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Abstract The main objective of this chapter is to highlight the strategic role that a
systematic and sequential approach of experimentation plays in order to achieve
competitive advantage and technological innovation. The efficacy of this approach
is demonstrated by describing an application where the appropriate use of statistical
knowledge, along with technological knowledge, has allowed to characterize
manufacturing processes, to catalyze the innovation process and to promote the
technological transfer. Moreover this approach, based on the use of customized
pre-design guide sheets, allows to put into action a virtuous cycle of sequential
learning and helps to overcome the gap between practitioners and statisticians in
effective application of Design of Experiments (DoE).

1 Statistics for Innovation: Design of Experiments

Today, the improvement of manufacturing processes and process innovations are
some of the strategic activities carried out in research and development departments
of manufacturing industry and in research centres.

Finding the best solution often requires extensive testing; in order to obtain these
results as efficiently as possible is fundamental to adopt adequate experimental
procedures and effective data analysis.
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According to Czitrom [1], many engineers and scientists typically perform
One-Factor-At-a-Time (OFAT) experiments, which vary only one factor or variable
at a time while keeping others fixed. They will continue to do so until they
understand the advantages of different approach over OFAT experiments, and until
they learn to recognize OFAT experiments so they can avoid them.

The Design of Experiments (DoE) is a methodology for systematically applying
statistics to the experimentation process; in many cases it is the best way to
establish which variables are important in a process and the conditions under which
these variables should work to optimize such process. It is the only tool to perform
efficient analysis of a process determined by numerous parameters.

The DoE was introduced in the 1920s by Sir Ronald A. Fisher in the field of
agricultural research [2]. Since then much has been published about the theoretical
aspect of DoE, such as Wu and Hamada [3], Montgomery [4], Box et al. [5] and
today there is sufficient awareness that OFAT experiments are always less useful
than statistically designed experiments.

Using some real examples Czitrom [1] illustrates the advantages of DoE and
shows that the experimental results cannot take into account the interactions between
factors when only one factor at a time varies while keeping all the other ones fixed.
Otherwise in DoE all factors are varied together and it is the only way to discover
interactions between variables. For these and many other reasons Montgomery [4]
says that DoE is a critically important tool for engineers to improve the performance
of manufacturing processes. He also says that the application of experimental design
techniques early in the process development can result in:

• Improved process yields;
• Reduced variability and closer conformance to nominal or target requirements;
• Minimized development time;
• Saved overall cost.

However, as Ilzarbe et al. [6] deduce, after a review of 77 articles about practical
DoE application in the field of engineering, the DoE is a methodology that has been
applied for many years in industry to improve quality, but it is still not used as it
should be.

These statistical techniques are commonly found in statistics and quality literature
but, as pointed out by Tanco et al. [7], they are hardly used in European industry;
there is still a significant gap between theoretical development of DoE and its
effective application in industry. Why? On the one hand Costa et al. [8] show that
DoE is not an easy technique to be applied due to limitations in technical knowledge
of the product and technologies involved. On the other hand Montgomery [9] refers
to the inadequate training in basic statistical concepts and methods by the engineers.
Therefore, there is the necessity to integrate statistical and technological knowledge.
In fact statistical approach catalyses the process innovation and, moreover, it allows
putting into action a virtuous cycle of sequential learning.
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1.1 Pre-design and Guidelines for Designing Experiments

In order to help the experimenters to plan all activities needed for a good testing,
Coleman and Montgomery [10] suggest a path which consists of the following
seven basic steps:

1. Recognition and statement of the problem;
2. Choice of factors and levels;
3. Selection of the response variable(s);
4. Choice of experimental design;
5. Conduction of the experiment;
6. Data analysis;
7. Conclusions and recommendations (followed by monitoring and/or confirma-

tory test).

Certainly an accurate pre-design (i.e. pre-experimental planning phase) is the
solid basis on which a statistical approach has to be built.

The pre-design is the pre-experimental planning phase, in other words it is
everything preceding the definition and execution of experiments, and corresponds
to the suggested steps 1–3.

The first step entails elaborating and writing clearly the statement of the prob-
lem; it is an obvious step but it is harder than it may appear. It is especially needed
in a working team so that everyone has a clear idea of the aim.

The selection of the response variable(s) and the choice of the factors, with their
levels, is really not a simple issue. It is a crucial task and requires adequate
knowledge.

The potential design factors are the parameters that considered to influence the
process in study; the range over which these factors will be varied must be chosen
too. Regarding the response variable(s), quoting Montgomery [4], the experimenter
should be certain that this variable really provides useful information about the
process under study.

Therefore, steps 2 and 3 represent the phases which especially require synthesis
of statistical and technological skills. In fact in order to choose a good selection of
factors and response variable(s) it is necessary not only to understand the statistical
thinking, but also to have good process knowledge.

Who has both statistical and process knowledge has a competitive tool to per-
form an innovative research.

1.2 Pre-experimental Planning

According to Coleman and Montgomery [10] and Ilzarbe et al. [6], pre-design guide
sheets, (split up into pre-design master guide sheets and supplementary sheets) to
direct the experimentation, are suggested to be conceived, customized and
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implemented (as done in the presented application). Previous edition of pre-design
guide sheets proposed in this chapter have been already successfully applied in
several technological context [11–13].

The use of the pre-design guide sheets provides a way to systematize the process
by which an experimentation team does the experimental plan. In fact these sheets
drive the experimenter to clearly define the objectives and scope of an experiment
and to gather information needed to design an experiment.

This document forces the experimenter to face up to fundamental questions from
the early phases of the experimental activity and, moreover, it facilitates and
catalyses the interaction between statistical and technological competences.

The master guide sheets contain information about the objective of the experi-
mentation, the relevant background, the response variables and the factors (i.e.
control, held-constant and noise factors). The factors are all the process input; they
can be controllable or not. Control factors are controllable factors being varied
during the experiment. Held-constant factors are controllable factors whose effects
are not considered during the test. The noise factors are not controllable factors.
Response variables are the variables of interest in an experiment (those that are
measured). The supplementary sheets detail the technological relationship between
the control factors and the response variables, in terms of the expected main effects
and interactions. Moreover, the normal level and range as well as the measurement
precision are specified for each quantitative control factor. Figure 1 shows the list of
contents in the proposed pre-design guide sheets.

Obviously, it is necessary to customize the guide sheets in order to make them
more appropriate and comprehensive in the specific technological and organiza-
tional context in which they are used.

According to Hahn [14] “The major contribution of the statistical plan was to
add discipline to the experiment and to help ensure that it would result in as valid
conclusion as possible, subject to the constraints imposed by the testing situation”.

If the pre-design is done correctly, it is not too hard to choose a good DoE. To
choose design involves the consideration of sample size (number of replicates), the
selection of a suitable run order for the experimental trials, and the determination
of whether or not blocking or other randomization restrictions are involved.

Fig. 1 List of contents in the
pre-design guide sheets
(master guide and
supplementary sheets)
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Generally, factorial designs (with all several special cases of the general factorial
design) are very efficient tools when an experiment involves several factors and it is
necessary to study the joint effect of the factors on a response.

It is good to remember that the experiments performed with the DoE are iter-
ative. It would be a mistake to schedule a single, large, exhaustive experiment,
because this methodology is based on progressive acquisition of knowledge. Two
main phases can be identified: screening and optimization.

Typically, screening or characterization experiments are used to determine
which process parameters affect the response. The next phase is the optimization,
which has the scope to determine the region in the important factors leading to the
best possible response.

After the definition of the experimentation objective and the study of the liter-
ature about the state of the art of technological contest, it is possible to draw up the
first draft list of factors. When the list is ready the research team could select the
control factors from it, as a first trial. The process is iterative until the final defi-
nition of the experimental plan.

Figure 2 shows an example of table where the list of factors has to be collected.
Following, a screening testing section about waterjet machining is presented in

detail.

2 Technological Context: Waterjet Machining

The development of novel high performance materials comes along with new
requirements for machining strategies. If the workpiece consist of harder material
than the tool, it is possible to use more wear-resistant but also cost-intensive cutting
materials and tool coatings or to use hybrid processes, e.g. the application of a short
time softening of the workpiece material by using heat treatment [15].

Fig. 2 List of control factors, held-constant factors, noise factors
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An alternative promising procedural principle is the use of an abrasive waterjet
as tool. Based on the machining character the abrasive waterjet machining can be
assigned to cutting processes with geometrically undefined cutting edge. According
to the beam character, the waterjet may cause several machining results, including:
cleaning, roughening, decoating, engraving, removal and cutting [16]. In compar-
ison to other machining strategies, the abrasive waterjet can be applied for different
machining procedures, e.g. two-and three-dimensional cutting, milling, turning,
drilling, structuring or polishing.

The main advantage of this principle is that machining takes place almost
without process forces. So it is suited especially for brittle materials [17]. In par-
ticular, water abrasive finejet machining enables the fabrication of most filigree
contours which could not or only at a limited extent be manufactured during the
main forming process of ceramics at adequate quality.

The material removal of difficult to machine materials, especially Aluminium
Oxide, by using an abrasive waterjet, will be described in detail below. The fol-
lowing practical example shows the necessity of DoE for understanding the newly
developed process of surface machining. The goal of the investigation is to receive
as much information as possible about the effects of parameter adaption with the
smallest possible amount of work to reduce cost and time.

As a consequence of the great variety of purity and the possibilities to manu-
facture high performance ceramics, it is not possible to make general statements
about the machining parameters and the consequential machining results. Equal to
this, the high quality machining of technical ceramics by using a water abrasive
finejet does require batchwise preliminary inspection of the material removal
behaviour. Based on such surveys appropriate machining parameters can be
determined.

2.1 Injection Principle

The formation of the abrasive waterjet can be separated in the injection principle
and the suspension principle. For the industrial use the injection principle became
accepted in a wide range of applications [16]. In this system, the cutting head is
built up of three main parts (cf. Figs. 3 and 4).

The water nozzle, mainly consisting of a metallic body material, contains a
nozzle brick made out of sapphire or diamond and is responsible for the formation
of a pure waterjet. The pure waterjet causes an underpressure in the mixing chamber
due to its high kinetic energy in consequence of the high water pressure. Thus, the
abrasive particles aspirate inside the mixing chamber and become entrained with the
waterjet through the focusing tube. This tube is responsible for the acceleration and
the moving direction of the particles. The abrasive material is the most important
element of the abrasion during the machining process, the water itself, with
velocities up to 840 m/s when using the experimental equipment, does only serve in
order to speed up the abrasive particles [16, 18].
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2.2 Water Abrasive Finejet Machining

In contrast to conventional waterjet machines, machining with the water abrasive
finejet is characterized by its higher machining accuracy due to better axis positioning
as a consequence of its modified machine kinematics as well as the reduced beam
diameter. While in conventional applications a waterjet diameter of 0.8–1.0 mm
is being used [18], a beam diameter of 0.3 mm is utilized for the described application

Fig. 3 Principles of the waterjet formation

Fig. 4 Cross section of a
waterjet cutting head based on
the injection principle
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by the selection of the right nozzle circumstances and an appropriate abrasive grain
size. However, the energy inside the waterjet is also being reduced as a consequence
of the reduction of the beam diameter. This results in the fact that several component
thicknesses and materials cannot be cut in adequate quality anymore [19]. Yet, for
surface structuring with a waterjet (cf. III of Fig. 5), the reduced beam energy at an
abrasive waterjet diameter of 0.3 mm is beneficial because the control of the material
removal is better during the process.

2.3 Field of Application

2.3.1 Cutting

Conventional waterjet cutting machines have been especially developed for cutting
mainly plane materials. Since about the middle of the 2000’s the machining trend
has first changed to the processing of three-dimensional workpieces by upgrading
machines with more motion axes as well as to precise machining with reduced
beam diameter.

Basically, every sort of material, except diamond, can be machined by the
abrasive waterjet. Smooth and thin materials can be machined by using a pure
waterjet. In contrast, for hard and difficult to cut materials, abrasive particles inside
the waterjet can become essential for an efficient cutting process [16, 20]. For
conventional applications, garnet sand is being widely used as abrasive material.

Fig. 5 Volume flow rates at different water pressures—Water Abrasive Finejet versus
conventional Abrasive Waterjet
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The high kinetic energy of the cutting jet, which also must not be underrated
after the exit below the cutting zone, requires a beam catcher mostly in terms of a
water basin. By the deviation of the water beam into the basin it can be guaranteed
that the kinetic energy of the waterjet decreases to a non-hazardous stage.

2.3.2 Surface Structuring

For surface structuring and material removal via abrasive waterjet, garnet sand has
proved to be the best kind of abrasive material. Indeed the material removal rate for
machining hard materials is low, but there is better controllability of the process
regarding the depth of penetration and the generation of certain surface
roughnesses.

Conventional waterjet machines are only of limited suitability for structuring
workpiece surfaces with a reflecting water beam. Because of the fact, that the water
beam does not pierce the semi-finished products, a water basin is not essential.

Yet, the developed water fog and the reflecting beam itself stress the guides and
axes of the machine as well as the cutting head very intensely. Besides the pollution
with water there is the influence of the highly abrasive particles, which does
especially cause abrasive wear at the machine axes. The cutting head receives
long-term damages by the high kinetic energy of the reflecting water beam.
Therefore, particular precautions such as splash guards and encapsulations have to
be arranged to avoid damages.

Once the systems engineering requirements are accomplished, a great variety of
surfaces can be fabricated by the use of the waterjet (Fig. 6). Besides constant
material removal for example for machining pockets, it is possible to manufacture
surface reliefs, functional surfaces or even engravings on the base material. The
controllability of this machining strategy on high performance materials opens the
market for new fields of application for different kinds of industrial sectors.

Fig. 6 Variety of application for machining Alumina with the Water Abrasive Finejet
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3 Experimental Equipment

3.1 Equipment

The abrasive waterjet machine used for the study has especially been developed at
Technische Universität Chemnitz for machining with a reduced beam diameter of
0.3 mm (Fig. 7). The motion in x- and y-direction takes place with the movement of
the clamping table. The motion in z-direction is being operated by the cutting head.
In addition to this, two rotational axes at the cutting head guarantee simultaneous
five-axes machining at setting angles of the waterjet in every variance.

The water nozzle, consisting of a sapphire stone, has an inner diameter of
0.1 mm while the focus nozzle, which corresponds to the effective beam diameter,
has a size of 0.3 mm in diameter.

3.2 Challenges of Data Recording

As a result of the high kinetic energy of the water during machining inside the
cutting head, the abrasive effects of the abrasive particles and the adverse conditions
inside the workspace (as a consequence of water fog development, splash water, the
reflecting water beam during surface machining itself and the pollution by abrasive
particles), reliable online-measurement of the material removal is not possible by
using sensor systems. Additionally, every kind of material and the variety of
mechanical properties of each material load does cause different material removal
behaviour. Even the change of the surface quality of the semi-finished product has
an influence on the machining result. In addition, size and form of the workpieces

Fig. 7 Experimental equipment
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play a role in data acquisition, for example during structure-borne sound measure-
ment. Further, unchangeable effects on the machining result are: the nozzle diameter
proportion, the length of the focus nozzle, geometric characteristics inside the cut-
ting head, the accuracy of nozzle orientation, wear of the nozzles, characteristics of
the high water pressure and abrasive particle supply, quality of abrasive particles and
more. For these reasons, a stable and widely applicable online-monitoring cannot
give information about the material removal, neither with optical nor via noise or
structure-borne sound.

The huge variety of determining factors requires practical tests for each machine
setting in every case of application.

To reduce costs and time and nevertheless to obtain meaningful information, the
method of DoE is being applied.

4 Set-up, Design and Testing Phase

4.1 Machine Set-up

During the first step of the examinations, both the control and the held constant factors
have been determined. It is important to have good knowledge about the observed
machine, its characteristics and the possible influences on themachining process itself
as the disregard of particular parameters can have major implications for the
machining result. For this reason, it is advisable to always involve technical personal
and experts for each application. The adjustable parameters, as shown in Table 1, can
be categorized into cutting factors, abrasive factors and hydraulic factors.

Cutting factors are the parameters adjustable by the CNC control unit. They
define the exact motion-sequences the cutting head performs during machining.
Arising from the use of preliminary examinations on different types of material it
became apparent, that the ideal distance between the focus nozzle tip and the
workpiece surface is 0.6 mm when a beam diameter of 0.3 mm is being used.

If the cutting head is being placed closer to the workpiece surface, the machining
quality does not increase. Quite the contrary, the risk of a collision between the
focus nozzle and the workpiece arises when the workpiece material is uneven.

Table 1 Changeable machining parameters

Cutting factors Abrasive factors Hydraulic factors

Stand-off distance, d Abrasive flow rate, ṁ Water pressure, p

Traverse path strategy Abrasive material Orifice diameters, dw/df
Offset distance, l Particle size Focus nozzle length, lf
Traverse speed, vf
Impact angle along feed, α

Impact angle vertical to feed, β
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As a quintessence of surface structuring, it is possible that the process gets
interrupted due to the reflection of the water beam back inside the cutting head. In
this case, the cutting head could even be damaged. In addition to that, due the focus
nozzle geometry it is necessary to increase the distance between the focus nozzle
and the surface of the ceramic workpiece for realizing a defined angle adjustment.
For this reason the stand-off distance (d) has been increased to the minimum
possible distance of 1.0 mm. The distance has been set as a held constant factor as
further increasing of the gap would only cause a reduction of the kinetic energy
inside the water beam as a consequence of fanning-out.

The traverse path strategy has an essential influence on the manufactured surface
character. There are versatile possibilities to vary this parameter and according to
this the machining result, so, for example crosswise, line by line or helical
movements of the cutting head do cause varying surfaces of the pockets ground.
During the first step of a crosswise movement, which is equal to line by line
machining, material is being removed with a defined standoff-distance. During the
second crossing step the machining takes place on the already machined surface.
This means that the standoff-distance is not defined anymore if there had not been
some pre-experimental studies before. So, during crosswise machining, no constant
conditions are available. For machining a homogenous surface via spiral move-
ment, it is necessary to adjust the nozzle traverse speed continuously to reach a
constant effective velocity. That is why this type of movement is also not appro-
priate for fundamental studies. Finally the machining strategy has been set constant
as line by line, because impairments are not expected as a result of the machining
position.

The impact angle on the surface along the feed direction (α) has been set to be
perpendicular to the workpiece surface as a held constant factor. The reason for this
is the initially unknown material removal behaviour. Similar to cutting with the
abrasive waterjet, there is a lag of the water beam due to the reduction of the kinetic
energy with an increasing depth of penetration. This means that the waterjet is being
pushed away in the opposite direction of the feed direction as a function of the feed
velocity, the hydraulic factors, properties of the abrasive material supply and the
workpiece material. Because of the fact that the lag is unknown during the use of
different parameter settings, the angle has been set constant perpendicular to the
feed direction.

It is known that an angle adaption vertical to the feed direction does change the
contour of the machined gap. This means that the surface quality of the pocket
ground does also change crucially. For evaluating this influence, the angle (β) has
been set as a control factor. The cutting head is being positioned between 0° and
15°.

Another factor, that must have an influence on the surface quality in theory, is
the distance between every single movement direction line, the so-called offset
distance (l) (Fig. 8). Due to the knowledge that the stock removal is being reduced
at the outwards region of the water beam, it can be assumed that different offset
distances do cause different surface roughnesses. Since it is the objective to man-
ufacture pockets inside the workpiece material, it is inevitably required to overlap
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the single gaps. Preliminary tests have shown that offset distances between 0.15 and
0.20 mm are suitable. This means that the offset distance has been set to be a control
factor.

The nozzle traverse speed (vf) also belongs to the group of the cutting factors. It
is expected that a higher traverse speed does cause a reduced depth of penetration of
the waterjet inside the workpiece material. Randomized tests have shown that
velocities between 2 and 3 mm/s are the best configuration for surface machining of
this kind of material.

Abrasive factors are all variables that are linked with the particles being added to
the water beam, including the kind of abrasive particles, the grain size and the
amount of abrasive material per time unit.

For industrial use, garnet sand is generally being used as abrasive material. The
advantage of this material is that it is relatively low priced but nevertheless well
suited for machining conventional workpiece materials. Especially for hard, diffi-
cult to cut material, it is possible to use harder abrasive particles, such as ceramic
materials like Silicon Carbide, Boron Carbide or Aluminium Oxide. Though the
cutting performance is much higher, hard abrasive particles are not appropriate for
selective surface structuring. This fact comes along with strong increasing of wear
mechanisms inside the cutting head and the focus nozzle. Wear as a disturbance
variable affects the machining result.

So, as a noise factor, wear has to be avoided as far as possible. For this reasons,
only garnet sand (Bengal Bay Garnet®) has been used as abrasive material.

According to experience, grain sizes between 90 and 125 microns are suitable
for reliable machining with a waterjet having a diameter of 0.3 mm. So the abrasive
particles have been sieved to this range size and set as held constant factor. As the
abrasive particles are responsible for the material removal, the abrasive flow rate
does play a major role during surface structuring. The abrasive flow rate (ṁ) has
been set as a control factor. It has been varied in a range between 6.38 and
13.62 g/min to observe the effect of the change of particle quantity on the surface
quality and the depth of penetration. This range has in preliminary tests been
identified as useful for material removal with adequate surface quality.

Fig. 8 Schematic diagram of
the machining zone
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Hydraulic factors describe the parameters which are responsible for the char-
acteristic of the waterjet. A change of those parameters will have an influence on the
jet velocity, in other words the kinetic energy of the water beam after leaving the
water nozzle, as well as on the effective waterjet diameter. The nozzle proportions
have been held constant. The diameter ratio between water nozzle and focusing
tube (dw/df) has to be approx. 1:3 for optimized fluidic conditions inside the water
beam [21–23]. Thus, 0.3 mm as beam diameter is the minimum possible diameter to
work reliably with a waterjet based on the injection principle. By using the water
abrasive finejet it is possible to manufacture pockets and even surface structures at
smallest dimensions.

The focus nozzle length (lf) has also been set as a held constant factor. It was set
to be 23.8 mm in length.

The only hydraulic parameter that has been varied during the examination was
the water pressure (p). For conventional waterjet cutting pressures between 3000
and 4000 bar are being used in industrial applications. When the waterjet is used for
surface structuring, the beam is totally reflected. The reflecting water beam still
contains residual kinetic energy, so there is the risk of impairing the cutting head
itself or other components of the machine. Moreover, water fog that is loaded with
abrasive particles develops inside the workspace. This mixture can damage tracks
and drives. A reduction of the water pressure does contain the stressing of the
machine. Besides that, pre-experimental investigations have shown that a reduction
of the water pressure causes a better controllability of material removal from the
workpiece. For this reason, the pressure has been examined in a range between
1300 and 1800 bar during the experimental study.

In addition to the constant and varied parameters also noise factors have an
influence on the result, although they are not capable of being actively influenced.

One part of this is the nozzle wear. To prevent nuisances under this effect, it is
necessary either to replace the nozzles frequently or to check them in definite time
steps with regard to damage or wear. Moreover, the clamping of the workpiece as
well as the constitution of the workpiece material itself can have undesired effects
on the result of the machining process. In addition, there are deviations during water
pressurization and in the quality of the abrasive material. To exclude such influ-
ences, repetitions under the same parameter adjustments will be absolutely
necessary.

In order to evaluate the machining results response variables are being used to
achieve definite information about the quality as well as the economy of the
machining. A quality criterion is the surface quality of the bottom of the manu-
factured pocket. Here, the arithmetic roughness Ra is being used as characteristic
value. To receive information about the economy, the depth of penetration is being
evaluated, linked with the material removal rate per time unit.
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4.2 Design of Experiments

Basic statistical methods applied, as factorial design and ANalysis Of VAriance
(ANOVA), are extensively described in literature [4]. Therefore, they have been
applied in this paper without any explicit introduction or analytical formulation.

As extensively discussed before, the use and the implementation of pre-design
guide sheets allowed the team to carry out the best design of experiment.

In this screening experimental stage a fractional factorial design 25−1 was
adopted, after the evaluation of every choice taken into account from the research
team and listed in the pre-design guide sheets (Fig. 9). No main effect or two-factor
interaction is aliased with other main effects or two-factor interactions, because the
fractional factorial design 25−1 is a resolution V design (with a defining relation of
I = ABCDE and design generator E = ABCD). However, each main effect is aliased
with a four-factor interaction, and each two-factor interaction is aliased with a
three-factor interaction [4].

The adopted control factors are: water pressure p(A), nozzle traverse speed vf
(B) abrasive flow rate ṁ(C), offset distance l(D) and impact angle β(E).

The offset is the distance between every single motion line of the waterjet and
has an important effect on the surface conditions. A proper range for the offset
distance could be determined by preliminary tests.

The angle β vertical to the feed direction was chosen as control factor because of
the knowledge that this factor changes the geometry of the gap and thus has an
influence on the overlapping zones of parallel manufactured lines.

With the exception of the control factors, each test was performed under the
same experimental conditions.

Fig. 9 Definition of factors in the pre-design guide sheet

A Systematic Approach to Design of Experiments … 123



The testing phase should result in the parameter field to be investigated during
the main experiments, as shown in Table 2. Tables 3 and 4 show the adopted design
matrix and the test matrix listed in run order, respectively. The coded levels of the
control factors in Table 3 are adopted from Table 2.

Table 2 Values of control factors and held-constant factors as a result of the testing phase

Control factors Label MIN (−) MAX (+) Unit

Water pressure, p A 1300 1800 bar

Traverse speed, vf B 2 3 mm/s

Abrasive flow rate, ṁ C 6.38 13.63 g/min

Offset distance, l D 0.15 0.20 mm

Impact angle vertical to feed, β E 0 15 °

Held-constant
factors

Value Unit

Stand-off
distance, d

1 mm

Traverse path
strategy

line by line –

Abrasive
material

garnet sand –

Particle size 90–125 µm

Orifice
diameters, dw/df

0.1/0.3 mm

Focus nozzle
length, lf

23.8 mm

Impact angle
along feed, α

0 °

Table 3 Matrix for the 25−1 design

Treatment A B C D E = ABCD

I + − + − +

II − + − − −

III + − − − −

IV + + − − +

V + − + + −

VI − + + − +

VII − − + − −

VIII + + − + −

IX − − − + −

X + + + − −

XI + − − + +

XII − − + + +

XIII − + + + −

XIV − − − − +

XV − + − + +

XVI + + + + +
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Table 4 Test matrix listed in run order

Treatment Std
order

Run
order

Pressure
(bar)

Tr. speed
(mm/s)

Abr. flow
rate (g/min)

Offset
(mm)

Angle
(°)

I 6 1 1800 2 16.95 0.15 15

II 3 2 1300 3 8.13 0.15 0

III 2 3 1800 2 8.13 0.15 0

IV 4 4 1800 3 8.13 0.15 15

V 14 5 1800 2 16.95 0.2 0

I 38 6 1800 2 16.95 0.15 15

II 19 7 1300 3 8.13 0.15 0

VI 23 8 1300 3 16.95 0.15 15

VII 21 9 1300 2 16.95 0.15 0

VIII 12 10 1800 3 8.13 0.2 0

VIIII 41 11 1300 2 8.13 0.2 0

VIIII 9 12 1300 2 8.13 0.2 0

VII 5 13 1300 2 16.95 0.15 0

X 8 14 1800 3 16.95 0.15 0

III 18 15 1800 2 8.13 0.15 0

VI 7 16 1300 3 16.95 0.15 15

XI 26 17 1800 2 8.13 0.2 15

XII 13 18 1300 2 16.95 0.2 15

XIII 15 19 1300 3 16.95 0.2 0

IV 20 20 1800 3 8.13 0.15 15

XI 10 21 1800 2 8.13 0.2 15

XIII 47 22 1300 3 16.95 0.2 0

XIV 33 23 1300 2 8.13 0.15 15

XIII 31 24 1300 3 16.95 0.2 0

XV 11 25 1300 3 8.13 0.2 15

VIII 44 26 1800 3 8.13 0.2 0

I 22 27 1800 2 16.95 0.15 15

V 30 28 1800 2 16.95 0.2 0

VIII 28 29 1800 3 8.13 0.2 0

XII 45 30 1300 2 16.95 0.2 15

X 40 31 1800 3 16.95 0.15 0

IV 36 32 1800 3 8.13 0.15 15

XII 29 33 1300 2 16.95 0.2 15

VIIII 25 34 1300 2 8.13 0.2 0

XIV 17 35 1300 2 8.13 0.15 15

XVI 48 36 1800 3 16.95 0.2 15

XVI 16 37 1800 3 16.95 0.2 15

XI 42 38 1800 2 8.13 0.2 15

VII 37 39 1300 2 16.95 0.15 0
(continued)
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5 Analysis of Results and Technological Interpretation

5.1 Analysis of Variance

As three-factor (and higher) interactions can be attributed to be insignificant for the
process, a fractional factorial design of 25−1 has been used to provide reliable data
of the main effects as well as two-factor interactions. In order to receive information
about the background of the experimental results, the ANOVA was applied. By
using this method it was possible to investigate the statistical significance of the
main effects and two-factor interactions on the following response variables:
arithmetical mean deviation of the roughness profile and the depth of cut. The
analysis has been executed at a 95 % confidence level, which means that at least
95 of 100 confidence intervals, calculated based on the practical measurements,
include the true value of the result. Diagnostic checking was successfully performed
via graphical analysis of residuals.

Figures 10 and 11, respectively, show the influences of the determined control
factors on the response variables roughness Ra and the average machining depth,
using Pareto charts of standardized effects (α = 0.05).

5.2 Statistical Results

The main effect of one single factor is calculated by the mean of every parameter
combination at the individually adjusted level of the examined factor.
Consequently, the main effects plot shows the change in response occurring by
means of a change in the level of the observed factor. If the difference of the
response between the levels of one factor is not the same at all levels of the other
factors of the investigation, then factors do interact, that means the level of one

Table 4 (continued)

Treatment Std
order

Run
order

Pressure
(bar)

Tr. speed
(mm/s)

Abr. flow
rate (g/min)

Offset
(mm)

Angle
(°)

XVI 32 40 1800 3 16.95 0.2 15

V 46 41 1800 2 16.95 0.2 0

XV 27 42 1300 3 8.13 0.2 15

II 35 43 1300 3 8.13 0.15 0

III 34 44 1800 2 8.13 0.15 0

XIV 1 45 1300 2 8.13 0.15 15

VI 39 46 1300 3 16.95 0.15 15

XV 43 47 1300 3 8.13 0.2 15

X 24 48 1800 3 16.95 0.15 0
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factor has an influence on the result being achieved during a change of another
factor’s level.

Figures 12 and 13 show the main effects and interaction effects of the control
factors of the response variable roughness. For this response variable, all control
factors are significant terms in a confidence level of 95 %.

In the interaction plots of the significant two-factor interactions between impact
angle and offset (DE), impact angle and traverse speed (BE) and impact angle and

Fig. 10 Pareto chart of standardized effects (α = 0.05) for roughness Ra

Fig. 11 Pareto chart of standardized effects (α = 0.05) for depth of cut
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pressure (AE), it is evident that the influence of particular levels of the offset (D),
the traverse speed (B) and the water pressure (A) is generally smaller at the
investigated lower level of the impact angle (E).

The influences on the depth of cut are shown in the main effects plot in Fig. 14
and in the two factor interactions in Fig. 15. The significant terms, also illustrated in
the Pareto-chart of the standardized effects (α = 0.05) for the response variable
average depth of penetration (Fig. 11), are the main effects of pressure (A), traverse
speed (B), abrasive flow rate (C), offset (D) and the interaction between traverse
speed and abrasive flow rate (BC) as well as the water pressure and the impact angle
across the feed direction (AE).

5.3 Technological Interpretation

As already known from versatile publications and experiences, the main effects plot
shows that high water pressure causes a large machining depth. This fact is directly
linked with a higher roughness of the surface (cf. Figs. 14 and 12, respectively). As
it is known from abrasive waterjet cutting, the kinetic energy of the waterbeam is
being reduced with increasing machining depth. During cutting, the thesis can be
verified by the feed marks in the lower areas of the cutting line. When structuring
surfaces, the reduction of the abrasive water beam energy as a consequence of
increasing depth of penetration can be observed via the roughness value of the
machined ground level. Regarding the interconnection between the water pressure
and the impact angle diagonally to the feed lines [β (cf. Fig. 8), Label E] in the
interaction plot for the roughness, it becomes evident that the angle (E) has only a
negligible effect on the surface roughness when using a water pressure (A) of
1300 bar (Fig. 13c). When setting the water pressure (A) to the maximum value of
the observed pressure range (1800 bar), the surface roughness decreases in quality
at an impact angle (E) of 15°. This behaviour can be attributed to the different flow
conditions at a change of the impact angle. When setting the angle (E) to 0°, the
waterbeam strikes the workpiece surface perpendicularly. As a result, there is a total

Fig. 12 Main effect plots for roughness Ra
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(a)

(b)

(c)

Fig. 13 Interaction plots for
roughness Ra: a DE, b BE
and c AE

A Systematic Approach to Design of Experiments … 129



reflection of the water impeding the arriving waterjet. Consequently, the effective
kinetic energy of the abrasive waterjet being responsible for the material removal is
reduced at an impact angle of 0°. When using an impact angle of 15°, the value of
the reflected water having an influence on the energy of the arriving waterjet is

Fig. 14 Main effect plots for depth of cut

(a)

(b)

Fig. 15 Interaction plots for
depth of cut: a BC and b AE
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significantly lower. This means that the machining depth is higher and the surface
quality becomes worse in contrast to the angle set-up of 0°, due to the reason named
before.

Considering the plots, the kinetic energy of the reflecting waterbeam at the low
modulation of pressure (1300 bar) must be unimportant for the effect of the waterjet
impact, as the results of the different machining angles on the surface quality are
almost equal.

Another explanation for the machining result is the secondary effect of the
reflecting water on the surface quality. Using the maximum value of water pressure
(A) causes a reflecting waterjet with high kinetic energy, which has an influence on
the already manufactured surface, especially when setting the impact angle (E) to
0°. An angle adjustment of 15° results in the fact that the reflecting water takes
course towards the unmanufactured offset-direction. This means that there is
probably no surface softening on the already manufactured surface.

As expected, the cutting depth is strongly dependent from the motion velocity of
the abrasive waterjet (B). A small feed velocity provokes a higher cutting depth as a
consequence of a higher application of the waterbeam energy on one point of the
workpiece. However, this is accompanied by a simultaneously higher surface
roughness (cf. Figs. 14 and 12, respectively). As shown in the interaction plot
Fig. 13b, the highest material removal takes place at a low feed rate (B) and an
impact angle (E) of 15° due to the factors mentioned above.

The Pareto chart in Fig. 10 figures out that the offset distance (D) is the most
influencing parameter on the arithmetical mean deviation of the roughness profile.
In general, a low offset distance (D) has a positive effect on the roughness. The
reason for this is the fact that the material removal during line by line machining is
not constant across the machining width due to the circular cross section of the
abrasive waterjet. Using the wrong offset distance will consequently cause a
comb-shaped surface. So for this application, an offset distance (D) of 0.15 mm has
proved to be the beneficial value concerning the roughness Ra.

Depending on the field of application, it has to be deliberated whether the
combination between material removal and surface condition is acceptable. In the
case of the conducted investigations the goal was to manufacture pockets in a short
time at acceptable quality. The ANOVA has shown that treatment VII, whose levels
of factors are water pressure (A) 1300 bar, traverse speed (B) 2 mm/s, abrasive flow
rate (C) 13.62 g/min, offset distance (D) 0.15 mm and impact angle vertical to the
feed direction (E) 0°, is the best parameter combination in order to achieve a high
material removal rate (MRR = 7.6 mm3/min; depth = 0.44 mm) at an adequate
surface quality (Ra = 14.2 µm). For further improving of the machining result, more
experimental studies could be possible with a variation of the machining strategy or
other control factors on the basis of this experimental stage. Further machining
steps are conceivable as well after a raw stock removal with investigated machining
parameters for finishing the surface by structuring the workpiece over again.
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6 Conclusion and Remarks

The results obtained in the presented applications have shown the strategic role that
a systematic approach to plan a DoE plays in technological process innovation.

To improve the use of this technique, it is necessary to find the means of
bringing together statistical concepts and practical knowledge in technical areas
such as material science or mechanical engineering. The pre-design guide sheets
proposed in this chapter and successfully adopted by the authors in other techno-
logical context are useful for this purpose.

The investigations have shown that a statistical approach on structuring surfaces
of Aluminium Oxide by using abrasive waterjet is a good way to examine the
influences of the different adjustable working parameters on the response variables.
It was also shown that abrasive fine waterjet machining is a good way to reproduce
several surface conditions of filigree and brittle workpieces with notable process
stability. Based on the analysis of the results it is possible to predict the machining
results of 96 % Aluminium Oxide, such as depth of cut and surface quality with
appropriate systems engineering in a reasonable tolerance zone. Thus, the applied
method of trial and error will not be necessary, which causes better cost efficiency.
This method of finishing high performance ceramics may open a new range of
applications such as medical appliances, bearing technologies and more.

Overall, the research activities are the introduction for a new manufacturing
process. For further investigations it will be useful to focus on the parameter range
round treatment VII. To enhance the process, it will also be necessary to establish
more control factors in future investigations, e.g. the variation of abrasive particle
size and material, or to switch the parallel offset motion to different machining
patterns.
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