynomial of higher degree must be used, 

such as the second-order model 

 

 
𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+ ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝒊<𝑗

+ 𝜀 

 

( 4 ) 

The objective of RSM is to determine the optimum operating conditions for 

the system. The response surface analysis is carried out using a fitted 

surface, and if the latter is an adequate approximation of the response 

function, the analysis of the fitted surface will be roughly equivalent to the 

analysis of the actual system. Frequently, the initial estimate of the optimum 

operating conditions for the system will be far from the actual optimum. In 

such circumstances, the aim is to lead the experimenter rapidly and 

efficiently along a path of improvement toward the general vicinity of the 

optimum. When we are far from the optimum, usually a first-order model 

(see Equation 3) is assumed to be an adequate approximation to the true 

surface in a small region of the 𝑥’s. 

The method of steepest ascent is a procedure of moving sequentially along 

the path of steepest ascent, that is, in the direction of the maximum increase 
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in the response. If minimization is desired, then the path of steepest descent 

is searched. The fitted first-order model is 

 
ŷ =  �̂�0 + ∑ �̂�𝑖𝑥𝑖

𝑘

𝑖=1

 

 

( 5 ) 

and the first-order response surface, that is, the contours of ŷ, is a series of 

parallel lines such as that shown in Figure 2.17. The path of steepest ascent 

is the line through the center of the region of interest and normal to the fitted 

surface, that is, the direction in which ŷ increases most rapidly. Thus, the 

steps along the paths are proportional to the regression coefficients {�̂�𝑖}. 

The actual step size is determined by the experimenter based on process 

knowledge or other practical consideration. 

 
 

Figure 2.17: First-order response surface and path of steepest ascent [20]. 

Experiments are conducted along the path of steepest ascent until no further 

increase in response is observed. Then a new first-order model may be fit, a 

new path of steepest ascent determined, and the procedure continues. 

Eventually, the experimenter will arrive in the vicinity of the optimum. This 

is usually indicated by lack of fit of a first-order model. At that time 

additional experiments are conducted to obtain a more precise estimate of 

the optimum. 

When the experimenter is relatively close to the optimum, a model that 

incorporates curvature is usually required to approximate the response. In 

most cases, the fitted second-order model  
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ŷ = �̂�0 + ∑ �̂�𝑖𝑥𝑖

𝑘

𝑖=1

+ ∑ �̂�𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+ ∑ ∑ �̂�𝑖𝑗𝑥𝑖𝑥𝑗

𝒊<𝑗

 

 

( 6 ) 

is adequate. 

If the purpose is to determine the levels of 𝑥1, 𝑥2, … , 𝑥𝑘 that optimize the 

predicted response, this point, if it exists, will be the set of 𝑥1, 𝑥2, … , 𝑥𝑘 for 

which the partial derivatives 
𝛿ŷ

𝛿𝑥1
=

𝛿ŷ

𝛿𝑥2
= ⋯ =

𝛿ŷ

𝛿𝑥𝑘
= 0. This point is called 

the stationary point. The stationary point could be a point of maximum 

response, a point of minimum response, or a saddle point. 

Once the stationary point is found, the next step is to determine whether the 

stationary point is a point of maximum or minimum response or a saddle 

point. Contour plots of the fitted model play a very important role in the 

study of the response surface. If there are only two or three process variables 

(the 𝑥’s), the construction and the interpretation of this contour plot is 

relatively easy. The Figure 2.18 illustrates an example of a response surface 

and contour plot with a point of maximum response. 

 

 
 

Figure 2.18: Response surface and contour plot illustrating a surface with a maximum [20]. 
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2.5.4.1 Experimental designs for fitting response surface  

The model parameters can be estimated most effectively if proper 

experimental designs for fitting response surfaces are used to collect the data 

[21].  

Some of the features of a desirable response surface design are as follows: 

- Provides a reasonable distribution of data points throughout the region of 

interest 

- Allows model adequacy, including lack of fit, to be investigated 

- Provides an internal estimate of error 

- Provides precise estimates of the model coefficients 

- Allows designs of higher order to be built up sequentially 

- Provides a good profile of the prediction variance throughout the 

experimental region 

- Provides reasonable robustness against outliers or missing values 

- Does not require a large number of runs 

- Does not require too many levels of the independent variables 

- Ensures simplicity of calculation of the model parameters 

If the aim is to fit this first-order model, there is a unique class of designs 

that minimize the variance of the regression coefficients {�̂�𝑖}. These are the 

orthogonal first-order designs. The class of orthogonal first-order designs 

includes the 2𝑘 factorial and fractions of the 2𝑘 series in which main effects 

are not aliased with each other. The 2𝑘 designs do not afford an estimate of 

the experimental error unless some runs are replicated. A common method 

of including replication in the 2𝑘 design is to augment the design with 

several center points. The addition of center points does not influence the 

estimate of the regression coefficients {𝛽𝑖} for 𝑖 ≥  1, but the estimate of 𝛽0 

becomes the grand average of all observations. Furthermore, the addition of 

center points does not alter the orthogonality property of the design. 

In optimization problems, the second-order polynomial model (see Equation 

4) is frequently used. The most popular class of designs used for fitting a 

second-order model is the central composite design or CCD. Generally, the 

CCD consists of a 2𝑘 factorial design (or fractional factorial of resolution 

V), with 𝑛 𝐹 factorial runs, 2𝑘 axial or star runs, and 𝑛 𝐶 center runs. The 

practical deployment of a CCD often arises through sequential 
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experimentation. That is, a 2𝑘 factorial has been used to fit a first-order 

model, this model has exhibited lack of fit, and the axial runs are then added 

to allow the quadratic terms to be incorporated into the model. There are two 

parameters in the central composite design that must be specified: the 

distance 𝛼 of the axial runs from the design center and the number of center 

points 𝑛 𝐶. The choice of 𝛼 in CCD is indicated primarily by the region of 

interest and the desired property of rotatability. Rotatable designs provide 

constant prediction variance at all points that are equidistant from the design 

center. Because the purpose of RSM is optimization and the location of the 

optimum is unknown prior to running the experiments, it makes sense to use 

a design that provides equal precision of estimation in all directions. 

Rotatability is a spherical property. 

For a spherical region of interest, the best choice of 𝛼 from a prediction 

variance viewpoint for the CCD is to set α = √𝑘 , where 𝑘 is the number of 

factors selected. A spherical CCD, puts all the factorial and axial design 

points on the surface of a sphere of radius √𝑘. Thanks to them, all factors 

are investigated at five levels. In this way it is possible to estimate quadratic 

terms with great rigor. This design must include center runs to provide 

reasonably stable variance of predicted response. Generally, three to five 

center runs are recommended. 

The spherical CCD prescribes experiments, the axial points, whose factor 

values are located outside the low and high settings of the factor definition. 

Sometimes it is not possible to carry out this kind of settings. When it is 

desirable to maintain the low and high factor levels, and still perform an 

RSM design, the face-centered central composite design (CCF), in which 

α = 1, is an adequate alternative. This design locates the star or axial points 

on the centers of the faces of the cube, as shown in Figure 2.19 for k = 3. 

This implies that all factors have three levels, rather than five, and the 

experimental region is a cube, and not a sphere. As a consequence, the CCF 

design is not rotatable. However, it still supports a quadratic polynomial 

model. The CCF design does not require as many center point as the 

spherical CCD. In practice, 𝑛𝑐 = 2 or 3 is sufficient to provide good 

variance of prediction throughout the experimental region. Sometimes more 

center runs will be employed to give a reasonable estimate of experimental 

error. 
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Figure 2.19: A face-centered central composite design for 𝒌 = 𝟑. 

Theoretically, the CCF design is slightly inferior to the spherical CCD. 

Given the same settings of low and high levels of the factors, the spherical 

CCD spans a larger volume than the CCF design does. Five levels of each 

factor also means that the spherical CCD is better able to capture strong 

curvature.  

2.6 Measurement systems analysis: Gauge R&R 

Reliable measurements are needed to monitor any manufacturing process. 

When measuring attributes of the process output, at least part of the 

variation is due to the measurement system. This is because repeated 

measurements of any particular item do not always result in the same value. 

Thus, measurement system analysis is necessary to assess the adequacy of a 

measurement system for a given application. The purpose of this study is to 

determine the amount of variability in the collected data that is due to the 

measurement system. 

In many measurement studies, a gauge is used to obtain replicate 

measurements on units by different operators, setups, or time periods. Total 

process variation consists of part-to-part variation plus measurement system 

variation. Measurement system variation consists of repeatability and 

reproducibility [22]. Repeatability represents the gauge variability when it is 

used to measure the same unit (with the same operator or setup or in the 

same time period). Reproducibility refers to the variability arising from 

different operators, setups, or time periods. Thus, measurement systems 

capability studies are often referred to as gauge repeatability and 

reproducibility or gauge R&R studies. Total gage R&R combines the effect 

of repeatability and reproducibility. 

Gauge R&R studies can be analyzed using analysis of variance (ANOVA) 

techniques. The ANOVA models consider particular cases of the model 
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 𝑌 = 𝑋 + 𝐸,  ( 7 ) 

where 𝑌 is the measured value of a randomly selected part from a 

manufacturing process, 𝑋 is the true value of the part, and 𝐸 is the 

measurement error due to the measurement system. The terms 𝑋 and 𝐸 are 

independent normal variables with means μ𝑃 and μ𝑀 and variances 𝜎𝑃
2 and 

𝜎𝑀
2 , respectively. The subscripts 𝑃 and 𝑀 refer to process and measurement 

system, respectively. These assumptions imply 𝑌 to have a normal 

distribution with mean μ𝑌 = μ𝑃 + μ𝑀 and variance 𝜎𝑌
2 = 𝜎𝑃

2 + 𝜎𝑀
2 . 

The purpose of the gauge R&R study is to determine if the measurement 

system variability is not harmfully large with respect to the process 

variability. Thus, by examining the ratio of process variance to measurement 

variance (𝜎𝑅
2 = 𝜎𝑃

2/𝜎𝑀
2 ) it is possible to get indications regarding the system 

capability. A measurement system is considered capable if 𝜎𝑅
2 is sufficiently 

large. 

In order to understand whether the measurement system variation is 

acceptable, the process’s variation has to be evaluated according to the 

guidelines given in Table 2.2. 

 
Table 2.2: Process’s variation acceptability criterion [23]. 

Total gauge R&R Acceptability 

Under 10% The measurement is acceptable. 

10% to 30% 

The measurement system is acceptable 

depending on the application, the cost of the 

measuring device or other factors. 

Over 30% 
The measurement system is not acceptable 

and should be improved. 

2.6.1 Design of gauge R&R experiments 

According to Montgomery [20] there are three basic principles of designing 

experiments: randomization, replication, and blocking. It is important to take 

into account these principles when designing gauge R&R experiments.  

Replication is a repetition of the basic experiment. In gauge R&R studies, 

replication consists of each operator making at least two measurements on a 

part. Replication assumes that these measurements are made independently 

of each other with unique setup of any tool or fixture that is required. 

Replication has two important properties. First, it allows the experimenter to 

obtain an estimate of the experimental error (𝜎𝐸
2). This estimate of error is 

the repeatability of the measuring device. It also indicates whether observed 
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differences in the data are really statistically different. Second, replication 

improves the precision with which the model parameters are estimated.  

There is an important distinction between replication and repeated 

measurements. If a part is measured three consecutive times by the operator 

without changing the setup of the measuring device, the measurements so 

obtained are not replicates. They are a form of repeated measurements. This 

can result in significant underestimation of gauge repeatability. 

Randomization is essential in the use of statistical methods in experimental 

design. Randomization means that both the allocation of the experimental 

material and the order in which the individual runs are to be performed are 

randomly determined. Statistical methods require that the observations are 

independently distributed random variables. Randomization plays an 

important role in making this assumption valid. By properly randomizing the 

experiments, the effect of extraneous factors that may be present is reduced. 

In a gauge R&R experiment, this means that each operator should measure 

all 𝑝 parts in random order. 

Blocking is a design technique used to improve the precision with which 

comparisons among the factors of interest are made. It is used to reduce or 

eliminate the variability transmitted from factors that may influence the 

experimental response but in which we are not directly interested, also called 

nuisance factors. 
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3. Method 

3.1 Experimental equipment 

3.1.1 Electric powder presses for insert pressing 

Two different presses are used to press the cutting tool inserts object of this 

study. The first set of tests is performed using Press A. The successive set of 

tests is performed using Press B. Both Press A and B are electrical powder 

presses used for the compaction of highly precise cutting inserts. 

3.1.2 SmartScope Zip for width measurement 

The width of the inserts is measured using a SmartScope ZIP (Figure 3.1) 

which uses a multisensor technology to measure complex surface profiles. 

 

 
 

Figure 3.1: SmartScope ZIP [24]. 

The main technical data of the SmartScope Zip are shown in Table 3.1. 

 
Table 3.1: Technical data of SmartScope Zip [24]. 

XYZ Stage Travels: 300 x 300 x 200 mm 

Area Accuracy: (1.5 + 5L/1000) µm 

Z Accuracy: up to (1.4 + 5L/1000) µm 
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3.1.3 Helicheck Pro for height measurement 

The height of the inserts is measured using the Helicheck Pro (Figure 3.2), 

which is a 4-axes CNC measuring machine for non-contact complete 

measurement of complex geometries. 

 

 
 

a) b) 
 

Figure 3.2: Helicheck Pro [25]. 

The main technical data of the Helicheck Pro are shown in Table 3.2. 

 

Table 3.2: Main technical data of Helicheck Pro [25]. 

E1 value E1 = (1.4 + L/300) μm 

Repetition accuracy ≤ 1 μm 

Position resolution for all linear axes X, Y, Z 0.004 μm 

Position resolution for rotation axis A < 0.00036 ° 

Measurement value resolution 0.25 μm 
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3.2 Gauge R&R experimental design 

3.2.1 SmartScope Zip 

A crossed gauge R&R study is used to assess how well the SmartScope Zip 

used to measure the width of the insert, can distinguish between parts, and 

whether the operators measure consistently. The SmartScope used in this 

project can measure five inserts at a time thanks to a fixture attached to the 

table (Figure 3.3). For this reason, two different gauge R&R studies are 

carried out in order to study if the measurement system is operator 

dependent and/or position dependent.  

 
 

Figure 3.3: SmartScope fixture. 

3.2.1.1 Measuring operator consistency  

A crossed gauge R&R study is carried out to estimate the variation due to 

repeatability (error due to equipment variation) and reproducibility (error 

due to operator variation) of the SmartScope used to measure the width of 

the inserts. For this study 10 inserts are selected randomly from a batch of 

690 parts. The inserts are marked from 1 to 10 in order to identify the 

measurements taken on each insert. Three operators measure each part three 

times in random order following the experimental design shown in Table 3.3 

for a total of 10 𝑥 3 𝑥 3 = 90 measurements. The runs are randomized 

within operators. Thus, each operator makes measurements on all parts and 

all replicates without taking turns or waiting for the other operators. For 

valid measurement system analyses, it is important to randomly sample and 

measure parts. 
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Table 3.3: Experimental design for operator consistency. 

  
Position 1 Position 2 Position 3 Position 4 Position 5 

Run 1 Operator 1 10 5 3 2 7 

Run 2 Operator 1 9 6 4 1 8 

Run 3 Operator 1 2 7 6 1 10 

Run 4 Operator 1 5 4 9 8 3 

Run 5 Operator 1 5 3 7 9 1 

Run 6 Operator 1 10 2 4 8 6 

Run 7 Operator 2 6 4 9 5 7 

Run 8 Operator 2 3 10 2 1 8 

Run 9 Operator 2 1 3 8 4 6 

Run 10 Operator 2 9 5 10 7 2 

Run 11 Operator 2 3 7 9 10 4 

Run 12 Operator 2 6 5 1 2 8 

Run 13 Operator 3 5 8 9 3 1 

Run 14 Operator 3 2 7 10 6 4 

Run 15 Operator 3 2 4 5 7 10 

Run 16 Operator 3 8 9 3 1 6 

Run 17 Operator 3 1 3 9 6 2 

Run 18 Operator 3 4 7 5 8 10 

 

3.2.2 Measuring position consistency 

In order to assess if the position in which the insert is placed when 

measuring the width is a source of variability, a second crossed gauge R&R 

study is carried out using the same sample of inserts. The ten inserts are 

measured in random order in each position following the experimental 

design shown in Table 3.4. The basic design is replicated twice, for a total of 

10 𝑥 5 𝑥 2 = 100 measurements. As the aim of the study is to estimate the 

variability due to the position in which the insert is placed, all the 

measurements are carried by the same operator. A setup of the equipment is 

done when passing from replicate I to replicate II. 
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Table 3.4: Experimental design for position consistency. 

Replicate I Replicate II 

 

Pos 

1 

Pos 

2 

Pos 

3 

Pos 

4 

Pos 

5 

Run 

1 
2 10 9 8 4 

Run 

2 
10 5 1 2 8 

Run 

3 
5 4 7 10 3 

Run 

4 
7 6 3 4 1 

Run 

5 
1 2 8 3 6 

Run 

6 
4 7 2 6 9 

Run 

7 
8 3 6 9 5 

Run 

8 
6 9 5 1 7 

Run 

9 
3 8 10 5 2 

Run 

10 
9 1 4 7 10 

 

 

Pos 

1 

Pos 

2 

Pos 

3 

Pos 

4 

Pos 

5 

Run 

1 
2 10 6 7 3 

Run 

2 
9 3 5 8 2 

Run 

3 
5 2 1 9 8 

Run 

4 
1 8 4 5 6 

Run 

5 
6 9 10 3 1 

Run 

6 
8 4 7 1 5 

Run 

7 
10 1 8 6 4 

Run 

8 
7 6 9 4 10 

Run 

9 
4 7 3 2 9 

Run 

10 
3 5 2 10 7 

 

3.2.2 Helicheck Pro 

The Helicheck Pro is used to measure the height of the inserts. It is possible 

to measures only one part at a time. A crossed gauge R&R study is carried 

out to estimate how much total process variation is caused by the 

measurement system. For this study the same sample of 10 inserts is used. 

The first operator measures the 10 inserts in random order. Then, the second 

operator measures the 10 inserts in a different random order. Each operator 

repeats the process three times for a total of 10 𝑥 2 𝑥 3 = 60 measurements. 

The runs are randomized within operators. This choice permits each operator 

to make measurements on all parts and all replicates without taking turns or 

waiting for the other operators. Thus, Operator 1 measures runs 1 − 30 in 

random order, then Operator 2 measures runs 31 − 60 in another random 

order as shown in the experimental design in Table 3.5. 
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Table 3.5: Experimental design for Helicheck Pro. 

Run 

Order 
Part Operator 

Run 

Order 
Part Operator 

Run 

Order 
Part Operator 

1 7 1 21 9 1 41 4 2 

2 2 1 22 8 1 42 9 2 

3 8 1 23 2 1 43 5 2 

4 9 1 24 3 1 44 10 2 

5 5 1 25 4 1 45 7 2 

6 3 1 26 10 1 46 6 2 

7 10 1 27 5 1 47 1 2 

8 6 1 28 1 1 48 2 2 

9 4 1 29 7 1 49 3 2 

10 1 1 30 6 1 50 8 2 

11 5 1 31 3 2 51 1 2 

12 2 1 32 5 2 52 9 2 

13 10 1 33 7 2 53 5 2 

14 6 1 34 6 2 54 2 2 

15 9 1 35 8 2 55 8 2 

16 1 1 36 4 2 56 10 2 

17 3 1 37 10 2 57 6 2 

18 8 1 38 2 2 58 7 2 

19 7 1 39 9 2 59 3 2 

20 4 1 40 1 2 60 4 2 

3.3 Experimental strategy: Press A 

Design of experiment (DOE) methods are used to investigate the influence 

of different methods of die filling and press methods on the width and height 

of the blank. Our aim is to identify the factor settings that minimize width 

and height variation. Thus, the selected experimental objective is 

optimization. Response surface methodology, or RSM, which is a collection 

of mathematical and statistical techniques to process optimization, is used 

for the modelling and analysis of the problem. Different factors affect the 

final shape of the insert. Different powder grades, methods of die filling and 

press methods are the most influential factors on the width and height of the 

blank according to previous experiments at Sandvik Coromant and after a 

careful literature research. In this project it was decided to investigate the 

influence of the filling-shoe speed, the filling shoe shakes and the powder 

redistribution method inside the die cavity. These factors are described in 

detail in Section 3.3.1. In order to apply this method, the software Minitab 

17 was used; it is a statistical software which contains a specific toolbox for 

design of experiments methods.  
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3.3.1 Selection of factors 

3.3.1.1 Filling-shoe speed 

In the die filling phase, powder is delivered to the die cavity through a 

filling-shoe which runs over the die cavity dropping powder into it. Figure 

3.4 shows a representation of the filling-shoe motion during die filling. 

Since the filling-shoe speed affects the flow of the powder and the fill ratio 

of the die, it was chosen as one of the factors to investigate. 

 

  

a) b) 

  

c) d) 
 

Figure 3.4: Filling-shoe motion over the die cavity. 

 

The factor filling-shoe speed, is varied between 150 and 250 mm/s as shown 

in Table 3.6. 
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Table 3.6: Factor definition for filling-shoe speed. 

Factor Description Parameters Low Central 

Point 

High 

-1 0 +1 

A Filling-shoe speed v [150 mm/s - 250 mm/s] 150 200 250 

 

3.3.1.2 Number of shakes in fill position 

The number of filling-shoe passes over the die cavity affects the compaction 

in the green body. The basic filling-shoe motion with no shakes (Figure 

3.5.a) consist in having the filling-shoe going forward and then backward 

over the die cavity only once. Adding one shake means that the filling-shoe 

goes over the die cavity one more time (Figure 3.5.b). 

 

 

 

 

 

 

a)  b)  c) 
 

Figure 3.5: Filling-shoe motion: (a) 0 shake; (b) 1 shake; (c) 2 shakes. 

In this study, the effects of 0, 1, and 2 shakes of the filling-shoe over the die 

cavity are selected for investigation as shown in Table 3.7. 

 
Table 3.7: Factor definition for number of shakes in fill position. 

Factor Description Parameters Low Central 

Point 

High 

-1 0 +1 

B 
Number of shakes in 

fill position 
n [0 - 2] 0 1 2 
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3.3.1.3 Powder redistribution: Introduction of the relative movement 

One of the main reasons of having variations in width and height of the 

blank is due to flow obstructions of the powder into the die cavity. In the 

standard press cycle, after filling the die cavity, the powder level is lowered 

by bringing down the lower punch.  This step is necessary in order to avoid 

powder waste when the upper punch enters the die. It has been observed that 

during this step, a flow obstruction of the powder occurs while the lower 

punch moves down to reduce the powder level. A bridging (or aching) 

phenomenon takes place during this phase which prevents the powder to 

follow the lower punch (see Figure 3.6.a). Bridging of particles is 

significant when the die size is small. While the lower punch goes down 

towards its final position, part of the bridge breaks leading to an uneven 

distribution of the powder inside the die cavity: the powder level is flat on 

the left side of the core pin and lowered on the right side of the cavity 

(Figure 3.6.b). When the upper punch comes down and hits the core pin 

(Figure 3.6.c), the rest of the bridge is broken, leading to the desired 

reduction of the powder level. While the bridge breaks, some of the powder 

flows from the right side of the cavity to the left side. This erratic flow of the 

powder is mainly due to bad powder flowability. For this reason, the powder 

density on the left side (ρ
𝑙
) is greater than the powder density on the right 

side (ρ
𝑟
). Inhomogeneous density distribution will lead to distortion during 

sintering, resulting in an inability to keep high demands on dimensional 

tolerances. 

   

a) b) c) 
 

Figure 3.6: Bridging (or arching) phenomenon. 

In order to eliminate the bridging phenomenon described above, a relative 

movement between the die and the core pin is added to the standard press 

cycle of Press A. The press cycle is modified consequently as shown in 

Figure 3.7. After filling the die cavity (Figure 3.7.a), the core pin goes up 

(Figure 3.7.b). While the die moves up to reduce the powder level, the core 

pin moves down creating in this way a relative movement between the die 
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and the core pin (Figure 3.7.c). This relative movement will help the powder 

redistribute inside the die cavity eliminating in this way the bridging effect. 

   

a)  b)  c)  
 

Figure 3.7: Introduction of the relative movement RM in the press cycle of Press A. 

The factor relative movement (RM) is varied between 0 and 4 mm as shown 

in Table 3.8. As mentioned above, a reduced powder level is necessary to 

avoid powder waste when the upper punch enters the die cavity. This 

reduced powder level is obtained by bringing up both the die and the core 

pin of 2 mm simultaneously, having in this way no relative movement 

between them. A relative movement of 2 mm is obtained as follows: the core 

pin goes first up 4 mm; while the die goes up 2 mm to reduce the powder 

level, the core pin moves down of 2 mm simultaneously creating in this way 

a relative movement of 2 mm between the die and core pin. A RM of 4 mm 

is obtained in a similar way: the core pin goes first up 6 mm; while the die 

goes up 2 mm to reduce the powder level, the core pin moves down of 4 mm 

creating in this way a relative movement of 4 mm. 
 

Table 3.8: Factor definition for the relative movement RM. 

Factor Description Parameters Low Central 

Point 

High 

-1 0 +1 

C Relative Movement s [0 mm - 4 mm] 0 2 4 

 

3.3.2 Specification of responses 

3.3.2.1 Width Variation 

By design, the width (see Figure 3.8) should be the same on both sides of 

the insert with respect to the center line: W1 ≈ W3 < W2. In practice, it has 
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been observed that there is a variation in width of the blank: in some cases, 

𝑊1 > 𝑊3, while in other cases 𝑊1 < 𝑊3. If it is a grinded insert, the 

width variation is reduced or eliminated during the grinding process, but this 

will damage the primary face of the insert: the wider side of the insert will 

be grinded more than the narrower side in order to have the same width. If 

instead, it is a direct pressed insert, which means that the insert does not 

have to go through the grinding process, a variation in width of the blank 

will remain. This variation in width will lead to different locations of the 

two cutting edges in the tool holder making it difficult to estimate the 

position of the contact point between the insert and the workpiece during 

milling operations. Reducing width variation of the insert is important in 

order to enhance the precision of the machining operation.  

 

 
 

Figure 3.8: 3Insert top view: Width definition. 

As the aim is to reduce width variation, the response selected is the absolute 

value of the difference between 𝑊1 and 𝑊3 as follows: 

 

 𝑊𝑖𝑑𝑡ℎ 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 = 𝛥𝑊 = |𝑊1 − 𝑊3|. ( 8 ) 

 

3.3.2.2 Height Variation 

The insert object of this study has two cutting edges. By design, the height 

of the insert in correspondence to the two cutting edges should be the same: 

𝐻1 ≈ 𝐻2 (see Figure 3.9). In practice, it has been observed that there is a 

                                                 
3 The top view of the insert is replaced with a simplified representation of it due to its 

classification as confidential information of AB Sandvik Coromant. 
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height variation between the two cutting edges. This variation in height will 

lead to different locations of the two cutting edges in the tool holder, 

affecting in this way the estimation of the position of the contact point 

between the insert and the workpiece during milling operations. 

 

 

Figure 3.9: Height definition. 

As the aim of this study is to reduce the height variation, the second 

response of interest selected is the absolute value of the difference between 

the height in correspondence to the cutting edge 1 (𝐻1) and the height in 

correspondence to the cutting edge 2 (𝐻2) as follows: 

 

 𝐻𝑒𝑖𝑔ℎ𝑡 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 = 𝛥𝐻 = |𝐻1 − 𝐻2|. ( 9 ) 

3.3.3 Selection of experimental design 

In this study, the overall goal is to optimize the pressing process in order to 

reduce width and height variation by keeping the other parameters inside 

tolerances. A quadratic model in all factors (filling-shoe speed (A), number 

of shakes in fill position (B), and relative movement (C)) is a sound choice 

given the experimental objective. A central composite face-centered, CCF, 

design in 17 runs is selected. This is a standard design, which supports a 

quadratic model. It consists of 23 = 8 factorial runs (StdOrder 1 -8), 6 axial 

runs (StdOrder 9-14), and 3 center points (StdOrder 15-17). The 

experimental design generated using the software Minitab 17 is given in 

Table 3.9 and Table 3.10 in coded and uncoded units, respectively.  
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Table 3.9: Central Composite Face-Centered Design (CCF): Coded units. 

StdOrder RunOrder PtType Blocks A B C 

17 1 0 1 0 0 0 

4 2 1 1 1 1 -1 

1 3 1 1 -1 -1 -1 

12 4 -1 1 0 1 0 

15 5 0 1 0 0 0 

7 6 1 1 -1 1 1 

2 7 1 1 1 -1 -1 

10 8 -1 1 1 0 0 

9 9 -1 1 -1 0 0 

16 10 0 1 0 0 0 

8 11 1 1 1 1 1 

14 12 -1 1 0 0 1 

11 13 -1 1 0 -1 0 

13 14 -1 1 0 0 -1 

6 15 1 1 1 -1 1 

5 16 1 1 -1 -1 1 

3 17 1 1 -1 1 -1 
 

 

Table 3.10: Central Composite Face-Centered Design (CCF): Uncoded units. 

RunOrder Order No 
Filling-shoe 

speed [mm/s] 

Filling-shoe 

shakes 

Relative 

Movement 

[mm] 

1 00717330 200 1 2 

2 00717331 250 2 0 

3 00717332 150 0 0 

4 00717333 200 2 2 

5 00717334 200 1 2 

6 00717335 150 2 4 

7 00717336 250 0 0 

8 00717337 250 1 2 

9 00717338 150 1 2 

10 00717339 200 1 2 

11 00717360 250 2 4 

12 00717361 200 1 4 

13 00717362 200 0 2 

14 00717363 200 1 0 

15 00717364 250 0 4 

16 00717365 150 0 4 

17 00717366 150 2 0 

 



48 

Malvina Roci - Master Thesis in Production Engineering and Management 

3.4 Experimental strategy: Press B 

3.4.1 Selection of factors 

3.4.1.1 Powder extra push up 

One of the steps in the standard press cycle of Press B (see Section 2.4.3) 

consists in redistributing the powder by bringing the powder level up. 

During this phase, it is thought that the powder level might take a distorted 

mushroom shape (Figure 3.10.a) which could be one of the causes of having 

width and height variations after the pressing process. If instead, the powder 

level is brought down, the reverse phenomenon could take place (Figure 

3.10.b). For this reason, it is decided to add an extra step in the standard 

press cycle of Press B, which consist in bringing the powder level first up 

and then bringing it back to the start position of the press method. By 

bringing the power first up and then down it will be possible to neutralize 

the mushroom effect having in this way a horizontal powder level (Figure 

3.10.c) which will lead to a reduction in width and height variation after the 

pressing process.   

 

 

 

 

 

 

a)  b)  c) 
 

Figure 3.104: Powder redistribution: (a) mushroom shape; (b) reverse mushroom shape; (c) horizontal 

powder level. 

 

3.4.1.2 Lifting up the drum emptying station 

The carbide powder is stored in drums which are placed on a hopper for 

discharge. The drum is hang up on the back of the press machine as shown 

in Figure 3.11.a. After leaving the outlet of the hopper, the powder flows via 

a flexible tube which connects the outlet of the hopper with the filling shoe. 

                                                 
4 The original drawings are replaced with a simplified representation due to their classification as 

confidential information of AB Sandvik Coromant. 
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Just before the filling shoe, the flexible tube becomes almost horizontal 

(Figure 3.11.b). The horizontal section of the tube can cause the formation 

of stagnant zones which can lead to inaccuracies during die filling or even 

some blockages. 

 

  
a) b) 

 

Figure 3.11: (a)powder drum; (b) horizontal section of the flexible tube. 

However, the tube is unlikely to have unfavorable effects on the flow, because 

the distance between the horizontal section and hopper outlet is long. The 

stagnant zone which is created in the horizontal section of the tube diminishes in 

direction to the hopper outlet as the flow zone usually increases in diameter. The 

great length of the vertical section of the tube is favorable to the powder flow for 

the reason that, as mentioned above, the flow zone will increase in diameter and 

thus after a certain height between filling shoe and hopper outlet has been 

reached, the flow zone will extend across the total diameter of the tube. For this 

reason, it was decided to test the effect of a hopper placed higher in the emptying 

station, increasing in this way the length of the vertical section of the tube 

(Figure 3.12.a) and making the horizontal section of the tube become steeper in 

correspondence to the filling shoe (Figure 3.12.b). These modifications will 

reduce the stagnant zones created in the horizontal section of the flexible tube 

and improve the powder flow, reducing in this way the inaccuracies during die 

filling. 
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a) b) 

 

Figure 3.12: (a) powder drum; (b) horizontal section of the flexible tube. 

3.4.2 Selection of responses 

The responses analyzed are the width and height variation described in 

Section 3.3.2. 

Furthermore, a third response of interest is selected for the analysis: the 

pressed weight. Every time a new part is pressed, a robot arm picks the part 

and puts it on a scale in order to reveal its weight. So it is possible to have 

the pressed weight of each part produced. The aim is to keep the pressed 

weight of the parts between the tolerances and reduce the standard deviation 

within the parts, having in this way a more stable pressed weight. 

3.4.3 Selection of experimental design 

The aim of the second set of experiments is to study the effects of the two 

factors introduced Section 3.4.1 on the width variation, height variation, and 

pressed weight. In order to do so, a factorial design in two factors, each at 

only two levels, is selected. Table 3.11 summarizes the details of the factors 

varied. The first factor, powder redistribution, has two levels: the current 

way of redistributing the powder after die filling, and the new way which 

consists in an extra push up of the powder. The second factor, the hopper, 

has two levels as well: the current hopper used and the new hopper 

introduced.  
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Table 3.11: Factor definition. 

Factors Description Parameters 

-1 +1 

A Hopper Current New 

B Powder redistribution Standard way Extra push up 

 

A complete replicate of such a design requires 2 𝑥 2 =  4 treatment 

combinations as shown in Figure 3.13. 

 

 
 

Figure 3.13: Treatment combinations of the two-factor factorial design. 

The basic design is replicated twice being the powder used a blocking factor, 

for a total of 8 runs. A replication of the basic design is necessary in order to 

investigate the individual effects of each factor, determine whether the 

factors interact, and estimate the error variance 𝜎2. If the two-factor 

experimental design is not replicated, the error variance 𝜎2 is not estimable; 

that is, the two-factor interaction effect and the experimental error cannot be 

separated. 

Each replicate of the basic design is performed using a different batch of the 

same powder grade due to logistics reason. A different batch of the same 

powder grade may influence the experimental response but in which there is 

not a direct interest for the aim of this study. For this reason, the powder 

used is considered a blocking factor. As mentioned in Section 2.5.3, 

blocking is a design technique used to reduce or eliminate the variability 

transmitted from nuisance factors. 

Table 3.12 and Table 3.13 show the details of the experimental design in 

coded and uncoded variables, respectively, generated using Minitab 17. 
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Table 3.12: Two-factor factorial design: coded variables. 

StdOrder RunOrder Blocks A B 

1 1 1 -1 -1 

3 2 1 -1 1 

4 3 1 1 1 

2 4 1 1 -1 

5 5 2 -1 -1 

7 6 2 -1 1 

8 7 2 1 1 

6 8 2 1 -1 
 

 

Table 3.13: Two- factor factorial design: uncoded variables. 

Run Order Order No Blocks Hopper 
Powder 

redistribution 

1 00808134 1 Current Standard way 

2 00808137 1 Current Extra push up 

3 00808139 1 New Extra push up 

4 00808122 1 New Standard way 

5 00852966 2 Current Standard way 

6 00852968 2 Current Extra push up 

7 00852973 2 New Extra push up 

8 00852980 2 New Standard way 

3.5 Experimental procedure 

The first set of experiments, which consists in analyzing the effect of the 

filling-shoe speed, number of shakes in fill position, and relative movement 

between the die and the core pin on the width and the height of the insert, is 

performed using Press A. As mentioned in Section 3.3.3, the CCF design 

selected for this purpose consists of 17 runs. Because process variation and 

experimental error are present, it is desirable to take multiple observations at 

each treatment combination and estimate the effects of the factors using 

average responses. For this reason, it was decided to produce 100 inserts for 

each treatment combination using Press A. In order to spend a reasonable 

time for the measurements, but at the same time to have a proper amount of 

data for the estimation of the responses, 50 inserts for width measurement 

and 16 inserts for height measurement are selected randomly for each run. 

The second set of experiments is performed using Press B to analyze the 

effect of the powder extra push up and the effect of lifting up the drum 

emptying station on the width, height, and pressed weight. For this purpose, 
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as explained in Section 3.4.3, a two-factor factorial design with blocking in 8 

runs was selected. For each run, three trays of 230 inserts are pressed using 

Press B, for a total of 690 parts/run. Regarding width and height 

measurements, 20 and 30 inserts, respectively, are selected randomly for 

each run. While the pressed weight value can be obtained for each insert 

pressed.  

Both set of experiments go through the same experimental procedure as 

shown in Figure 3.14. The inserts are first pressed, and then sintered. Before 

measuring the width and height, the inserts have to go through bottom 

grinding and brushing in order to eliminate residuals of sintering. 

 

 
 

Figure 3.14: Experimental procedure followed to perform the tests. 

 

. 

 

 

Pressing Sintering
Bottom 
grinding

Brushing Measurements
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4. Analysis of results 

In this project Minitab 17, a statistical software which contains a specific 

toolbox for design of experiments (DOE) methods and gauge R&R studies, 

is used to analyze the data. 

4.1 Gauge R&R results 

Minitab uses the analysis of variance (ANOVA) procedure to calculate 

variance components, and then uses those components to estimate the 

percent variation due to the measuring system. The two-way ANOVA table 

includes terms for the part (Part), operator (Operator), and operator-by-part 

interaction (Parts*Operators). If the p-value for the operator-by-part 

interaction is ≥  0.25, Minitab generates a second ANOVA table that omits 

the interaction term from the model. 

4.1.1 SmartScope for width measurement 

4.1.1.1 Operator consistency 

After collecting all the measurements (see Appendix A) carried out according 

to the experimental design explained in Section 3.2.1.1, it is possible to 

proceed with the analysis of the gauge R&R study. A graphical analysis of 

the data is shown in Figure 4.1. Each cluster of bars in the Components of 

Variation chart (Figure 4.1.a) represents a source of variation. It is evident 

from the chart that the largest component of variation is part-to-part 

variation. This result states that the measurement system can distinguish 

between parts. The Xbar chart (Figure 4.1.b) compares the part-to-part 

variation to the repeatability component. Many of the plotted points in the 

Xbar chart, which represent, for each operator, the average measurement of 

each part, are above or below the control limits. This pattern indicates that 

part-to-part variation is much greater than measurement device variation. 

The R chart (Figure 4.1.b) is a control chart of ranges that graphically 

displays operator consistency. For these data, the plotted points, which 

represent, for each operator, the difference between the largest and smallest 

measurements of each part, fall within control limits. This means that the 

ranges are small relative to the data (if the measurements are the same, the 

range = 0). Thus, it can be concluded that the operators are consistently 

measuring the parts. The Part*Operator Interaction plot (Figure 4.1.c) 

displays the average measurements by each operator for each part. Each line 

connects the averages for a single operator. Here, the lines are not parallel 

(they cross). This pattern indicates that an interaction exists between 

Operator and Part (an operator’s ability to measure a part depends on which 

part is being measured). This result can be explained by the fact that the 

measurement is very sensitive to the conditions of the insert and the way in 
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which the insert is placed on the measuring table. If there are some residuals 

of dirt on the insert and/or the insert is not properly placed on the table, the 

measurement is affected. The ability to properly clean the insert and place it 

in the right position depends on the operator. The Width by Operator plot 

(Figure 4.1.d) indicates weather measurements and variability are consistent 

across operators. The plot shows all the measurements, arranged by 

operator. The circles represent the means which are connected by a line. 

Here, the line is almost parallel to the x-axis, which indicates that the 

operators are measuring the parts similarly, on average. The Width by Part 

plot (Figure 4.1.e) shows all of the measurements in the study arranged by 

part. The individual measurements are represented by filled circle while the 

means by empty circles. The line connects the average measurements for 

each part. Here, multiple measurements for each part show a little variation 

(the filled circles for each part are not very close to each other). The part 

averages vary enough, so differences between parts are clear. 

 

  
a) b) 

  
c) d) 
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e) 

 

Figure 4.1: Gauge R&R (ANOVA) report for W 1: Operator consistency. 

The conclusions obtained by the preliminary graph analyses are confirmed 

by the gauge R&R analysis shown in Table 4.1. The Two-Way ANOVA 

table indicates a p-value for Part*Operator of 0.001. Thus, the interaction 

between Operator and Part is significant at the 𝛼 =  0.05 level (a term in the 

model is considered significant if its 𝑝 − 𝑣𝑎𝑙𝑢𝑒 < 𝛼). The column of 

variance components (VarComp) assess the amount of variation that each 

source of measurement error and part to part-to-part differences contribute to 

the total variation. Here, 96.97 % of the total variation in the measurements 

is due to the differences between parts. This high %Contribution is 

considered very good. It can be concluded that the system can distinguish 

between parts. The %StudyVar results indicate that the measurement system 

accounts for 17.41% of the overall variation in this study. According to 

AIAG guidelines, a total gauge R&R between 10 and 30 % indicates that the 

measurement system is acceptable. This result is confirmed by the number 

of distinct categories value, which estimates how many separate groups of 

parts the system can distinguish. Here, the number of distinct categories is 7, 

which shows that the measurement system is acceptable and can distinguish 

between parts (the AIAG recommends the number of distinct categories be 5 

or more). 

 
Table 4.1: Gauge R&R for operator consistency (Minitab 17 output). 

Gage R&R Study - ANOVA Method  
 

Two-Way ANOVA Table With Interaction  

 
Source           DF         SS         MS        F      P 

Part              9  0,0013747  0,0001527  166,611  0,000 

Operator          2  0,0000026  0,0000013    1,408  0,270 

Part * Operator  18  0,0000165  0,0000009    2,923  0,001 

Repeatability    60  0,0000188  0,0000003 

Total            89  0,0014126 

 

 

10987654321

Part

Width by Part
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α to remove interaction term = 0,25 

 

 

Gage R&R  

 
                              %Contribution 

Source               VarComp   (of VarComp) 

Total Gage R&R     0,0000005           3,03 

  Repeatability    0,0000003           1,80 

  Reproducibility  0,0000002           1,23 

    Operator       0,0000000           0,07 

    Operator*Part  0,0000002           1,16 

Part-To-Part       0,0000169          96,97 

Total Variation    0,0000174         100,00 

 

 

                                Study Var  %Study Var 

Source              StdDev (SD)  (6 × SD)       (%SV) 

Total Gage R&R       0,0007260  0,0043563       17,41 

  Repeatability      0,0005601  0,0033604       13,43 

  Reproducibility    0,0004620  0,0027722       11,08 

    Operator         0,0001116  0,0006695        2,68 

    Operator*Part    0,0004484  0,0026902       10,75 

Part-To-Part         0,0041072  0,0246434       98,47 

Total Variation      0,0041709  0,0250255      100,00 

 

 

Number of Distinct Categories = 7 

 

 

 

4.1.1.2 Position consistency 

The individual measurements of the gauge R&R study for assessing the 

position consistency of the SmartScope Zip are reported in Appendix B. 

Figure 4.2 shows the preliminary graphical analysis of the data collected. 

The Component of Variation chart (Figure 4.2.a) indicates that the largest 

component of variation is part-to-part variation. In the Xbar chart (Figure 

4.2.b) almost all the plotted points fall outside the control limits. This pattern 

indicates that part-to-part variation is much greater than measurement device 

variation. In the R chart (Figure 4.2.b) almost all of the plotted points fall 

within the control limits, showing that there is a consistency in the 

measurement of the parts within different positions. The Width by Position 

chart (Figure 4.2.c) indicates that measurements and variability are 

consistent across positions. This conclusion can be made by the fact that the 

line connecting the means of the measurements arranged by position is 

parallel to the x-axis. This pattern indicates that the parts are measured 

similarly in different positions. Furthermore, multiple measurements for 

each part show little variation and the part averages vary enough so that 

differences between parts are clear as shown in the Width by Part chart 

(Figure 4.2.d). 
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a) b) 

  
c) d) 

 

Figure 4.2: Gauge R&R (ANOVA) report for W 1: Position consistency. 

The Two-Way ANOVA shown in Table 4.2 indicates that there is no 

interaction between the part measured and the position in which the part is 

placed when the measurement takes place. In fact, the p-value of 

Part*Position is 0.344, concluding that the interaction is not significant at 

the 𝛼 =  005 level. Therefore, the interaction term is removed from the 

model and a second ANOVA table is generated for the further analyses. The 

%Contribution of VarComp column indicates that 99.08% of the total 

variation in the measurements is due to the differences between parts. This 

result indicates that the position in which the insert is placed is not a source 

of variability. Here, the number of distinct categories is 14, which indicates 

that the system can distinguish between parts extremely well. The total 

gauge R&R is 9.57% (less than 10 %), showing that the measurement 

system is acceptable and that the position in which the part is placed does 

not influence the measurement. This result was expected because the 

SmartScope calculates a new reference system every time it moves from one 

position to another. 
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Table 4.2: Gauge R&R for position consistency (Minitab 17 output). 

Gage R&R Study - ANOVA Method  
 

Two-Way ANOVA Table With Interaction  

 
Source           DF         SS         MS        F      P 

Part              9  0,0014637  0,0001626  1270,05  0,000 

Position          4  0,0000029  0,0000007     5,71  0,001 

Part * Position  36  0,0000046  0,0000001     1,13  0,344 

Repeatability    50  0,0000057  0,0000001 

Total            99  0,0014769 

 

 

α to remove interaction term = 0,05 

 

 

Two-Way ANOVA Table Without Interaction  

 
Source         DF         SS         MS        F      P 

Part            9  0,0014637  0,0001626  1358,60  0,000 

Position        4  0,0000029  0,0000007     6,11  0,000 

Repeatability  86  0,0000103  0,0000001 

Total          99  0,0014769 

 

 

Gage R&R  

 
                              %Contribution 

Source               VarComp   (of VarComp) 

Total Gage R&R     0,0000002           0,92 

  Repeatability    0,0000001           0,73 

  Reproducibility  0,0000000           0,19 

    Position       0,0000000           0,19 

Part-To-Part       0,0000163          99,08 

Total Variation    0,0000164         100,00 

 

 

                                Study Var  %Study Var 

Source             StdDev (SD)   (6 × SD)       (%SV) 

Total Gage R&R       0,0003877  0,0023259        9,57 

  Repeatability      0,0003460  0,0020759        8,54 

  Reproducibility    0,0001748  0,0010490        4,32 

    Position         0,0001748  0,0010490        4,32 

Part-To-Part         0,0040313  0,0241880       99,54 

Total Variation      0,0040499  0,0242996      100,00 

 

 

Number of Distinct Categories = 14 
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4.1.2 Helicheck Pro for height measurement 

The individual measurements of the gauge R&R for the Helicheck Pro are 

reported in Appendix C.  Figure 4.3 shows the preliminary graphical 

analysis of the data. The Component of Variation chart (Figure 4.3.a) 

indicates that the largest component of variation is part-to-part variation. It 

can also be observed in the same chart that most of the measurement system 

variation (Gauge R&R bar) is due to repeatability and not reproducibility. In 

the Xbar chart (Figure 4.3.b), almost half of the plotted points fall within 

control limits. These results indicate that part-to-part variation is not much 

greater than measurement device variation. Ideally, most of plotted points 

should be above or below the control limits. While in the R chart (Figure 

4.3.b) all the plotted points are within control limits. This is a good result 

because it indicates that the operators are measuring the parts consistently. 

From the Height by Operator plot (Figure 4.3.c), the operators appear to be 

measuring the parts consistently, with approximately the same variation. The 

Height by Part chart (Figure 4.3.d) shows all of the measurements in the 

study arranged by part. Here, it can be observed that multiple measurements 

for each part show large variation.  

 

  
a) b) 

  
c) d) 

 
Figure 4.3: Gauge R&R (ANOVA) report for H 1 
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The preliminary graphical analyses can be further understood by analyzing 

the ANOVA results reported in Table 4.3. 

The column of variance components (VarComp) indicates that 90.44% of 

the total variation is due to part-to-part variation, while 9.56% is due to the 

measurement system. The %StudyVar results show that the measurement 

system accounts for 30.93% of the overall variation in this study. All this 

variation is due to the repeatability of the measuring device (repeatability = 

30.93), which is the variation observed when the same operator measures the 

same part repeatedly with the same device. While the reproducibility 

accounts for 0 % of the measurement system variation, meaning that the 

measuring device is operator independent. This can also be seen in the Two-

Way ANOVA table, which states that the p-value of operator is 0.46 (the 

term is not statistically significant at the 𝛼 = 0.05 level). According to 

AIAG guidelines, a total gauge R&R of 30% is the maximum limit to 

consider a measurement system acceptable. For values over 30% the 

measurement system is considered not capable and needs to be investigated 

further. This result is confirmed by the number of distinct categories value, 

which estimates how many separate groups of parts the system can 

distinguish. Here, the number of distinct categories is 4, which indicates that 

the system divides parts into high and low groups, as in attributes data. The 

AIAG recommends that the number of distinct categories be 5 or more to 

conclude that the system is capable to distinguish between parts. One of the 

reasons of having such a critical value, could be the fact that the height 

measurement is very sensitive to the conditions of the insert and not because 

the measurement system is not capable. If there is any dirt on the insert, the 

measurement is affected consequently. For this gauge R&R study, each 

insert is measured six times by two different operators. The measurements 

on each insert are carried out in random order, and every time a new 

measurement is taken a setup of the machine is required. During the 

handling operations (bringing the insert inside and outside the machine six 

different times) might expose the insert to dirt, which could be the main 

reason of the fact that multiple measurements on the same insert show large 

variation.  

 
Table 4.3: Gauge R&R for Helicheck Pro (Minitab 17 output). 

Gage R&R Study - ANOVA Method  
 

Two-Way ANOVA Table With Interaction  

 
Source           DF         SS         MS        F      P 

Part              9  0,0013494  0,0001499  51,4243  0,000 

Operator          1  0,0000014  0,0000014   0,4909  0,501 

Part * Operator   9  0,0000262  0,0000029   1,1547  0,349 

Repeatability    40  0,0001010  0,0000025 

Total            59  0,0014781 
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α to remove interaction term = 0,05 

 

 

Two-Way ANOVA Table Without Interaction  

 
Source         DF         SS         MS        F      P 

Part            9  0,0013494  0,0001499  57,7376  0,000 

Operator        1  0,0000014  0,0000014   0,5512  0,461 

Repeatability  49  0,0001272  0,0000026 

Total          59  0,0014781 

 

 

Gage R&R  

 
                              %Contribution 

Source               VarComp   (of VarComp) 

Total Gage R&R     0,0000026           9,56 

  Repeatability    0,0000026           9,56 

  Reproducibility  0,0000000           0,00 

    Operator       0,0000000           0,00 

Part-To-Part       0,0000246          90,44 

Total Variation    0,0000272         100,00 

 

 

                                Study Var  %Study Var 

Source             StdDev (SD)   (6 × SD)       (%SV) 

Total Gage R&R       0,0016115  0,0096689       30,93 

  Repeatability      0,0016115  0,0096689       30,93 

  Reproducibility    0,0000000  0,0000000        0,00 

    Operator         0,0000000  0,0000000        0,00 

Part-To-Part         0,0049555  0,0297328       95,10 

Total Variation      0,0052109  0,0312654      100,00 

 

 

Number of Distinct Categories = 4 

 

 

4.2 Tests results: Press A 

4.2.1 Width Variation 

The width variation for all the 17 runs is reported in Table 4.4. For each run 

𝑗, the width variation is obtained as an average value of 𝑖 = 50 

measurements as follows: 

  

 𝛥𝑊𝑗 = ∑ 𝛥𝑊𝑖𝑗

50

𝑖=1

50⁄ = ∑(|𝑊1𝑖𝑗 − 𝑊3𝑖𝑗|)

50

𝑖=1

50⁄ , ∀𝑗 = 1, … ,17 ( 10 ) 

An example on how to calculate width variation for the first run (𝑗 = 1) is 

given in Appendix D. The procedure is the same for the other runs.  
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Table 4.4: Width variation of the CCF design.  

RunOrder Order No 

Filling-shoe 

speed 

[mm/s] 

Filling-shoe 

shakes 

Relative 

Movement 

[mm] 

Width 

Variation 

[mm] 

1 00717330 200 1 2 0,006 

2 00717331 250 2 0 0,002 

3 00717332 150 0 0 0,002 

4 00717333 200 2 2 0,002 

5 00717334 200 1 2 0,002 

6 00717335 150 2 4 0,003 

7 00717336 250 0 0 0,003 

8 00717337 250 1 2 0,003 

9 00717338 150 1 2 0,002 

10 00717339 200 1 2 0,004 

11 00717360 250 2 4 0,006 

12 00717361 200 1 4 0,003 

13 00717362 200 0 2 0,006 

14 00717363 200 1 0 0,007 

15 00717364 250 0 4 0,006 

16 00717365 150 0 4 0,007 

17 00717366 150 2 0 0,006 

 

It can be observed from a first analysis of the results that the variations in 

width obtained in the different runs are not very large. The heights value 

observed is 0.007 mm, which does not represent a critical value considering 

the fact that the specification limits for the width are ±0.025 mm. 

The analysis of the response surface design is reported in Table 4.5. 

 
Table 4.5: Response surface analysis for width variation (Minitab 17 output). 

Response Surface Regression: Width Variation versus A; B; C  

 
Analysis of Variance 

 

Source               DF    Adj SS    Adj MS  F-Value  P-Value 

Model                 9  0,000024  0,000003     0,49    0,842 

  Linear              3  0,000007  0,000002     0,40    0,757 

    A                 1  0,000000  0,000000     0,08    0,788 

    B                 1  0,000002  0,000002     0,39    0,553 

    C                 1  0,000004  0,000004     0,74    0,419 

  Square              3  0,000008  0,000003     0,47    0,711 

    A*A               1  0,000004  0,000004     0,70    0,429 

    B*B               1  0,000000  0,000000     0,03    0,870 

    C*C               1  0,000006  0,000006     1,04    0,342 

  2-Way Interaction   3  0,000010  0,000003     0,60    0,637 

    A*B               1  0,000000  0,000000     0,06    0,815 

    A*C               1  0,000004  0,000004     0,74    0,419 

    B*C               1  0,000005  0,000005     1,00    0,352 
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Error                 7  0,000038  0,000005 

  Lack-of-Fit         5  0,000030  0,000006     1,50    0,446 

  Pure Error          2  0,000008  0,000004 

Total                16  0,000062 

 

 

Model Summary 

 

        S    R-sq  R-sq(adj)  R-sq(pred) 

0,0023401  38,66%      0,00%       0,00% 

 

 

Regression Equation in Uncoded Units 

 

Width Variation = 0,00371 + 0,000207 A - 0,000461 B + 0,000635 C -

 0,00120 A*A + 0,00024 B*B 

+ 0,00146 C*C - 0,000201 A*B + 0,000710 A*C - 0,000825 B*C 

 

Before drawing any conclusion, it is important to check if the assumptions 

of normality, independence, and constant variance are satisfied. Violations 

of these basic assumptions and model adequacy are investigated by the 

examination of residuals. From residuals versus fits and residuals versus 

factors plots (Figure 4.4.a) it can be observed that there are no outliers. All 

the standardized residuals belong to the interval [-3;3]. The hypothesis of 

constant variance seems to be satisfied as the residuals versus the fitted 

values plot does not reveal any obvious pattern. The residuals in time order 

of data collection plot (Figure 4.4.c) indicates that the residuals are 

uncorrelated to each other. Proper randomization of the experiments is an 

important step in obtaining independence. The normality assumption 

concerning the residuals is satisfied with a p-value of 0.762 (Figure 4.4.b).  

The residuals are not time autocorrelated (Figure 4.4.d).  
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c) d) 

 

Figure 4.4: Residual plots for width variation. 

After checking that the basic assumptions of the model under consideration 

are satisfied, it is possible to proceed with the analysis of the response 

surface design (see Table 4.5). It can be observed that the p-values of the 

linear, interaction, and quadratic terms of the model are too high to conclude 

that any of the terms is statistically significant. As a consequence, none of 

the factors analyzed is significant for the width variation.  

4.2.2 Height Variation 

The height variation for all the 17 runs is reported Table 4.6. For each run 𝑗, 

the height variation is obtained as an average value of 𝑖 = 16 measurements 

as follows: 

 

 𝛥𝐻𝑗 = ∑ 𝛥𝐻𝑖𝑗

16

𝑖=1

16⁄ = ∑(|𝐻1𝑖𝑗 − 𝐻2𝑖𝑗|)

16

𝑖=1

16⁄ , ∀𝑗 = 1, … ,17 ( 11 ) 
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Table 4.6: Height variation of the CCF design. 

RunOrder Order No 

Filling-shoe 

speed 

[mm/s] 

Filling-shoe 

shakes 

Relative 

Movement 

[mm] 

Height 

Variation 

[mm] 

1 00717330 200 1 2 0,004 

2 00717331 250 2 0 0,002 

3 00717332 150 0 0 0,004 

4 00717333 200 2 2 0,002 

5 00717334 200 1 2 0,003 

6 00717335 150 2 4 0,003 

7 00717336 250 0 0 0,003 

8 00717337 250 1 2 0,002 

9 00717338 150 1 2 0,003 

10 00717339 200 1 2 0,003 

11 00717360 250 2 4 0,004 

12 00717361 200 1 4 0,003 

13 00717362 200 0 2 0,004 

14 00717363 200 1 0 0,005 

15 00717364 250 0 4 0,005 

16 00717365 150 0 4 0,004 

17 00717366 150 2 0 0,004 

 

From a first analysis of the results, it can be observed that there are no 

relevant height variations. The heights average value obtained is 0.005 mm, 

which is not a critical value given the fact that the specification limits for the 

height is ±0.04 mm. 

The response surface design analysis is reported in Table 4.7. 

 
Table 4.7: Response surface analysis for height variation (Minitab 17 output). 

Response Surface Regression: Height Variation versus A; B; C  

 
Analysis of Variance 

 

Source               DF    Adj SS    Adj MS  F-Value  P-Value 

Model                 9  0,000010  0,000001     1,64    0,263 

  Linear              3  0,000003  0,000001     1,34    0,336 

    A                 1  0,000001  0,000001     1,09    0,331 

    B                 1  0,000002  0,000002     2,91    0,132 

    C                 1  0,000000  0,000000     0,02    0,882 

  Square              3  0,000004  0,000001     1,96    0,208 

    A*A               1  0,000001  0,000001     1,30    0,292 

    B*B               1  0,000001  0,000001     0,97    0,358 

    C*C               1  0,000002  0,000002     3,00    0,127 

  2-Way Interaction   3  0,000003  0,000001     1,62    0,270 

    A*B               1  0,000000  0,000000     0,33    0,586 

    A*C               1  0,000002  0,000002     2,82    0,137 

    B*C               1  0,000001  0,000001     1,70    0,233 
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Error                 7  0,000005  0,000001 

  Lack-of-Fit         5  0,000003  0,000001     0,85    0,620 

  Pure Error          2  0,000002  0,000001 

Total                16  0,000015 

 

 

Model Summary 

 

        S    R-sq  R-sq(adj)  R-sq(pred) 

0,0008267  67,85%     26,50%       0,00% 

 

 

Regression Equation in Uncoded Units 

 

Height Variation = 0,002883 - 0,000273 A - 0,000446 B + 0,000040 C -

 0,000576 A*A 

+ 0,000497 B*B + 0,000874 C*C - 0,000167 A*B + 0,000491 A*C -

 0,000382 B*C 

 

 

Before drawing any conclusions, it is important to check the model 

adequacy. If the model is correct and if the assumptions are satisfied, the 

residuals should be structureless. This is confirmed by the residuals versus 

the fitted values plot (Figure 4.5.a), which does not reveal any obvious 

pattern. Thus, the hypothesis of constant variance seems to be satisfied. All 

the standardized residuals belong to the interval [-3;3] as the plot of 

standardized residual versus the factors A, B, and C shows (Figure 4.5.a). 

There are no outliers. The hypothesis of normality of the residuals is 

satisfied with a p-value of 0.859 (Figure 4.5.b). There is no correlation 

among the residuals as shown by plotting the residuals in time order of data 

collection (Figure 4.5.c) and by conducting an autocorrelation test (Figure 

4.5.d). 
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c) d) 

 

Figure 4.5: Residual plots for height variation. 

The assumptions on the residuals are satisfied. Now it is possible to proceed 

with the analysis of the response surface design (see Table 4.7). None of the 

factors is significant for the height variation as the p-values of all the terms 

are greater than 10 %. 

4.3 Tests results: Press B 

4.3.1 Width Variation 

The data collected after performing the two-factor factorial design with 

blocking are shown in Table 4.8. For each run 𝑗, the width variation is 

obtained as an average value of 𝑖 = 20 measurements as follows: 

  

 𝛥𝑊𝑗 = ∑ 𝛥𝑊𝑖𝑗

20

𝑖=1

20⁄ = ∑(|𝑊1𝑖𝑗 − 𝑊3𝑖𝑗|)

20

𝑖=1

20⁄ , ∀𝑗 = 1, … ,8 ( 12 ) 
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Table 4.8: Width variation of the two-factor factorial design. 

Run 

Order 
Order No Blocks 

Hopper 

[A] 

Powder 

redistribution 

[B] 

Width 

Variation 

[mm] 

1 00808134 1 Current Standard way 0,002 

2 00808137 1 Current Extra push up 0,005 

3 00808139 1 New Extra push up 0,007 

4 00808122 1 New Standard way 0,002 

5 00852966 2 Current Standard way 0,004 

6 00852968 2 Current Extra push up 0,003 

7 00852973 2 New Extra push up 0,002 

8 00852980 2 New Standard way 0,002 

 

From a first analysis of the data, it can be observed that the variation in 

width in all the runs is quite low. The highest value obtained is 0.007 mm, 

which cannot be considered critical (specification limits are ±0.025 mm). 

A Pareto chart of the standardized effects is used to determine the magnitude 

and the importance of the effects of each factor and their interactions. The 

chart displays the absolute value of the effects and draws a reference line on 

the chart. Any effect that extends beyond this reference line is potentially 

important. As shown in Figure 4.6 none of the factors seems to be relevant 

on the width variation. 

 

 
 

Figure 4.6: Pareto chart of the standardized effects for width variation. 
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The analysis of the two-factor factorial design is shown in Table 4.9. 

 
Table 4.9: Two-factor factorial design analysis for width variation. 

Factorial Regression: Width Variation versus Blocks; A; B  

 
Analysis of Variance 

 

Source                DF    Adj SS    Adj MS  F-Value  P-Value 

Model                  4  0,000009  0,000002     0,47    0,763 

  Blocks               1  0,000002  0,000002     0,45    0,549 

  Linear               2  0,000005  0,000003     0,56    0,619 

    A                  1  0,000000  0,000000     0,01    0,944 

    B                  1  0,000005  0,000005     1,12    0,367 

  2-Way Interactions   1  0,000001  0,000001     0,28    0,634 

    A*B                1  0,000001  0,000001     0,28    0,634 

Error                  3  0,000014  0,000005 

Total                  7  0,000023 

 

 

Model Summary 

 

        S    R-sq  R-sq(adj)  R-sq(pred) 

0,0021746  38,29%      0,00%       0,00% 

 

 

Regression Equation in Uncoded Units 

 

Width Variation = 0,003470 - 0,000059 A + 0,000815 B + 0,000406 A*B 

 

Before the conclusions from the analysis of variance are adopted, the 

adequacy of the underlying model should be checked. The hypothesis of 

constant variance seems to be satisfied as the residuals versus fits plot 

(Figure 4.7.a) shows a random pattern of the residuals. The test of normality 

is satisfied with a p-value of 0.404 (Figure 4.7.b). The residuals are not 

correlated with each other as shown by plotting the residuals in time order of 

data collection (Figure 4.7.c) and by conducting an autocorrelation test 

(Figure 4.7.d). 
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a) b) 

  
c) d) 

 

Figure 4.7: Residual plots for width variation. 

After assuring that the basic assumptions of the model are satisfied, it is 

possible to proceed with the analysis of variance (ANOVA) shown in Table 

4.9. It can be concluded that none of the factors is statistically significant for 

the width variation as the p-values of all the model terms are too high.  

4.3.2 Height Variation 

The height variations obtained after performing the two-factor factorial 

design are reported in Table 4.10. For each run 𝑗, the height variation is 

obtained as an average value of 𝑖 = 30 measurements as follows: 

 

 𝛥𝐻𝑗 = ∑ 𝛥𝐻𝑖𝑗

30

𝑖=1

30⁄ = ∑(|𝐻1𝑖𝑗 − 𝐻2𝑖𝑗|)

30

𝑖=1

30⁄ , ∀𝑗 = 1, … ,8 ( 13 ) 
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Table 4.10: Height Variation of the two-factor factorial design. 

Run 

Order 
Order No Blocks 

Hopper 

[A] 

Powder 

redistribution 

[B] 

Height 

Variation 

[mm] 

1 00808134 1 Current Standard way 0,011 

2 00808137 1 Current Extra push up 0,006 

3 00808139 1 New Extra push up 0,005 

4 00808122 1 New Standard way 0,014 

5 00852966 2 Current Standard way 0,009 

6 00852968 2 Current Extra push up 0,005 

7 00852973 2 New Extra push up 0,007 

8 00852980 2 New Standard way 0,007 

 

It can be observed from a first analysis of the data that the height variation 

varies among the different runs from a minimum of 0.005 mm to a 

maximum of 0.014 mm. 

Successively, the data are analyzed graphically. From the Pareto chart of the 

standardized effects (Figure 4.8) it can be observed that factor B (Powder 

Redistribution) seems to influence the response more. 

 

 
 

Figure 4.8: Pareto chart of the standardized effects for height variation. 
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The factorial deign analysis is shown in Table 4.11.  

 
Table 4.11: Two-factor factorial design analysis for height variation. 

Factorial Regression: Height Variation versus Blocks; A; B  
 

Analysis of Variance 

 

Source                DF    Adj SS    Adj MS  F-Value  P-Value 

Model                  4  0,000047  0,000012     2,05    0,292 

  Blocks               1  0,000009  0,000009     1,58    0,297 

  Linear               2  0,000038  0,000019     3,30    0,175 

    A                  1  0,000000  0,000000     0,04    0,862 

    B                  1  0,000038  0,000038     6,56    0,083 

  2-Way Interactions   1  0,000000  0,000000     0,00    0,988 

    A*B                1  0,000000  0,000000     0,00    0,988 

Error                  3  0,000017  0,000006 

Total                  7  0,000064 

 

 

Model Summary 

 

        S    R-sq  R-sq(adj)  R-sq(pred) 

0,0023951  73,17%     37,39%       0,00% 

 

 

Regression Equation in Uncoded Units 

 

Height Variation = 0,008157 + 0,000160 A - 0,002169 B - 0,000014 A*B 

 

 

 

Before drawing conclusions, the model adequacy check is done. There are 

no outliers. All the standardized residuals belong to the interval [-3;3] as it 

can be seen in Figure 4.9.a. The SRES vs A plot (Figure 4.9.a) shows that 

the variability is lower when the factor A (Hopper) is at its lower level 

(current hopper). The hypothesis of normality is satisfied with a p-value of 

0.756 (Figure 4.9.b).  The data are not autocorrelated as shown by plotting 

the residuals in time order of data collection (Figure 4.9.c) and by 

conducting an autocorrelation test (Figure 4.9.d). 
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a) b) 

  
c) d) 

 

Figure 4.9: Residual plots for height variation. 

After checking that the assumptions of normality, independence, and 

constant variance are satisfied, it is possible to draw conclusions from the 

factorial design analysis shown in Table 4.11. It can be concluded that the 

powder redistribution (B) influences the height variation for an 𝛼 level of 

10%. The hopper (A) and the interaction term are not significant.  

In order to have a more robust model, the interaction term A*B can be 

removed, and an addictive model in A and B can be analyzed. 

The Pareto chart (Figure 5.10) shows clearly that the factor B is relevant.  
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Figure 4.10: Pareto chart of the standardized effects for height variation: reduced model. 

 

The analysis of variance (ANOVA) of the reduced model is shown in Table 

4.12. 

 
Table 4.12: Two-factor factorial design analysis for height variation: reduced model. 

Factorial Regression: Height Variation versus Blocks; A; B  

 
Analysis of Variance 

 

Source    DF    Adj SS    Adj MS  F-Value  P-Value 

Model      3  0,000047  0,000016     3,64    0,122 

  Blocks   1  0,000009  0,000009     2,11    0,220 

  Linear   2  0,000038  0,000019     4,40    0,098 

    A      1  0,000000  0,000000     0,05    0,838 

    B      1  0,000038  0,000038     8,75    0,042 

Error      4  0,000017  0,000004 

Total      7  0,000064 

 

 

Model Summary 

 

        S    R-sq  R-sq(adj)  R-sq(pred) 

0,0020743  73,17%     53,04%       0,00% 

 

 

Regression Equation in Uncoded Units 

 

Height Variation = 0,008157 + 0,000160 A - 0,002169 B 

The reduced model is more accurate as the adjusted 𝑅 2, which measures the 

proportion of total variability explained by the model, improves from 37.39 
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% in the full model to 53.04 % in the reduced model. It can be concluded 

that the factor B (Powder Redistribution) is statistically significant at the α = 

0.05 level as it has a p-value of 0.042 <  𝛼. 

The regression model 

𝐻𝑒𝑖𝑔ℎ𝑡 𝑉𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 =  0,008157 +  0,000160 𝐴 −  0,002169 𝐵 

can be used to generate response surface plots. Figure 4.11 represents the 

three-dimensional response surface plot of height variation from this model. 

Because the model is first-order (that is, it contains only the main effects), 

the fitted response surface is a plane. From examining the contour plot 

(Figure 4.12), it can be observed that the height variation decreases for a 

low level of factor A (current hopper) and a high level of factor B (powder 

extra push up). Given the fact that only the factor B is statistically 

significant according to the analysis of variance table, it can be concluded 

that it is possible to reduce height variations of the blank by introducing a 

powder extra push up in the standard press cycle of Press B. The level of 

factor A to choose is arbitrary as this factor is not statistically significant on 

the height variation. Nevertheless, the contour plot suggests that a low level 

of factor B (current hopper) leads to better results.  

 

 
 

Figure 4.11: Response surface of height variation. 
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Figure 4.12: Contour plot of height variation. 

4.3.3 Pressed Weight 

4.3.3.1 Pressed weight Replicate I 

The first replicate of the two-factor factorial design which consist of four 

different treatment combinations is performed using a certain powder grade. 

For each treatment combination, 3 trays of 230 inserts are produced for a 

total of 690 inserts/run. It is possible to have the pressed weight of each 

insert pressed. These large amount of data is analyzed using the I chart, 

which is a graphical analysis tool in Minitab. This tool is used to compare 

the mean and variation for data that has been collected under different 

conditions, before and after a process change. The I chart plots the 

individual data values. The center line and the control limits are calculated 

independently for each stage to determine how changes affect the process. 

The control limits of the I chart represent the process variation. By default, 

Minitab's control limits are displayed 3 standard deviations above and below 

the center line.  

The I chart of the four treatment combinations from the first replicate is 

shown in Figure 4.13. First of all, it can be observed that the mean value of 

the pressed weight (𝑋 in the I chart) is almost equal to the nominal pressed 

weight in all runs. On the other hand, it is evident from this chart that that 

there is a drastic reduction of the standard deviation of the pressed weight 

with the introduction of the new hopper which can be seen from the fact that 
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the control limits become narrower with the introduction of the new hopper. 

A smaller standard deviation leads to a more stable pressed weight over 

time. 

 

 

 

Figure 4.13: I chart of PW for replicate I. 

 

A more detailed analysis of these results is done by using the Before/After I-

MR chart. The I chart plots the individual pressed weight values and the MR 

chart plots the moving ranges. A first Before/After I-MR chart is used to 

compare the pressed weight of the inserts before and after introducing the 

new hopper, keeping the standard method of powder redistribution. As it can 

be observed in Figure 4.14, the introduction of the new hopper leads to a 

reduction of the standard deviation by 58,6% (p < 0,05), while the mean 

does not change significantly (p > 0,05). 
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Figure 4.14: Before/After I-MR chart of PW: current way of powder redistribution. 

 

A second Before/After I-MR chart (Figure 4.15) is used to compare the 

pressed weight of the inserts before and after introducing the new hopper 

with the new method of powder redistribution (powder extra push up). Also 

in this case, the introduction of the new hopper leads to a reduction of the 

standard deviation by 48,4% (p < 0,05), while the mean does not change 

significantly (p > 0,05). 

 

 
 

Figure 4.15: Before/After I-MR chart of PW: powder extra push up. 



80 

Malvina Roci - Master Thesis in Production Engineering and Management 

4.3.3.2 The Pressed Weight Replicate II 

The second replicate of the two-factor factorial design is performed using a 

different batch of the same powder grade. The I chart of the pressed weight 

for the four treatment combinations is shown in Figure 4.16. It can be 

observed that there are no differences in the center line and the control limits 

between the runs.  

 

 

Figure 4.16: I chart of PW for replicate II. 

 

The standard deviation of the pressed weight does not change among the 

runs of replicate II as it is changing for replicate I (see Table 4.13). 

 
Table 4.13: Standard deviation of the pressed weight 

Run Hopper 
Powder 

redistribution 

StDev  

Rep I 

StDev  

Rep II 

1 Current Standard way 0,00279 0,00158 

2 Current Extra push up 0,00235 0,00159 

3 New Extra push up 0,00145 0,00165 

4 New Standard way 0,00157 0,00159 

 

By comparing replicate I and II (Figure 4.17), it can be noticed that the 

standard deviation in all runs of Replicate II is as low as the standard 

deviation in run 3 and 4 of Replicate I (runs corresponding to the 
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introduction of the new hopper). The only difference between replicate I and 

II is the powder batch used to perform the experiments: replicate I is 

performed using the batch a of powder grade A, while replicate II is 

performed using the batch b of the same powder grade. Apparently, the 

batch b has a better powder flowability which leads to a more stable pressed 

weight even with the current hopper. While the flowability of the batch a 

improves with the introduction of the new hopper. 

 

 
 

Figure 4.17: Comparison of StDev between replicates. 
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5. Conclusions 

The objective of this study was to optimize the pressing process in order to 

reduce variation in width and height of shoulder milling inserts. The main 

reason of having width and height variations is related to an inhomogeneous 

density distribution of the produced part. The final density is determined by 

the press-and-sinter process parameters, powder characteristics, and filling 

conditions. The density distribution of the powder after die filling has effects 

that are propagated throughout the subsequent processes. A non-uniform die 

fill can lead to different density distributions of the powder in the green 

compact obtained after the pressing process. These density gradients will 

lead to different shrinkages of the green compact during the sintering 

process: the areas with lower density will shrink more, while the areas will 

higher density will shrink less. A shrinkage of the green compact with 

different magnitudes will inevitably lead to dimensional distortions, hence 

width and height variations. The influence of different methods of die filling 

and press methods were investigated, using design of experiments (DOE) 

techniques, in order to achieve a uniform density distribution of the powder 

in the green compact. A first set of experiments was conducted using Press 

A, in order to determine the influence of the filling shoe speed, filling shoe 

shakes, and the relative movement between the die and the core pin on the 

width and height of the blank. The variations in width and height obtained 

were very moderate and there were no relevant differences between the 

treatment combinations of the CCF design employed to conduct the 

experiments. As a consequence, it was found that none of the factors 

investigated is statistically significant on the width and height variation. 

Afterwards, a second set of experiments was performed using Press B in 

order to investigate the influence of a new way of powder redistribution 

inside the die cavity and the introduction of a new hopper for powder 

discharge. A two-factor factorial design with blocking was employed to 

conduct the experiments. For the height variation, it was found that the 

factor Powder Redistribution is statistically significant at an 𝛼 =  0.05 

level. By analyzing the regression model and the relative contour plot, a high 

level of the factor, which consist in adding a powder extra push up in the 

standard press cycle, is recommended if the aim is to minimize height 

variation. Regarding width variation, all the treatment combinations studied 

bring to similar results, hence none of the factors has a prevalent influence. 

Furthermore, it was found that the introduction of the new hopper with a 

longer vertical section of the flexible tube and a steeper section close to the 

filling shoe brings to a reduction of the standard deviation of the pressed 

weight of ca. 50 %, leading in this way to a more stable pressed weight. By 

replicating the same design with a different batch of the same powder grade, 

it was found that it is possible to have a stable pressed weight even with the 

current hopper. Thus, it can be concluded that different batches of the same 

powder grade with different characteristics behave differently when pressing 

cemented carbide blanks. 
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Moreover, a measurement system analysis was performed in order to assess 

the adequacy of the measurement devices used to reveal the width and 

height of the inserts. It was found that the SmartScope Zip used for width 

measurements can adequately discriminate between parts and the operators 

measure consistently. Furthermore, the position in which the insert is placed 

does not bring to any significant variability to the measurement. Regarding 

Helicheck Pro used for height measurements, more critical results were 

obtained. The reason of having such results could be related with the fact 

that the measurement is very sensitive to the conditions of the inserts. 

Therefore, it is recommendable to use the automated handling and cleaning 

of the inserts in order to eliminate or reduce external disturbances on the 

measurement system. 

In conclusion, the recommendations proposed are first of all introducing a 

powder extra push up in the standard press cycle of Press B in order to 

significantly decrease variation in height in correspondence to the two 

cutting edges of the blank. Secondly, a hopper with a longer vertical section 

of the flexible tube and a steeper section close to the filling shoe is 

recommendable to achieve a more stable pressed weight for powders with 

bad flowability. 

 

. 
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6. Future work 

The results obtained in this project need to be validated with further tests 

before applying them on a production scale. It is necessary to validate that 

adding a powder extra push up in the standard press cycle of Press B has 

positive impacts on height variation and that a hopper with a longer vertical 

section of the flexible tube and a steeper section close to the filling shoe 

leads to more stable pressed weight.  

Additional investigations regarding the Helicheck Pro used for height 

measurements are necessary in order to understand if the reason of having 

critical results from the gauge R&R study is due to the conditions of the 

insert under measurement or to the accuracy of the device. 

Different powder grades with different characteristics behave differently 

when pressing cemented carbide blanks. In this project only one type of 

powder grade was utilized, and by changing the batch of the same powder 

grade different results were obtained. A further step to continue this project 

is to investigate the influence of different powder grades and different 

batches of the same powder grade in the pressing process. 
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Appendix A 

The individual measurements of the gauge R&R study carried out to assess 

the operator consistency of the SmartScope Zip are reported in Table A.1. 

 
Table A.15: Gauge R&R individual measurements: Operator consistency. 

 

                                                 
5 All the measurements of the inserts carried out were removed due to their classification as 

confidential information of Sandvik Coromant. 
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Appendix B 

The individual measurements of the gauge R&R study carried out to assess 

the position consistency of the SmartScope Zip are reported in Table B.1. 

 
Table B.16: Gauge R&R individual measurements: Position consistency. 

 

                                                 
6 All the measurements of the inserts carried out were removed due to their classification as 

confidential information of Sandvik Coromant. 
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Appendix C 

The individual measurements of the gauge R&R study carried out to assess 

the measurement accuracy of the Helicheck Pro are reported in Table C.1. 

 
Table C.17: Gauge R&R individual measurements: Helicheck Pro. 

 

                                                 
7 All the measurements of the inserts carried out were removed due to their classification as 

confidential information of Sandvik Coromant. 
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Appendix D 

Table D.1 reports the individual width measurements within run order 

00717330. The same amount of measurements was carried out for other 

sixteen orders but only the measurements carried out for one order is 

reported as example. 

 
Table D.18: Width measurements for run 1 of the CCF design. 

                                                 
8 All the measurements of the inserts carried out were removed due to their classification as 

confidential information of Sandvik Coromant. 



 

 

 


	Abstract
	Sammanfattning
	Acknowledgement
	Table of Contents
	Table of Figures and Tables
	Table of Abbreviations
	1. Introduction
	1.1 Background
	1.2 Problem statement
	1.3 Project outline
	1.4 Data confidentiality

	2. Theory and literature review
	2.1 Powder flow in silos
	2.1.1 Flow patterns: mass flow and funnel flow
	2.1.2 Flow problems in silos

	2.2 Segregation
	2.2.1 Segregation mechanisms
	2.2.2 Techniques to reduce segregation

	2.3 Die filling
	2.3.1 Segregation during die filling
	2.3.2 Filling induced density variations

	2.4 Insert pressing
	2.4.1 Tooling principles and pressing tools
	2.4.2 The press cycle: Press A
	2.4.3 The press cycle: Press B

	2.5 Design of Experiments
	2.5.1 Introduction to design of experiments
	2.5.2 Factorial design
	2.5.3. Factorial design with blocking
	2.5.4 Response surface methodology
	2.5.4.1 Experimental designs for fitting response surface


	2.6 Measurement systems analysis: Gauge R&R
	2.6.1 Design of gauge R&R experiments


	3. Method
	3.1 Experimental equipment
	3.1.1 Electric powder presses for insert pressing
	3.1.2 SmartScope Zip for width measurement
	3.1.3 Helicheck Pro for height measurement

	3.2 Gauge R&R experimental design
	3.2.1 SmartScope Zip
	3.2.1.1 Measuring operator consistency
	3.2.2 Measuring position consistency

	3.2.2 Helicheck Pro

	3.3 Experimental strategy: Press A
	3.3.1 Selection of factors
	3.3.1.1 Filling-shoe speed
	3.3.1.2 Number of shakes in fill position
	3.3.1.3 Powder redistribution: Introduction of the relative movement

	3.3.2 Specification of responses
	3.3.2.1 Width Variation
	3.3.2.2 Height Variation

	3.3.3 Selection of experimental design

	3.4 Experimental strategy: Press B
	3.4.1 Selection of factors
	3.4.1.1 Powder extra push up
	3.4.1.2 Lifting up the drum emptying station

	3.4.2 Selection of responses
	3.4.3 Selection of experimental design

	3.5 Experimental procedure

	4. Analysis of results
	4.1 Gauge R&R results
	4.1.1 SmartScope for width measurement
	4.1.1.1 Operator consistency
	4.1.1.2 Position consistency

	4.1.2 Helicheck Pro for height measurement

	4.2 Tests results: Press A
	4.2.1 Width Variation
	4.2.2 Height Variation

	4.3 Tests results: Press B
	4.3.1 Width Variation
	4.3.2 Height Variation
	4.3.3 Pressed Weight
	4.3.3.1 Pressed weight Replicate I
	4.3.3.2 The Pressed Weight Replicate II



	5. Conclusions
	6. Future work
	References
	Appendix A
	Appendix B
	Appendix C
	Appendix D

