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§ sciendo

The Reconstruction of the Creation of the Holy Crown

Mikl6s BARABASSY

KEMPELEN Tuddsakadémia Alapitvdny, https://barabassymiklos.academia.edu, Budapest, Hungary,
miklos.barabassy@gmail.com

Abstract

Determining the place and time of an artefact’s origination starts with archaeometry surveys. The aim of the
study of the Holy Crown is to characterise in detail the parts of the crown - the frame, the filigree and the
sockets, i.e. the metal parts — and the decorations (enamel, gemstones, beads), to determine the exact com-
position of the materials and to discover the place of origin. Archaeometry also includes the reconstruction
of the technical and technological processes associated with artefacts. The absolute age of the artefacts can
be determined using organic materials such as adhesives. This is basically a natural science. If we include
the auxiliary sciences - photo-optical data recording, 3D modelling, which allows us to continue the study on
the computer - it is possible to determine the relative date and place of the crown parts, using parallels with
applied art, palaeography, etc. To date, no systematic archaeometry study has been carried out on the Holy
Crown. There have been photographs, geometric measurements, visual inspections and descriptions by jew-
ellers and engineers. If we want to write a scientific summary, we have a lot to draw on. The present article
is such a summary, in which we attempt to reconstruct the technology of the Holy Crown, with the aim of
pointing out the need for a complete archaeometry study.

Keywords: Holy Crown, technology, archaeometry.

The technique is not very uniform, sometimes
rough; the metalworkers described it as a work
without a workshop.

From the early 1800s, when it became possi-
ble for the general public to view the crown, the
names Greek and Latin crowns became wide-
spread, and with them the two-crown theory. The
essence of this is that there was an open crown
originating in Byzantium and an attached vault of
western origin. Before this, there was a consensus
belief that the Holy Crown had been handed down
to us from St Stephen, our first king, and that only
those who were crowned with this crown could
be kings. Already from the 13th century onwards,
the Holy Crown doctrine, which is a legal system
and a constitution, is gradually being developed.
According to this view, the supreme sovereign au-
thority belongs to the Holy Crown, and for several

1. Introduction

The Holy Crown shown in Figure 1 is made up
of two distinct parts; these are shown in Figure 2.
The first is the vault, also known as the Latin
crown, a cross-strap, which, judging by visual
inspection, is made of a purer (less alloyed) ma-
terial. The surface of the cross-straps is densely
decorated. It is a common representation of the
techniques and styles used in the jewellery work-
shops of Western Europe and the northern Alps.
Latin inscriptions appear on the enamel designs.

The other part is the hoop crown, also known as
the Greek crown, which reflects the shape of an
open crown without the cross-strap. The material
of the hoop appears to contain more alloying ma-
terial than the support plates of the cross-strap.
The enamel images belong to two strikingly differ-

ent groups. One group consists of figural enamel
designs with Greek inscriptions, while the other
group consists of translucent glazed enamel, i.e.
an ornamental element in the form of scales.

hundred years the people of the Holy Crown have
been the Hungarian nation.

Habsburg absolutism could not tolerate this,
and continually tried to diminish the freedom of
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Figure 1. Front view of the Hungarian Holy Crown.
(Photo: Gydrgy Bence Kovdcs)

Figure 2. Two separate structural units of the Hun-
garian Holy Crown: the crossband (top)
and the rim (bottom).
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customary law, and subsequent communist and
socialist governments tried to abolish the respect
that had been built up around the Holy Crown
and to adopt a constitution to reflect this.

When the Holy Crown was returned to Hun-
gary at the beginning of 1978, a Crown Commis-
sion was set up, which did indeed take a scien-
tific approach to the Crown, but some historians,
influenced by the political methods of the time
and of the past, anticipating the conclusions of
the Commission, published several studies and
books: all of them to prove the two-crown theory.
Yet a group of five goldsmiths [1] managed to ex-
amine the crown twice. They, however, came to a
position contrary to that of the historians, name-
ly the unitary crown theory. The result was that
the then Minister, on the recommendation of the
Crown Commission, ordered all publications and
films on the Holy Crown to be edited by historians
[2].

This move led to a split in the interested public.
The Department of Humanities of the Academy of
Sciences is the hallmark of one part, the smaller
one: the adherents of the two-crown theory and
the belief that the Holy Crown could certainly not
have been the crown of St Stephen. This, let’s face
it, is destructive to the nimbus of the Holy Crown.
The other part, the larger part, is represented by
the so-called alternatives, who, whatever the phi-
losophers may say, still consider the Holy Crown
to be the crown of St Stephen, which is still the
basis of the unity of the Hungarian nation and the
foundation of our Constitution.

Well, it is this strong opposition that got me
thinking. By their very nature, the humanities
are not an exact science, and indeed, they delib-
erately exclude the representatives of exact sci-
ence from their circles. In my opinion, whatever
the results of the exact sciences may be, it will not
destroy respect any more, but it may open up the
possibility of a convergence of views in the light
of established facts.

The only proof of the creation of the Holy Crown
is the crown itself. My work is aimed at using the
possibilities of applied scientific investigation to
point out the technical regularities, and at using
the interdisciplinarity of the natural sciences to
bridge the gap between the results of the investi-
gations offered by modern technology and those
of the humanities.
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2. Experimental and computational
methods and source materials used
for the thesis

As a project and process engineer, I have gained
extensive experience in the creation of CAD mod-
els for engineering. As a first step, I created a 3D
model of the Holy Crown using a CAD program.
To do this I obtained, mainly from the photogra-
pher Kdroly Szelényi, a series of photographs of
the Holy Crown taken twice, 20 years apart. I also
used the data actually measured with a caliper
by the goldsmith’s group [1]. I also had access
to photographs by Joachim Szvetnik [2]. During
the months of modelling I had the opportunity to
learn about the challenges that a 9th-13th century
goldsmith and enameller had to face. So I looked
for procedural descriptions from that period.

In the early 12% century, Theophilus Presbiter
[3] summarised this. Again, it was of high im-
portance to learn about enamel making and the
soldering process of the time, which had been
forgotten. Fortunately, Eghart Brepohl, the inter-
nationally renowned goldsmith, reconstructed
Theophilus Presbiter’s techniques and explained
them in a book. But also of great help was Bos-
selmann Ruibicke, who compared Theopholus’
technology with the technical descriptions of the
Byzantine goldsmiths of 100 years earlier [4].
I'also found a detailed description of the soldering
process used to solder the filigree and the various
settings [5]. It was a great help to take advantage
of the facilities offered by my second home, the
university library in Cologne.

It is important to underline the activities of the
Crown Commission, which was founded in 1978
and which has produced a great deal of work and
results. I have also been able to obtain the proto-
cols of the Crown Commission thanks to the herit-
age of Joachim Szvetnik in Tiefkut [2]. Of course,
there is not enough space here to list all the source
material, but I must mention the important mate-
rial of two Holy Crown conferences. One was held
in Budapest in 1983 [6], the other in Paris [7].
Their papers were published, unfortunately only
in foreign languages. I later published edited ver-
sions of the more important lectures on academ-
ia.edu, where I now have a following from more
than 100 countries (more than 16,000 readings),
including byzantologists, historians and art histo-
rians from universities around the world.

All my claims have been verified by experi-
ments. I have obtained specimens in pure gold,
but I have also used copper to test for fracture or
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other external influences. I describe these in de-
tail in my book The Holy Crown through the eyes
of an engineer. [8]

Last but not least, in order to verify the scientif-
ic validity of my claims, I have made a replica of
the crown myself, which is an exact copy of the
original, including the particularities that deserve
special attention in the creation of the crown.

3. The key features of the manufactur-
ing of the Holy Crown

The shape of the hoop ring is almost circular,
with the cross-strap attached centrally (Figure 3).
The other features are described separately.

3.1. Feature 1

The angles between the stems of the cross-strap
are different from each other, in this sense the
strap is inaccurate.

The rim is divided into eight wedge fields by
eight enamel image sockets, with high precision.
The front and rear wedge fields are wider, which
suggests that this ring was probably made as a
crown ring. The width of the other gem fields is
identical (Figure 4).

3.2. Feature 2

The partition of the hoop is independent of all
other crown parts. Thus the hoop ring could be a
semi-finished piece used to make the crown.

If the sockets and gemfields on either side of the
centre line of the frontal field are placed side by
side, extended from the centre line, it is visible
that the Kon side is 4.7 mm shorter (Figure 4). The
distance between Kon and Damian is 1 mm nar-

Figure 3. Fit of the cross strap to the hoop.



Figure 4. The crown of the Hungarian Holy Crown
lay out, with the size of the individual parts
holding the decorations and the position of
the circumference measured from the cen-
tre line of the frontal part.
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rower than the other gemfields. This means that
the narrower side of the solder line of the stone
field is increased by 1 mm, which optically reduc-
es the asymmetry (Figure 5).

3.3. Feature 3

The solder line of the cross-strap ends visible in
the back stone field is asymmetrical and is cen-
tered on the centerline of the back cross-strap
stem.

Looking at the rear view of the crown (Figure 5)
itis noticeable that the centre line of the rear pan-
el is not in the centre line of the rear stone field,
but is exactly in front of the rear stem of the cross-
strap, in line with it. It can also be seen that the
starter ring supporting the rear spike is also in
line with it. These discrepancies are not acciden-
tal, however, but are related to other features.

3.4. Feature 4

The rear pediment element and the starter ring
which supports the rear pendilias, although fixed
to the hoop, are not aligned with the hoop but
with the rear stalk of the crossbar.

This asymmetry is also repeated in the frontal
part. The central socket of the frontal part is the
Christ socket, which has triangular and curved
pediment elements on either side, with the same
common spread. Thus, their position is deter-
mined by the Christ socket, which, like the back
moulding, is aligned with the front cross straps
stem rather than with the central axis of symme-
try of the front (front) field (Figure 6).

Figure 5. Deviation from symmetry in the back field.
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3.5. Feature 5

The central image of Christ on the front of the
frontal pediment is aligned with the forward
stem of the cross-strap, so it is also asymmetrical
in relation to the ring of the hoop; it is positioned
exactly in front of the stem of the cross-strap. But
the image also shows that the rings holding the
true pearl string are also in line with the axis of
symmetry of the cross-strap stem.

As a complement, it is also worth studying the
welding of the hoop ends (Figure 7).

The joining of the ends is rather rudimentary
and appears to be an afterthought. The two small
holes that hold the ends together are not filled
with solder and only a spot solder joint is visible
(Figure 7). This is explained by the alignment re-
quired during assembly. It can also be seen that
there was originally an oval gem, now replaced
by an octagonal one. On the inside, the holes
used for joining are clearly visible (Figure 8). The
above features allow us to establish the technol-
ogy used to produce the Holy Crown as a unique
handcrafted product. A flowchart of the produc-
tion process is shown in Figure 9.

Figure 6. Symmetry deviations of the frontal fields.

4. The technology of the Holy Crown

The Holy Crown has two parts, the hoop ring
and the cross strap, which do not fit to any oth-
er part of the crown, they were created inde-
pendently. Like a hat, a crown has only one im-
portant dimension: the diameter of the hoop. So
a hoop had to be first designed. In the case of the
Holy Crown, the present-day hoop was divided
into 8s with geometrical precision. Therefore, it
can be argued that this does not necessarily prove
that it was made for the cross-strap, but it does
not rule it out.

In the next stage of crown creation, because of
the features described in the previous chapter,
it is not possible to imagine that the decoration
of the hoop could have been made without the
cross strap. Thus, the third part, the pediment,
the rings holding the pendilias, the large stone at
the back and the rings holding the string of pearls
below the image of Christ form a separate crown
part, since they are attached to the hoop ring but
fit the cross-strap. The style of decoration of the
cross-strap is coherent and was also created inde-
pendently of the rest of the crown. It is important
to note that the process used for the construction

Figure 7. Tyre end weld location. [7]

Figure 8. Solder line of the hoop ends as seen from
the inner side. [2]



Figure 9. Reconstruction of the technological flowchart
of the manufacturing of the Holy Crown.
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implies not only a high level of expertise, but
also a much higher degree of artistic expression
than the ,,workshop-less” eclectic solution of the
hoop. These two parts are assembled in the last
step by riveting. The cross-strap was joined to the
semi-finished tyre ring. A fitting direction had to
be chosen, which in the case of the crown was
the transverse direction, because space is tighter
there and the asymmetry is less apparent in the
case of wider fields. The fitting possibilities for
the cross strap do not extend to the angles be-
tween the stems. Also, fitting the hoop could only
be done by shortening the length of the hoop by
cutting it out. Indeed, a piece was cut from it so
that the ends were welded together exactly on the
centre line of the cross-strap; this is shown in Fig-
ures 5., 6 and 7.

The rear cushion socket element is also not on
the centre line of the field below it, but on the cen-
tre line of the rear crossbar. In the grayscale im-
age, the dismantled current back stone is shown
behind in Figures 5., 7.

The socket of the central image (Christ) of the
pediment is clearly visible just in front of the
front stem of the cross-strap. But it is equally visi-
ble that the rings holding the bead strings are also
exactly aligned with the centre line of the cross-
piece (Figure 6). Of course, the contemporary
goldsmith had the possibility to place the pedi-
ment and the other ornamental elements listed
symmetrically to the hoop division, but he did not
do so; he aligned them with the cross-strap for a
better appearance.

The back stone is secondary. After dismantling,
you can see that the soldering is very rudimenta-
ry, spot soldered, and the material has not even
flowed into the holes where it is being joined.

Figure 7 and Figure 8 show the slightly inclined
orientation of the hoop ends and the mounting
holes from the outside and inside. The front ring
supporting the rear pendilias is also aligned with
the solder line of the ends in the direction of the
rear cross strap stem.

5. Theses

The creation of the lower part of the Holy Crown
is therefore not necessarily linked to a workshop
or a specific time. It follows from the scientifical-
ly proven technological reconstruction that, al-
though the pediments, the pendilias, the string of
bead holders and the large stones are all part of
the hoop crown, they were aligned with the cross-
piece. So, in the process of creation, the place-
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ment of the moulding and the dangles preceded
the creation of the crossbhand, as they are aligned
with it. A reproduction of the crown was made to
verify the technology. By following the technolog-
ical process, the creation can be repeated as often
as you like and the result will always be the same.
The condition of scientificity is thus verified.

The novelty of the thesis is related to the tech-
nology described. Knowing and using it, it is pos-
sible to determine what further investigations
are needed to elucidate the place and time of the
manufacture of the Holy Crown.

6. Application

The technological process described above cast
doubts on the current mainstream philosophical
opinions. Of course, the humanities cannot be the
subject of this thesis, but my work opens up for
the first time a justified possibility to involve the
exact sciences in the study of the Crown and to
point out what further investigations are needed
to determine the production of the Holy Crown.
These investigations are identified and defined by
standard archaeometry.

In this context, I must highlight the most widely
used for artefact examination, the XRF examina-
tion. Knowing the trace elements of gold plates
can help to determine the place and time of their
production, as there are already databases of
tests carried out on artefacts. This alone, howev-
er, is not enough: art history and historical verifi-
cation are also needed. It is, however, possible to
determine, for example, whether the material of
the pad and the tyre are the same. XRF tests can
be used to determine the chemical composition of
the enamel and jewel settings, thus making it pos-
sible to determine whether the parts of the Holy
Crown belong together. By grouping the same
gold alloy settings in the same group, it is possible
to determine which parts were made in the same
workshop at roughly the same time.

Along the same lines, if the blue and green
enamel on the pediment matches with the blue
and green enamel on the apostles of the cross-
strap, it is highly probable that the whole crown
was assembled in the same workshop.

Organic materials have been found in other
prestigious museums. Dendrochronological or
carbon isotopic analysis of the organic material
may be able to infer certain repairs or dates of
manufacture. These studies would make a major
contribution to our understanding of how the
Holy Crown was made.

7. Verification of the technology

In order to verify the correctness of the technol-
ogy used, I have also found it necessary to make
a crown copy. This copy is shown in Figures 10
and 11.

Even with the tools of the time (calipers, rulers),
the exact division of the hoop was not particular-
ly difficult. The crosspiece, on the other hand, was
made in five parts by first soldering the filigree,
the bead wire and the sockets to the stems and
the roof plate, and then by riveting them together
and soldering them. The cross strap dome shape
and the soldering together are always done with
some inaccuracy. The question arises, before the
pediment is constructed or fitted, to what should
it be fitted: to the hoop or to the cross strap?

The early goldsmith chose the cross strap. If this
decision is followed for each crown made, the re-

Figure 10. Copy of the Holy Crown from the front.

Figure 11. Copy of the Holy Crown from behind.
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sult will always be the same. Although the pedi-
ment and other ornamental elements are part of
the ,,Greek crown”, they are still aligned with the
cross strap! This justifies the correctness of the
technology of reconstruction
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Abstract

Corrosion caused by iron contamination, also known as rouging, is a possible type of corrosion of stainless
steels. This type of corrosion is often confused with the corrosion of stainless steel itself. Rusty discoloration
on the surface of a material considered corrosion resistant is a problem in the construction and pharmaceu-
tical industries. Repairing rouging afterwards is usually costly, but can be prevented by good manufacturing

practices and control.

In our research, we compared four commonly used stainless material grades with different surface treat-
ments. We investigated the effect of scratches left by carbon steel on the surface of the samples and the time

course of the process.

Keywords: corrosion, rouging, stainless steel.

1. Introduction

Stainless steel is defined as a ferrous alloy con-
taining at least 10.5% chromium but not more
than 1.2% carbon. Stainless steels can be classi-
fied into four groups according to their micro-
structure: ferritic, austenitic, martensitic and
duplex (austenitic-ferritic) steels. They have ex-
cellent corrosion resistance due to the passive
oxide layer formed by chromium. For a stainless
steel to exhibit adequate corrosion resistance in a
given medium, its surface must be clean and free
from organic and metallic impurities. Corrosion
is defined in ISO 8044:2003 (withdrawn, but last
edition in Hungarian) as: ,, The physico-chemical
interaction between a metal and its environment,
resulting in a change in the properties of the met-
al and often in a deterioration of the functional
characteristics of the metal, the environment or
the technical system comprising them”[1]. Of par-
ticular importance is the corrosion caused by iron
contamination (rouging), which usually occurs
through contact with carbon steels. The most fre-
quent causes are the use of inadequately cleaned

auxiliary equipment and normal carbon steel
tools; the cutting of raw material; production and
assembly in production lines using mixed (nor-
mal carbon steel and stainless) steels. Corrosion
caused by iron contamination can be simply a
slight brownish (rusty) discolouration or even
surface pitting corrosion [2-5]. Our experiments
investigated the resistance of austenitic and du-
plex grades to rouging.

2. Test materials

The materials used for the experiments, their
surface finishes, and the values of the pitting re-
sistance equivalent numbers (PREN) are given in

Table 1. Test materials, their surface finish and pit-
ting corrosion resistance

Grade Surface finish PREN
304 polished 18
316L pickled, 2E 23
2205 brushed, 2E/2D 31
2304 pickled, 2E/2E 26
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Table 1. 304 and 316L are two standard, widely
used austenitic stainless steels with polished
and pickled surface finishes. 2205 and 2304 are
duplex stainless steels with brushed and pickled
surface finishes.

The test specimens were ,contaminated” with
iron particles in two different ways before the
test. As shown in Figure 1, one specimen was
wire-brushed and the other was scratched with a
sharpened piece of carbon steel.

In the case of the wire brush, the scratches
are shallower but more numerous on the sam-
ple surface, and iron oxide from the wire brush
was also deposited on the sample surface. In the
case of scratching with the carbon steel piece, the
scratches are deeper and fewer in number.

After scratching, the samples were stored under
laboratory conditions in an atmosphere contain-
ing hydrochloric acid vapour to accelerate the
corrosion process. Macro- and microscopic imag-
es of the samples were taken after two weeks and
two months, respectively.

3. Results and discussion

3.1. Corrosion test results of the 304 grade
specimen

The surface of the 304 grade, polished sur-
face-finished specimen shows significant chang-
es after only two weeks. The scratched specimen
shows dense surface pitting corrosion, while the
wire-brushed specimen shows rusty discoloura-
tion and scattered surface pitting corrosion (Fig-
ure 2).

The same sample examined after two months is
shown in Figure 3.

A small area on the edge of the sample was
masked before wire brushing, in order to have a
reference for comparison with the iron contami-
nated material.

The masking was removed after the wire brush-
ing was completed.

Figure 2. Scratched (upper) and wire-brushed 304 test
specimens after two weeks, scale is 2 mm.

Figure 1. Scratched (left) and wire-brushed surfaces,
2205 duplex, scale is 5 mm.

Figure 3. Scratched (upper) and wire-brushed 304 test
specimens after two months, scale is 2 mm.
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It can be clearly seen in Figures 4 and 5, that
no discolouration or surface pitting has occurred
on the masked surface. This phenomenon was
observed in all test cases for each material grade
tested.

3.2. Corrosion test results of the 316L grade
specimen

On the pickled surface of the 316L sample, after
two weeks, only scattered rust discolouration is
visible (Figure 6).

However, after two months, large amounts of
rust deposits and surface pitting were observed
on the sample surface (Figure 7).

Figure 4. The masked surface of the 304 specimen,
after two months of exposure.

Figure 5. The masked (upper) and iron-contaminated
surface of the 304 specimen after two
months, the scale is 500 um.

Figure 6. Scratched (left) and wire-brushed 316L test
specimens after two weeks, the scale is 2 mm.

Figure 7. Scratched (uooer) and wire-brushed 316L
test specimens after two weeks, the scale is
2 mm.
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3.3. Corrosion test results of the 2205 grade
specimen

he surface finish of the 2205 duplex sample is
brushed. In contrast to the other samples, the sur-
face of this material shows a rusty discolouration
only in the scratches (Figures 8-9).

Of the four material grades tested, this material
has the highest pitting resistance index (PREN),
as a result, there was no surface pitting corrosion
observed in the sample, even at high magnifica-
tions.

3.4. Corrosion test results of the 2304 grade
specimen
On the pickled surface of the 2304 duplex spec-
imen, a rusty discolouration is visible in patches
on the scratched specimen, and a more or less
uniform rusty discolouration is visible on the
wire brushed specimen (Figures 10-11. abra).

4. Conclusions

The rust that forms on the surface of the speci-
mens is loose and can be easily wiped off the sur-

Figure 8. Scratched (left) and wire-brushed 2205
specimens after two weeks, scale is 5 mm.

Figure 9. Scratched (upper) and wire-brushed 2205
specimens after two months, scale is 5 mm.

Figure 10. Scratched (left) and wire-brushed 2304
specimens after two weeks, scale is 5 mm.

Figure 11. Scratched (upper) and wire-brushed 2304
specimens after two months, scale is 5 mm.
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Figure 12. The 1.4404 specimen surface after two
months.

face of the specimen, which will roll off with little
force (Figure 12). The difficulty of repair is due to
pitting corrosion of the surface.

It can be observed that the amount of rust de-
posited on the surface of the sample increases
with time, and with it the number and depth of
pits on the surface.
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Abstract

Powder bed melting is an important additive manufacturing process. The process variants are gaining more
and more space in the industry: especially in the industry that produces products made of special alloys with
additive manufacturing. Selective laser melting is one variant of powder bed fusion processes. In this paper
experimental study on impact energy of test specimens made from Ti-6Al-4V alloy, manufactured by selective
laser melting is presented. Parameter setup of experiments are defined by design of experiment method, and
an empirical formula is fitted to measured data. It is pointed out that impact energy is highly sensitive to
manufacturing parameters studied here, and strong interactions are also observed. A formula is derived for
costrained optimization on isoenergetic surfaces. Results can be applied for control of an important material
property, impact strength of parts manufactured by selective laser melting.

Keywords: powder bed fusion, selective laser melting, impact energy, scan speed, layer thickness.

1. Introduction

As a result of a revolution of scientific research
and development started in the middle of 20th
century and continuing also nowadays, additive
manufacturing (AM) finds more and more place
in practical applications and industry.

It may play many different role in the process
of design, production and maintenance including
prototyping, casting pattern and core making,
manufacturing tools, jigs or fixtures (especially
with complex shape), producing blanks, fabricat-
ing end-use parts, repairing of parts. It is remark-
able that powder bed fusion technologies are re-
cently applicable in the first five of the mentioned
areas. According to predictions, three quarters
of furnishing and equipment parts and half of
engine parts are expected to be manufactured
by AM technologies in the aircraft industry until
2050 [1]. Application of AM in medical industry
can be classified into five fields: medical models,
surgical implants, surgical guides, external aids
and bio-manufacturing. The number of scien-
tific publications on medical applications of AM
show an exponential increase in last 15 years [2,
3]. AM technologies nowadays are applied main-

ly on high added value segments of industry in
relatively small, but increasing quantity. Today
AM is still an intensive field of research, industri-
al activity and business. Whilst several hundred
AM technologies have been developed till now
indicating creativity of experts and promising de-
velopment potential of the area, there are some
challenges to solve before AM turns into a widely
spread and cost effective manufacturing technol-
ogy. Development in several disciplines is needed
for stronger utilization of this technology, such
as education and knowledge management, more
powerful softwares supporting design for AM,
overcoming limits of bed size and speed of man-
ufacturing, new ideas and procedures in quality
management since features of products are high-
ly dependent on manufacturing parameters and
accidental fluctuations associated with them [4].

Quality management of additively manufactured
products is an intensive area of research and de-
velopment. While AM generally has the great ad-
vantage of manufacturing products directly from
CAD models with almost arbitrarily complex ge-
ometry, it has some challenges in the field of quali-
ty and process repeatability [5, 6].
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In this paper, experimental research is intro-
duced on parts manufactured by metal selective
laser melting (SLM). This is a powder bed fusion
additive manufacturing technology applying a
highly intensive laser beam for totally melting the
metal powder layer by layer.

The main materials used for metal SLM are
steel and titanium alloys. Interest in titanium al-
loys rose sharply around 2010 as they proved to
be biocompatible. With all metals, application of
SLM for ceramic and composite materials is in-
creasingly studied [7].

Ti6Al14V is one of most frequently used titanium
alloys in industry. This results from its excellent
properties such as good mass-strength ratio, high
corrosion resistance, being non magnetic and its
biocompatibility. This material is often applied
in the vehicle industry, especially aircraft parts
manufacturing, marine applications, in med-
icine for medical implants, in nuclear reactor
technology, and many other fields. This material
is available in the form of stock for conventional
technologies producing wrought parts, and also
for additive technologies as metal powder. In this
study we are interested in parts made of Ti6Al4V
by an additive manufacturing technology.

SLM is a widely applied technology for process-
ing Ti6Al4V material. This is the technology which
has the most industrial application mainly in
aeronautical and biomedical areas, and attracts
salient research attention because of its versa-
tility. Besides the advantages of SLM it has three
main challenges when it is applied to Ti6Al4V
powder. Firstly, besides high material strength,
manufactured parts have the feature of relatively
low ductility. It correlates with high cooling rate
during the SLM process, which results in marten-
sitic material structure. Secondly, a challenge is
the presence of microstructural defects such as
balling and porosity greatly affecting fatigue re-
sistance of parts. The third challenge is the pres-
ence of residual stresses in as-built parts derived
from high temperature rates and gradients dur-
ing the manufacturing process. All of the above
challenging problems depend on a high number
of parameters, since the entire SLM manufactur-
ing process can be characterised by more than a
hundred technical data However there are three
parameters which play a special role in how ma-
terial features develop in SLM: laser power, laser
scanning speed and layer thickness. While these
three challenging problems substantially impact
how parts can be used in practice and industry,
extensive research work is in progress currently
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on this area [8, 9]. Usually, post-processing is also
required for achieving appropriate quality. For
medical applications different post-processing
treatments can be applied such as sandblasting,
carborundum disc polishing or ultrasonication in
isopropyl alcohol [10, 11].

Features of materials manufactured by SLM do
not depend directly on a single process parame-
ter, rather, on a combination of them. So when
the aim is to investigate how those depend on
manufacturing parameters, a multivariable study
is necessary.

Impact energy is a material feature standing in
strong relationship with ductility. In this paper
we present our experimental research results on
impact energy of Ti6Al4V specimens as a function
of laser power, laser scanning speed and layer
thickness.

2. Material and samples

2.1. Material

In our experiments samples were built from
Ti6Al4V (TC4, Ti64) alloy material melted from
EOS Titanium Ti64ELI powder. Chemical com-
position of this powder can be characterized as
5.5-6.75 wt% Al, 3.5-4.5 wt% V the balance is com-
posed of Ti, and some elements like O, N, C, H and
Fe are guaranted to be under a certain low limit.
This is a Grade 25 titanium alloy, with reduced
content of oxygen, nitrogen, carbon and iron,
containing extra low interstitials (ELI), ensuring
higher ductility and improved fatigue resistance
related to Grade 5 Ti6Al4V materials. This is why
it is suitable for medical implants and devices.
The size of metal alloy powder particles varies in
the range of 20-80 micrometers according to the
data sheet [12].

2.2. Sample preparation

Test specimens were manufactured by an EOS
M290/400W additive manufacturing machine,
which implements selective laser melting of met-
al powders. Selective laser melting is a layer by
layer additive manufacturing technology, which
has two key steps: a coating of metallic powder is
formed on a plate or tray, then a laser beam fuses
the metal powder selectively in areas belonging
to the part being fabricated. This is accomplished
in a closed chamber filled with an inert atmos-
phere. The main parameters of this process are
layer thickness, hatch distance, laser power and
laser (scanning) speed, but there are several other
parameters controlling properties of gas flow, la-
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ser beam, scanning pattern, motion of actuators,
thermal state of the chamber and others. Param-
eters usually vary depending on which region of
the model is just built, that is internal (infill), bot-
tom, top or some edge of it. Operating software of
machines offer default parameter setup, and can
also be changed by the user.

The shape of the samples was identitcal to a
standard 10x10x55 mm Charpy impact test (or
V-notch test) specimen (standard: MSZ EN ISO 148-
1:2017 The specimens were manufactured in a laid
position so that notches were on the top side.

Each test specimens was manufactured in the
same orientation. This is highly important in the
case of manufacturing technologies comprising
special directions in space leading to anisotropy
either in microstructure or material properties of
the produced part. We performed a preliminary
study with 5-5 test pieces for impact energy. We
found that there was a 19.57% difference between
mean values for specimens produced in standing
and laid position. As expected, the smaller impact
energy value belongs to the standing position,
because in this case fractures grow along layers
melted onto each other, that is layers separate
from each other during the process of breaking.
In the case of test parts manufactured in the laid
position, when the notch is on the top side, layers
have to split when the specimen breaks.

In our study the effect of production parameters
on impact energy is investigated. Because there
are a large number of manufacturing parame-
ters, we selected three that are highly important:
infill laser power (P), infill laser speed (u) and lay-
er thickness (t). The main default values of them
are summarized in Table 1.

It is important to emphasize that hatch distance
(h), which is also an essential parameter, was
kept constant in this study with a default value
h=0.14mm.

Three levels of each of those were taken into ac-
count in our experiment plan. Levels are not equi-
distant, but are calculated proportionately with a
multiplicative factor of 1.2. Table 2 shows values
of varied production parameters in experiments.

Energy input (e, [W/mm?3]) is a highly character-
istic feature of a selective laser melting process.
As seen from the unit, the production parameter
commonly named “energy input” is a more pre-
cise specific power input, or indeed power densi-
ty, and is the laser energy irradiated into 1 mm3
volume of material in 1 second. It can be calcu-
lated from manufacturing parameters by the fol-
lowing formula:
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Here the meaning of proportionately selected
levels can be understood, because in this way
we have many different parameter sets with
equal energy input (e) as Tables 2 and 3 show,
so we have an additional opportunity for evalu-
ating experimental data taking into account this
significant derived parameter. A full factorial
experiment would consist of 33 = 27 different
parameter setup. This is a large number, so we
decided to plan an orthogonal fractional factorial
experiment with a 9 experimental parameter set-
up according to Table 3. This fractional factorial
experiment plan is derived from Taguchi’s Ly(3%)
orthogonal plan array by deleting fourth column
[13].

Table 1. Names, notation and default values of four
important parameters of the SLM process in
the case of our additive manufacturing sys-

tem
Name of the para- | 15500 | Default value
meter
laser power p 280 W
laser scanning speed u 1200 mm/s
layer thickness t 0.03 mm

Table 2. Levels of varied factors in experiments

Factor level -1 level 0 level 1
pPw) 233.33 280 336
u (mmy/s) 1000 1200 1444
t (mm) 0.025 0.030 0.036

Table 3. Parameter setup of partial factorial experi-
ment plan, and energy input values belong-
ing to those

Infillla- | Infill la- Layer Energy
ser power | ser speed | thickness input
w1l [mm/s] [mm] | [W/mm?]

A 233.33 1200 0.03 46.296
B 280 1000 0.03 66.667
C 336 1440 0.03 55.556
D 336 1200 0.025 80.000
E 233.33 1000 0.025 66.667
F 280 1440 0.025 55.556
G 280 1200 0.036 46.296
H 336 1000 0.036 66.667
I 233.33 1440 0.036 32.150
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For comparison and control of results, samples
were manufactured with an additional three pa-
rameter set, involving default parameter setup (J),
as shown in Table 4. Five pieces of test specimens
were produced for each parameter setup.

3. Results and evaluation

3.1. Experimental results

The Charpy impact test were performed accord-
ing to standard MSZ EN ISO 148-1:2017. We ap-
plied Charpy impact test equipment PSW 15 with
maximum impact energy 15 J and scale constant
0.1 J. There is a single exception; the sample se-
ries denoted as A, because the impact energy of
that sample exceeded 15]. For this reason, in this
case, we had to apply larger test equipment; the
PSW 300. This is why the impact energy data in
row A have only two siginificant figures. In this
paper we use K as notation for impact energy. the
unit of impact energy is the Joule (J) in this paper.
Measurement results are summarized in Table 5.

Each experiment consisted of 5 measurements.
This means that 5 test specimens manufactured
with the same parameter setup were broken.
Then, the mean value and standard deviation
of impact energy were calculated. In our exper-
iments standard deviations have relatively small
values.

3.2. Evaluation of the measurement results

The impact energy is considered as a function of
experimental factors. In our case:

(2)

Our first goal was to find an empirical formu-
la for this function. In our case an interpolation
technique was appropriate, because we sought a
formula, which adequately approximates meas-
ured impact energy values within the experi-
mental parameter domain. Using a polynomial
interpolation function is straightforward because
of the nature of the phenomenon we study. Order
of interpolation has to be determined so that we
avoid overfitting. Now we have 12 measured data,
it implies that the third order approximation was
too high in order. Consequently we supposed a
second order polynomial formula for interpola-
tion as follows:

3
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Table 4. Three additional parameter setup for com-

parison
Infillla- | Infill la- Layer Energy
ser power | ser speed | thickness input
wi [mm/s] [mm] | [W/mm?]
] 280 1200 0.03 55.556
233.33 1000 0.03 55.555
L 280 1000 0.025 80.000

Table 5. Summary of measurement results. Sample
series codes (column 1), measurement
results in J units (columns 2-6), mean values
and standard deviations (columns 7 and 8

respectively).

(%]

< 5 ==
I = 5 0
o g R
201 |2 |3 | 4|5 ]| z|E=s
= | 8%
g S | 52
& =

A 18.0 | 18.0 | 16.0 | 16.0 | 16.0 | 16.8 | 1.10
B 15.0 | 13.7 | 14.6 | 119 | 139 | 13.8 | 1.19
C 10.2 | 10.3 | 10.7 | 10.2 | 11.4 | 10.6 | 0.51
D 8.4 8.2 | 10.1 8.9 8.3 8.8 | 0.79
E 11.0 9.8 8.6 9.5 | 10.2 9.8 | 0.88
F 12.7 | 10.0 | 11.3 | 10.8 | 11.6 | 11.3 | 1.00
G 12.8 | 14.2 | 12.6 | 13.0 | 143 | 134 | 0.81
H 11.3 | 11.7 | 11.3 | 11.1 | 10.6 | 11.2 | 0.40
I 11.3 | 10.2 | 10.2 | 11.7 | 12.2 | 11.1 | 0.90
] 11.4 9.6 | 104 | 12.1 | 11.7 | 11.0 | 1.02
K 11.2 | 10.3 | 10.6 | 11.3 9.8 | 10.6 | 0.63
L 10.3 9.1 9.0 8.6 8.9 9.2 | 0.65

Multiplicative parameters a, ... a, have derived
dimensions so that, after evaluation of this formu-
la unit of the result, let be J (Joule). For example

and so on. In the following we will not deal with
and will not indicate dimensions of the a,... a,
iparameters, because we believe that writing out
those would make formulas and tables unneces-
sarily unperspicuous.

We applied Scilab software for determining a,,... a,
parameters in the function of K. These parame-
ters were to ensure that difference between val-
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ues of K and the measured data is as small as pos-
sible. In Scilab, the OPTIM function can be used
for nonlinear optimization. It requires definition
of the function to be optimized, its gradient as
another vector function, and some parameters
controlling the convergence of the algorithm. Our
task is a general nonlinear optimization with a
single, smooth objective function, without con-
straints. OPTIM uses L-BFGS method for optimi-
zation [14].

As result of nonlinear optimization we obtained
the following function for K:

4

Values of the multiplicative parameters in this
formula show how strongly a factor (B, u, t) and
interaction of factors (Pu, Pt, ut) influence impact
enegy (K). The larger the multiplicative parame-
ter, the more sensitive the impact energy is for
factor or the interaction it multiplies. So we can
get a ,compass” for control of impact energy of
the material fused in our SLM machine. The em-
pirical trivariate function defined by the formula
(4) is demonstrated on Figure 1.

Only one thing obscures this picture. This is the
significant difference in magnitude of factors P, u
and t. Scanning speed in mm/s units is 5 orders
of magnitude larger than layer thickness in mm
units. This implies that a small change in u creates
a great shift in K, but a small change in t results

Figure 1. Graph of empirical formula (4).
Three different surfaces belong to different
layer thickness values: A: t=0.036 mm,
B: t=0.03mm, C: t=0,025 mm.
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in far smaller effect if those have the same mul-
tiplicative factor. In other words multiplicative
parameters are not comparable if the factors they
multiply are not in the same order of magnitude.

Nondimensionalization is a common means for
transforming physical quantities into a form in
which they become more comparable. It is worth
substituting the B, u and t factors with a dimen-
sionless variable and at the same time rescale
multiplicative parameters. Let us introduce the
following dimensionless variables:

(5)

We can say that we normalize variables to their
default values. Nondimensionalized variables
have dimensionless value 1 if B u and ¢t have the
default value. For example x,=1 if P=280W, and
Xp=1,2 if P=336W. This means that in our exper-
iments values of all the three process parameters
correspond to one of the values 0.8, 1 or 1.2 of
dimensionless parameters. Multiplicative prame-
ters a,... a, are rescaled as:

6

All of the new parameters b,,... by have the same
unit as K, that is the Joule. After nondimensional-
ization we have the following interpolation for-
mula:

@)

In the formula (7) the coefficients are compara-
ble. In first order terms the coefficients of laser
scan speed and layer thickness are 100 times larg-
er than those of laser power. In pure second or-
der, member layer thickness has two magnitudes
smaller weight than the other two. In interaction
terms x, x, has the largest coefficient, but x, x, and
XpX, also have notable weight. From this overview
we can conclude that each of three manufactur-
ing parameters P, u and t has an effect on impact
energy, none of them is negligible, but they stand
in different mathematical relation with it.
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3.3. Constrained optimization of the impact
energy along an izoenergetic surface

Energy input, in other words power density, is
an important feature of selective laser melting
(SLM) technology. Several phenomena are strong-
ly dependent on it, like thermal gradients dur-
ing the manufacturing process, thermal stresses
and deformations, and some accompaniment as
balling and splatter. However it is not straightfor-
ward that there is direct relationship between en-
ergy input and a phenomenon or feature. When
SLM technology is optimized, many times, multi-
ple conditions are to be fulfilled, or at least min-
imized or maximized. In such a situation a con-
strained task may arise: to change the manufac-
turing parameter keeping energy input constant
so that a special feature of the manufactured part,
(such as impact energy), changes.

Our experimental parameter setup was devel-
oped so that many of those can be featured with
same power density (energy input, e) value. We
use this for investigating how impact energy de-
pends on laser power density during the man-
ufacturing process. According to Tables 3 and
4 we can identify which experimental setups
have identical energy input. This is summarized
in Table 6.
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Figure 2 shows izoenergetic surfaces belonging
to values in first column of Table 6. Each exper-
imental setup corresponds a point on some of
these surfaces.

Now we derive from equations (4) and (6) a for-
mula for impact energy along an isoenergetic sur-
face. We eliminate layer thickness (t) from (4) by
substituting (6):

9

As mentioned earlier, in our investigation, hatch
distance h is also constant. This is a bivariate
function of laser power (P) and laser scan speed
(w). Here we note that at the place of formula (8)
another variable could also be expressed, and
eliminated, so impact energy along an isoenerget-

Table 6. Experimental setups with same energy input

In field of our three varied manufacturing pa- | Energy input, e, - Number of
rameter (laser power, laser scan speed and layer (W/mm?) odes them
thickness) Formula (1) defines a surface for each 32.150 I 1
value of energy. Such surfaces are called isoener- 16,296 AG 5
getic surfaces. The equation of these surfaces can : :
be derived by rearrangement: 55.556 GEJK 4

66.667 B,E,H 3
® 80.000 D,L 2
0.09 S
' RS e "
0.08 -7 ’.‘" !

§ L <>

= [>

& 0,03 5E < Je

102 RS S TeeE
0.01. —- e

1

350 300 00'1*400 1200 1000
laser scan speed [mm/s]

250 2
laser power [W]

Figure 2. Isoenergetic surfaces in the space of three manufacturing parameter varied in our experiments.
A: 32.150 W/mm?, B: 46.296 W/mm?, C: 55.556 W/mm?, D: 66.667 W/mm?, E: 80.000 W/mm?, black

dots indicate experimental setups, each dot belongs to one of the isoenergetic surfaces, both parts of

the figure show the same diagram from different views.
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Figure 3. Impact energies computed from formula (4) on isoenergetic surfaces in the space of three manufac-
turing parameters varied in our experiments. Isoenergetic surfaces belong to power densities: B:
46.296 W/mm3, C: 55.556 W/mm?3, D: 66.667 W/mm?, E: 80.000 W/mm?. Impact energy in [J] units is
visualized by colors, the legend shows the color codes.

ic surface can be expressed as a function of P and
t, or t and u. We continue with formula (9).

Figure 3 shows impact energy as a function of
laser power and laser scan speed along isoener-
getic surfaces belonging power density values in-
volved in first column of Table 6.

The isoenergetic surface belonging to 32.150
W/mm3 was omitted because we have only one
experimental point on it, and possibly that has
the highest interpolation error.

It can be observed that the power density itself
does not bear a direct relation with impact en-
ergy. This means that power density can not be
applied as a control quantity when the ductility
or the brittleness of a part has to be ifluenced. In-
deed, the special parameter triplet of laser power,
laser scan speed and layer thickness have to be
used.

However it is possible to describe the impact en-
ergy as a function of three important manufactur-
ing parameters, and give an expression of it along
isoenergetic surfaces.

4. Discussion

It can be observed that the experimental factors
laser power, laser scanning speed and layer thick-
ness influence significantly the impact energy of
the specimen, and impact energy of specimens
manufactured with default values (denoted with J

in Table 4) is placed near the middle of the range
of measured values.

Impact energy of samples with code A is salient.
We repeated the experiment, and got the same
result. This indicates that there is a substantial
change in internal structure of the material as the
triplet of studied process parameters approaches
towards parameter setup A. It seems to be worthy
of a deeper study.

The empirical formula gained by interpolation
on experimental data must be handled with care,
because this can give acceptable approximation
within the small part of the domain around the
center point of parameter variation. Our results
may be extended by a future experimental work
with a larger number of experimental setups. In
the case of a larger number of measurements, or-
der of interpolation can also be increased without
overfitting. A full third order interpolation in case
of three variables needs at least 20 measurement
points, possibly more.

Formula (4) shows that impact energy is far
from a linear function of laser power, laser scan
speed and layer thickness even within a small pa-
rameter window. Pure second order and interac-
tion terms also have significant coefficients.

The complex nature of SLM (and generally addi-
tive manufacturing) technology can be presumed
behind non-linear behaviour. The impact energy
is substantially influenced by material porosity,
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metallographic microstructure, surface quality References

and residual stress state. All of these features de-
pend on manufacturing parameters.

5. Conclusions

The impact energy of samples manufactured by
selective laser melting (SLM) was measured by
V-notch impact test. Test specimens were manu-
factured with different process parameters. Three
manufacturing parameters, the laser power, the
laser scanning speed and the layer thickness were
varied, while the hatch distance and other param-
eters were Kkept constant. Experimental parame-
ter setups were constructed by fractional factori-
al design of the experiment.

The measurement results show significant dif-
ference. Least mean value is 8.8 J, while highest
mean value is 16.8 ], which is more than double
the previous. This indicates that the impact ener-
gy is a material property, which is highly sensi-
tive for manufacturing parameters investigated
in this study.

A quantitative trivariate empirical formula was
fitted onto experimental data by interpolation
procedure. This is a second order polinomial for-
mula. It can be observed that pure second order
and interaction terms have notable coefficiency,
which means that impact energy is a strongly
nonlinear function of production parameters.

A formula was derived for calculating impact
energy along isoenergetic surfaces. Here isoener-
getic means that parameter triplets represented
by points of the surface are associated with the
same energy input (power density).

While the impact energy is a highly important
material feature, this empirical formula may be a
useful tool to pre-indicate or optimize it as a func-
tion of SLM process parameters.
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Abstract

In this paper, the authors investigate the effect of technological parameters on the face milling of GTD-111
type nickel-base superalloys. These alloys are among the most difficult to machine and are widely used as a
base material for gas turbine components in the aerospace and energy industries. The aim of this paper is
to determine, using the Taguchi method, those parameters that have the greatest influence on cutting force
and tool wear. A rotary force meter was used to measure the cutting force and cutting torque, and then the
inserts used were examined used under a microscope. Results show that feed per tooth has the greatest effect
on cutting forces and tool wear. In order to avoid the formation of edge deposits, it is advisable to use higher

cutting speeds and compressed air cooling.

Keywords: nickel-base superalloy, face milling, cutting force, cutting torque, tool wear, ceramic tool .

1. Introduction

The literature identifies four types of superal-
loys: nickel, cobalt, iron and titanium base su-
peralloys [1]. Of these, nickel-base superalloys
are mainly used in gas turbines for the aerospace
and energy industries because these alloys retain
their favourable mechanical and physical proper-
ties at high temperatures [2, 3]. These alloys are
mainly used in the high temperature zones of gas
turbines (HPC - High Pressure Compressor and
HPT - High Pressure Turbine) (Figure 1), where
operating temperatures reach 1400-1500 °C, op-
erating pressures 40 bar in extremely corrosive
environment, and operating speeds exceeding
10 000 rpm [4]. This extremely high temperature
is necessary to increase the efficiency of gas tur-
bines because, as with other thermal power en-
gines, efficiency can be increased by increasing
the difference between the maximum and mini-
mum temperature of the working medium, which
is why today’s gas turbines have an efficiency of
almost 60% [5].

The superalloys have high thermal strength,
poor thermal conductivity, heat and corrosion
resistance, but the parts made from them are
often produced by cutting, despite the fact that

Figure 1. Gas turbine showing the different zones with
temperature and pressure conditions [8]
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their properties make them particularly difficult
to machine [6]. In the present paper, the machi-
nability of GTD-111 type Nickel-based superalloy
was investigated during face milling, which has
a significantly poorer machinability than Inconel
718, which is commonly investigated in today’s
research. Table 1 shows a comparison of the me-
chanical and physical properties of GTD-111, In-
conel 718 and the widely known C45, presented
as a reference material. Because of these prop-
erties, machinability of GTD-111 is significantly
more difficult than machinability of Inconel 718,
which has been generally tested in research, and
compared to C45, GTD-111 has more than twice
the tensile strength and only a quarter of the ther-
mal conductivity.

Figure 2 shows the graph of the specific strength
against temperature for commonly used metals.
From the figure, it can be seen that nickel-based
superalloys exhibit a high specific strength over
a wide range of temperatures [7]. It illustrates
very well why the machinability of these mate-
rials is so difficult and why so many researchers
are working on this problem. Due to poor thermal
conductivity, the large amount of heat generated
during machining cannot escape into the chips
and workpiece, and will therefore be concentrat-
ed at the edge of the bit. As a result, tools wear
quickly and breakages are frequent.

Machining time is very important in manufac-
turing technology, where there is an increasing
demand for cost-effective and environmentally
friendly machining methods. This trend is reflect-
ed in the spread of high speed cutting (HSC) and
hard cutting (HC). Due to the material properties
of Nickel-based super alloys, and also due to the
technology, high speed steels and brazed insert
tools are not suitable to meet the demand, so car-
bide, ceramic, CBN (Cubic Boron Nitride) and di-
amond tool materials have emerged in this area.

In most cases, machining of Ni alloys by carbide
cutting tools without coatings or with various
coatings is carried out due to economic and tech-
nological constraints. This is particularly evident
in the case of slot and other closed shape milling,
for which the ceramic tools needed to machining
them have only recently become available on the
market and are also very expensive. Indexable
end mills are more widely used for machining
flat surfaces.

The use of ceramic cutting tools is justified be-
cause of their favourable properties, such as high
hot hardness, good wear resistance, low thermal
conductivity and excellent chemical stability

Table 1. The mechanical and physical properties com-
parison of the GTD-111, the Inconel 718 and
the C45 steel [9, 10]

GTD-111 I“;‘l’g‘el c45
Tensile strength
R, (MPa) 1310 965 610
Hardness
(HRC) 414 36
Hardness
(HB) 230
Elongation
A, (%) 8 12 16
Density
8000 8240 7700
p (kg/m3)
Thermal conductivity
12.56 11.2 45.35
A (W/(mK))
1000 -+ - 40
900 E 15
= 800 - "
= 4 £ 3 —
g 7] g
g 600 y S
£ 500 1 —=—Yield Stvrength £ 3 g
= { —&— Elongation E &0
& 400 4 fis €
= 3004 &
2 | £10
>~ 200 +
100 1, E3
0 +r—rrt—rrrtr—rrtr—r—rtrrr=F 0
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Temperature (C)

Figure 2. Temperature dependence of yield strength
and elongation of GTD-111. [11]

[12]. These properties make them a good choice
for machining super alloys, as they can be used at
the temperature at which these super alloys are
already annealing, thus the cutting forces reduces
and so the low flexural strength of ceramic cutting
tools is not problem.

In this paper, the authors investigate the effects
of the cutting parameters used in the slot milling of
GTD-111 type Nickel-based superalloy on the cut-
ting forces and inserts failures. The aim is to find
the parameter combination that results in the low-
est tool load and tool wear.

2. Methodology of the experiment

This chapter describes the machining centre,
measuring equipment, cutting tools and the
methodology of the design of experimental (DoE).
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2.1. Experimental setup

Because hard milling causes extreme demands
on the machining centre, a robust and rigid one is
required, therefore, the NCT EmL-850D machin-
ing centre was chosen. A Kistler 9125A24 type of
rotary force meter was used to measure the cut-
ting forces and torques, while a KISTLER 5697
type of signal processing unit was used for signal
processing. The results were recorded using Dy-
noWare software and evaluated using OriginPro
2021 software. The experimental setup is shown
in Figure 3.

In the rotary force meter, the tool can be
clamped with a collet chuck, but the face mill
requires cylindrical mandrel chuck, so a special
intermediate piece was manufactured. The draw-
ing is show in Figure 4.

Figure 3. Experimental setup.

2.2. Tool used for the experiment

A TaeguTec BNGX 0904 CH-E04 ceramic insert
and a TaeguTec TFMBN 350-22R09CH ©40 mm
face mill was used for the experiment (Figure 5).

2.3. Technological parameters used for the
experiment

The experiments were performed according to
the Taguchi experimental design, Minitab17®
software was used to create the experimental de-
sign. The defined factors and levels are shown in
Table 2, and the experimental design shown in
Table 3. The choice of the technological param-
eters used was based on the manufacturer’s rec-
ommendation.

During the experiments, down-milling was used,
because when machining with ceramic tools, es-
pecially in difficult-to-cut materials, climb milling
is harmful, as the tooth tries to cut the maximum
chip thickness, which results in impact stress on
the tool, which will break down faster due its low
bending strength. In the case of down milling, the
cut starts with zero chip thickness, essentially the
tool is slightly milling into the material, resulting
in a higher cutting zone temperature.

Table 2. Milling factors and levels defined in the experi-

mental design
Levels
Milling factors
1. 2. 3.

A | Cutting speed 600 900 1200

v, (m/min)

Feed per tooth
B f, (mm/tooth) 0.15 0.25 0.35
C Depth of cut 05 075 .

a, (mm)

Figure 4. Drawing of the intermediate piece required to
clamp the tool.

Figure 5. The cutting tool holder and insert used for
the experiment.
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Table 3. The experimental design

No. of ex- a, 1 v,

periment (mm) (mm/fog) (m/min)
1. 0.5 0.15 600
2. 0.5 0.25 900
3. 0.5 0.35 1200
4. 0.75 0.15 600
5. 0.75 0.25 900
6. 0.75 0.35 1200
7. 1 0.15 600
8. 1 0.25 900
9. 1 0.35 1200

Figure 7. Cutting forces F, measured in the Experi-

The chip removal curve was determined em- ments 1-2. as a function of machining time.

pirically at a value of 70°. The associated cutting
width was 16,5 mm. The machined length was
130 mm for each experiment.

3. Results

This chapter presents the results of experiment.
Experiments 3., 6. and 9. are flawed, because the
relationship between the cutting speed and the
feed rate was not calculated, so during machin-
ing it was observed that the feed rate was higher
than the cutting speed, which resulted in damage
to the tool body as observed in Figure 6. Thus, ex-
periments 3., 6. and 9. cannot be evaluated.

3.1. Cutting forces and torques

The cutting forces in the ,z” direction meas-
ured during the experiments are shown in Fig-

ures7-9, while the cutting torques are shown in Figure 8. Cutting forces F, measured in the Experi-
Figures10-12 ments 4-5. as a function of machining time.

Based on the measurement results shown in
Figures 7-12, it can be concluded that, in general,
the cutting forces and torques increase in a line-
ar relation to the increase in the depth of cut and
feed per tooth. The lowest tool load is observed
in experiment 1, while the highest is observed in
experiment 5. It can be concluded that the feed
per tooth has the greatest impact on the tool load.

Figure 9. Cutting forces F, measured in the Experi-
Figure 6. Damaged tool body. ments 7-8. as a function of machining time.
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Figure 10. Cutting toques M, measured in the Experi-
ments 1-2. as a function of machining time.

Figure 11. Cutting toques M, measured in the Experi-
ments 4-5. as a function of machining time.

3.2. Investigation of cutting inserts

Photographs of the inserts used during machin-
ing are shown in Figure 13. During the machin-
ing process the formation of built-up edge along
the tool edge was typical, and some wear was also
observed. One insert is broken, most likely due to
impact effect during machining.

The built-up edge rate could be greatly reduced
if compressed air cooling was used to improve
chip separation. Holes are provided in the tool
body for this purpose, but the machine centre
used for the research is not suitable for such cool-
ing. Experience shows that higher cutting speed
is preferable.

4. Conclusion

In this research, the authors investigated the
machinability of GTD-111 type Nickel-based su-
peralloy during face milling. Using Taguchi-meth-
od, an experimental plan was prepared and the
applied cutting forces and torques were meas-
ured during the experiments. The authors have
stated the following conclusions:

— it is advisable to check the correctness of the
experimental design before carrying out the
experiments;

— of the technological parameters, the feed per
tooth has the greatest impact on the machin-
ing process;

- it is advisable to use a higher cutting speed to
avoid the formation of built-up edge;

- compressed air cooling is recommended
when machining with ceramic tools.

Figure 12. Cutting toques M, measured in the Experi-
ments 7-8. as a function of machining time.

Figure 13. The cutting inserts used during experiments.
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Abstract

Active screen plasma nitriding on HS 10-4-3-10 high-speed steel specimens was performed at three different
low nitriding temperatures while trying to keep the other nitriding parameters uniform. In addition, two ex-
tra samples were made to increase the treatment time. Optical microscopic investigation and microhardness
testing were performed on the segments of the samples, and their qualitative composition was determined
by energy-dispersive X-ray spectrometry. Based on the measurements, it is stated that the hardness of the
surface can be increased 50% with active screen plasma nitriding.

Keywords: active screen, plasma nitriding, high-speed steel.

1. Introduction

In the 21st century, the requirements for steel
are becoming stricter, and the expectations more
complex. Different mechanical properties are
often required on the surface and cross-section
of the material. In this case, creating a heteroge-
neous microstructure in a cross-section can be a
solution. There are two options for this: changing
the microstructure of the surface, or modifying
the chemical composition in the surface layer.
The latter group of solutions includes the thermo-
chemical process we chose, nitriding. [1, 2]

In this thermochemical surface treatment
through adsorption and diffusion, nitrogen is
delivered to the material’s surface, where it cre-
ates metalloid phases and a high hardness and
wear-resistant layer. The quality of nitriding is
influenced by the carbon and other alloy content
of the steel in addition to the process parame-
ters. The effect of alloying elements is based pri-
marily on their affinity for nitrogen, similar to
iron. Based on the free energy required for the
formation of different nitrides, the stability of
each alloy can be deduced, and in this way, can
be distinguished as strong, medium, and weak ni-

tride formers. Alloys have two significant effects
during nitriding: it reacts with nitrogen through
diffusion, forming hard nitrides and increasing
the surface hardness, and it decelerates the dif-
fusion of nitrogen, thus reducing the depth of the
formed layer. From an industrial perspective, the
hardest surface is not desirable, but the goal is to
create a deep, mechanically resistant layer using
the most economical production method [3].

In previous research, high-speed steels were
already treated with a traditional, direct current
plasma nitriding process [4, 5]. Akbari et al. [6]
determined that after 8 hours of nitriding, a 140
um diffusion zone was created without a com-
pound layer containing scattered Fe3N and Fe4N
precipitates. During our research, we carried out
active screen plasma nitriding at different tem-
peratures on the 1.3207 high-speed steel material
quality in order to discover whether these prop-
erties of high-speed steel with excellent hardness
and wear resistance can be increased, given the
typically high alloy content of high-speed steels.

2. Experimental methodology

The next chapter will describe the chosen mate-
rial, technology, and methods.
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2.1. Material

The chosen steel has outstanding hardness and
wear resistance among commercially available
high-speed steels yet poor machinability. From
the point of steel using view, it is an excellent
turning and milling tool for roughing and finish-
ing work, woodworking tools, heavy-duty cold
working tools and tool inserts.

The alloys of the selected material are nitride
formers, and their quantity is also high in the
steel, so because of the treatment, an outstanding
surface hardness and thin layer thickness will be
expected at the same time [7].

The material quality used for the research nomi-
nally includes the following alloys based on the ISO
4957 standard: 1.2-1.35% C, <0.4% Mn, <0.45% Si,
<0.03% S, 3.8-4.5% Cr, 3.2-3.9% Mo, 3.0-3.5% V,
9.0-10.0% W, 9.5-10.5% Co, and Fe.

The samples were used for the treatment, also
known as 1.3207 (HS10-4-3-10) steel. It was ac-
quired in the form of a 12x3x160 mm rod. This
steel is also commercially available under the
name HSS CO10.

2.2. Active screen plasma nitriding

The active screen was used during the surface
treatment process, which was made from unal-
loyed steel with a diameter of 100 mm and a hole
diameter of 8 mm.

The effect of the material of the screen and its
distance from the sample was neglected, consid-
ering that all 5 test specimens were affected uni-
formly by these parameters.

The voltage and the pressure of the 75% N, - 25%
H, gas mixture were kept at the same value. Since
the primary goal is to maintain the temperature
set for the sample, it was sometimes necessary
to slightly deviate from the uniform pressure or
voltage during the entire treatment time. The
treatment parameters and produced samples are
listed in Table 1:

Table 1. Nitriding parameters of the samples produ-
ced for the examinations

2.3. Methods

The sample cross-sections were prepared by
grinding on SiC paper after the surface treatment,
followed by polishing with 3 and 1 pm diamond
suspension. The completed samples were etched
with a Beraha II-type etchant [8].

The formed surface layer was examined with
a scanning electron microscope (type: Zeiss Evo
Ma 10), and the surface nitrogen content of the
samples was measured with an energy dispersive
X-ray spectrometer, thus proving the success of
the surface treatments, establishing the effective-
ness of the different treatment temperatures.

Finally, microhardness tests were carried out
with a load of 200 grams to record the hardness
profile and the surface hardness of the samples,
for which a Buehler 1100 type microhardness
tester was used.

3. Results and discussion

Based on the scanning electron microscope
examinations, no compound layer was formed
on the surface of the high-speed steel samples
during the entire treatment in the tempera-
ture range and treatment times, which can also
be observed in Figures 1. and 2. The surface
composition analysis made with an energy dis-
persive X-ray spectrometer reliably measured
the nitrogen content of all samples (Table 2).
The measurement was carried out along the
cross-sectional, on the part marked with yellow
in Figure 2.

It can be concluded that a compound layer was
not formed on the samples, but a diffusion layer
was formed. The nitrogen content was increased
with increasing treatment temperature or treat-
ment time.

This phenomenon can be attributed to faster dif-
fusion at higher temperatures or to the time avail-
able for the phenomenon to occur [9].

The result of the hardness measurement can be
seen in Figure 3.

Table 2. Measurement data on the cross-sectional in
the subsurface (weight ratio, %)

No. Temlzfé';;\ture T(ilrlr)le —_ - . e o o
1 360 5 1 3.03 1.25 1.93 5.15 9.57
2 440 5 2 4.56 1.09 2.3 4.21 9.91
3 520 5 3 6.18 5.75 4.35 11.7 9.79
4 360 8 4 6.99 2.73 3.90 8.56 8.55
5 520 8 5 13.0 2.46 4.33 9.45 9.52
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Figure 1. Cross-section of the sample treated at 520 °C
for 5 hours (yellow cross marks the measu-
rement spots).

Figure 2. Section of the sample treated at 520 °C for
8 hours (yellow cross marks the measure-
ment spots)

Figure 3. Hardness profile of samples.

Table 3. The layer thickness of the diffusion zone

No. Layer thickness (um)
31
36
40
33
45

Ul WD

It can be clearly seen that the maximum hard-
ness was increased with increasing temperature.
Based on the ISO 18203:2016 standard, the de-
veloped diffusion layer thicknesses were deter-
mined using the curves. The value of the surface
layer thickness was equal to the point where the
core hardness + 50HV was reached. [10]. Table 3
contains the determined values.

4. Conclusions

With the technology of active screen plasma ni-
triding of high-speed steels, the surface hardness
can be increased even at low temperatures, while
at higher applied temperatures, the hardness val-
ue increases significantly. By increasing the time,
the surface hardness can be effectively increased
at lower temperatures but not at higher temper-
atures.

The layer thickness of the diffusion zone can be
increased minimally during the nitriding of high-
speed steels by increasing the temperature, but
no compound layer was formed. By increasing
the treatment time, the thickness of the formed
diffusion layer can be increased more significantly.

It is concluded that a compound layer cannot be
formed by active screen plasma nitriding during
a processing time of 5-8 hours, while the diffu-
sion zone was created even at the lowest test tem-
perature.
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Abstract

The publication deals with an innovative technology called powder-based metal injection moulding, which
is a combination of traditional polymer injection moulding and powder metallurgy. With the technology, it
is possible to produce metal components with complex geometry in large series. There is an extremely large
selection of materials that can be used, mostly steel, copper, titanium or nickel-based alloys. In this research,
the material used is type 17-4PH, martensitic corrosion-resistant steel, and since it is a widely used material,
it is examined in many international articles and research studies, and it is also common in industry, so it is
advisable to use this type of material for further comparability. Little information can be found in the liter-
ature about spraying parameters and their effects, which is why this research focusses on this. On the other
hand, these data can also serve as useful information for the industry. During the production of so-called
green products, the effects of product shrinkage were measured by changing the most important parameters
and comparing the effects of these parameters to traditional polymer injection moulding.

Keywords: metal injection moulding, shrinkage, stainless steel.

1. Introduction 1.1. Metal injection moulding technology

Metal injection moulding can be described as
a combination of traditional injection mould-
ing and powder metallurgy. It involves using a
granular feedstock with high metal powder con-
tent (95% by weight) and a binder consisting of
5% thermoplastic material. This feedstock is in-
jected into a mould using an injection moulding
machine. The resulting product is called a ,,green
part.” To create a porous structure throughout the
entire cross-section of the product, the amount of
binder needs to be reduced. There are various
methods for removing the binder, depending on
the specific binder system [2]. It is important for
the binder to create a porous product while still

In industry, an increasingly widely used process
is metal injection moulding (MIM), which allows
for the production of complex geometry met-
al components with high precision and in large
quantities. One of the major application areas of
this process is the automotive industry, where it is
employed for the production of relatively small-
sized products. There is a wide range of materials
that can be used, but iron-based alloys, titanium
alloys, and copper alloys are predominantly used.
A literature review reveals very limited informa-
tion regarding the impact of moulding parame-
ters on the properties of the product. Therefore,

the first step in the research is to investigate how
the moulding parameters affect the shrinkage of
the product and to what extent this resembles
what is observed in plastic injection moulding [1].

providing enough binding strength to hold the
powder particles together. The product with re-
duced binder content is referred to as a ,brown
part.” The next step in the process is the sintering
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phase. The part is heated in a high-temperature
furnace below the melting point until it reaches
the desired density characteristic of the material.
At this stage, the component acquires its metallic
properties and sound [1]. The overall process can
be seen in Figure 1.

So it can be seen that I am examining a narrow
range of the MIM process, namely the injection
moulding phase.

1.2. Effect of parameters on shrinkage

By changing the moulding parameters, it is
possible to modify the dimensions of the injec-
tion-moulded product, which is directly related to
shrinkage. The melt temperature, mould temper-
ature, and post-injection pressure are among the
main influencing factors. In the case of MIM, we
may not observe the same processes as in plastic
injection moulding, as the processed feedstock
contains only a small percentage of polymer ma-
terials and is three-component due to the two-
stage binder removal. Increasing the mould and
melt temperature generally increases the shrink-
age value. Increasing the post-injection pressure
achieves a decreasing effect on shrinkage [4, 5].

2. Experiment and methodology

In this chapter, we present the tools used for
measuring moulding parameters, the materials
used, the mould, and the parameters of the exper-
iment.

2.1. The raw material of the experiment

The selected material is martensitic corro-
sion-resistant steel, commercially known as
17-4PH, and its main components are listed in

Table 1. [6]. This material is commonly used in
both MIM and additive manufacturing processes,
which iswhy itis advantageous to use it [7]. Apart
from its corrosion resistance, it exhibits excellent
mechanical properties, making it widely utilized
in various industrial applications. It is frequent-
ly employed in aerospace and space technology,
as well as in the oil and gas industry. It is used
for the production of screws, springs, nails, gears,
and also finds applications in the medical field for
manufacturing surgical instruments. The binder
used in the process consists of two main compo-
nents: polypropylene and wax, which are mixed
with the metal powder at a ratio of 6% by weight
[8].

2.2. Test tool

To conduct the tests, we used a production
mould specifically designed for creating a test
specimen that weighed approximately 36 grams.
This mould is capable of facilitating various types
of tests. It is equipped with cooling channels on
each side and features a central inlet from which
a short runner feeds the mould cavity. The mould
used for the experiment is illustrated in Figure 2.
AFT Hungary Ltd provided us with the tool and
the possibility to test the tool.

Table 1. A 17-4 PH corrosion-resistant steel main
components 1.4542 [7]

% Cr Mn Si Ni Cu
Min. 15,0 - - 3,50 3,00
Max. 17,5 1,00 0,70 5,00 5,00

Figure 1. The process flowchart of metal injection
moulding [31]

Figure 2. The tool used for the test. 1- Cavity, 2-Run-
ner, 3-Gate
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2.3. Technological parameters

To determine the precise moulding parameters,
we conducted preliminary injection moulding
trials. In order to examine the effects of the pa-
rameters, it was necessary to establish an optimal
set of technological settings within the processing
limits. The switching point was set at 99% cavity
filling (Figure 3) with the dosing quantity contin-
uously increasing.

The melt temperature was selected as the aver-
age processing temperature of the polyethylene
(PE) component of the binder, and the value of
the holding pressure was set to the midpoint be-
tween the two extremes of the processing limits.
The optimal mould temperature was determined
empirically through experimental observations.

Table 2. The defined processing parameters

Parameter Value
Injection volume 6.56 cm3/s
Injection pressure 903 bar
Postpress time 2s
Post pressure 827 bar
Cooling time 15s
Tool temperature 45°
Melt temperature 205 °C

Figure 3. Fill sequence to define the switching point.

2.4. Changed parameters

During the experiment design, the primary ob-
jective was to vary the key parameters, namely
melt temperature, mould temperature, and hold-
ing pressure, individually in each case. As a re-
sult, 16 different technological settings were gen-
erated. The first 5 shots were disregarded to allow
the process to stabilize and reach thermal equi-
librium. Subsequently, for each configuration,
10 test specimens were produced, with 5 of them

left as green parts, while the other 5 underwent
additional steps (binder removal, sintering).

Table 3. The changed parameters and corresponding

values
Variable | Back press. | Tool temp. | Melt temp.
Deviation - 550 bar 25°C 195°C
Deviation - 690 bar 35°C 200°C
Average alue | 827 bar 45°C 205°C
Deviation + 965 bar 55°C 210°C
Deviation + 1103 bar 65°C 215°C
Deviation + 1241 bar 75°C 220°C

3. Results

After completing the trial injections, we pro-
ceeded with the evaluation of the results. Initially,
we examined the samples that had not undergone
sintering or binder removal. However, due to the
variation in injection moulding parameters, the
products exhibited flash along the parting line
(Figure 4) which would have affected the meas-
urement of hole distances. To obtain more accu-
rate measurement results, we manually deburred
all the holes in the fabricated samples. As a result,
the distances between the holes could be precise-
ly measured.

Following the removal of flash, we measured the
distances between the holes (Figure 5) using an
optical measuring machine. Therefore, the values
of linear shrinkage correspond to these distances.

Figure 4. Burring of the test specimen’s hole.

Figure 5. Measured value of linear shrinkage.
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The obtained results were plotted on a diagram,
illustrating the relationship between the variable
property and shrinkage. The data represents the
average of samples taken after 5 shots from the
new material.

Shrinkage was determined using the following
equation:

tool distance

Shrinkage = ( 1) -100

The parameter that mostly influences the prod-
uct size is the tool temperature (Figure 6). The
shrinkage ranged from 0.34% to 0.72%, which can
be considered a significant deviation, resulting
in a dimensional difference of approximately 0.4
mm over a test length of 100 mm.

The curve shows an increasing trend similar to
plastic injection moulding but only up to a tem-
perature of 55°C. Beyond this temperature, the
shrinkage value starts to decrease again. Dur-
ing the trials, it was observed that at higher tool
temperatures, the products would come out of
the mould with a ,wet” appearance. This could

potentially be attributed to wax exudation from
the binder (Figure 7) As a result, metal parti-
cles could replace the exuded wag, resulting in a
smaller shrinkage factor. It is hypothesized that
this could be measured based on the percentage
composition of the components.

The relationship between shrinkage and the
variation of applied pressure differs from that of
polymers. Based on the results, shrinkage reach-
es its maximum around 900 bar (Figure 8), lead-
ing to less shrinkage at higher or lower pressure
values. It should be emphasized that the impact
of applied pressure on shrinkage is significantly
smaller compared to that of tool temperature.

The deviations from plastic processing parame-
ters can be attributed to several factors; however,
further research is required to fully understand
them.

Among the parameters studied, the variation in
melt temperature had the least effect on product
dimensions, and the scatter of the curve was sig-
nificant compared to the deviations (Figure 9).

Figure 6. Effect of tool temperature on shrinkage.

Figure 7. Wet product surface, possible wax separa-
tion.

Figure 8. Effect of holding pressure on shrinkage.

Figure 9. Effect of melt on shrinkage.
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4. Conclusions

Based on the results of the conducted exper-
iments, it can be summarized that the general
principles of polymer injection moulding may
not necessarily be applicable to metal powder
processing. The physical properties of the mate-
rials show significant differences, such as varying
density, viscosity, thermal conductivity, and the
behaviour of a three-component system needs to
be examined.

However, the preliminary measurement results
are not sufficient to draw definitive conclusions.
Further tests and investigations are necessary to
validate the obtained results and ensure their re-
liability. Therefore, additional examinations are
required to apply more effective methods for op-
timizing the injection moulding process and im-
proving the quality of the final product.

Based on the tests, it can be assumed that oth-
er factors also influence shrinkage, especially in
the case of pressure and mould temperature. The
most significant effect is observed when chang-
ing the mould temperature. The influence of melt
temperature is not known, and measurement er-
rors may occur, which require further measure-
ments.
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Abstract

In all areas of industry, when choosing a material, compromises must be made since there is no material with
all the properties that are preferential for any use. In the automotive sector, lighter and less dense materials
can provide a considerable advantage, for example, lower fuel consumption due to weight reduction. Spe-
cialists dealing with materials science within metal foams have been trying to exploit the low density, high
specific strength and high energy absorption capacity of metal foams in as many ways as possible for a long
time. This research describes the one-step production method of syntactic metal foams with an aluminum
matrix infiltrated into a thin-walled steel tube, intended to create functional structures with a strong adhe-

sive bond and metal foam filling in a feasible way.

Keywords: metal matrix syntactic foam, foam-filled tubes, low-pressure infiltration.

1. Introduction

Syntactic metal foams are produced mainly by
themselves and not as functional, structural ele-
ments [1-3]. Recently, however, more and more
research has been dealing with metal foam-filled
tubes (FFTs), which examine metal foams placed
in tubes of a certain wall thickness. Because the
properties of metal foams can be further in-
creased if they are filled in hollow closed (metal)
sections, the metal foam filling and the closed sec-
tion surrounding it can support each other[4].

The tubes filled with metal foams are more re-
sistant to different types of loads than the metal
foams themselves. Compression and bending are
the two most important stresses in such struc-
tures, which is why researchers mainly charac-
terize foam-filled tubes with these properties. The
production of these structures can be done in two
ways: in one step, which is called the in-situ meth-
od or in multiple stages, which is called ex-situ. In
the case of the in-situ method, the foam produc-

tion process already takes place in the closed sec-
tion. In contrast, in the case of the ex-situ method,
the metal foam is reduced to the appropriate size
after production, then placed in a pipe or fixed in
some way.

Linul et al. [5, 6] investigated the effect of dif-
ferent temperatures on the axial quasi-static com-
paction of metal foams placed in circular tubes.
The material of the foam was A356 (AlSi7Mg). The
closed-cell foams were produced by stir casting
and cut into @20x20 mm pieces. The density of the
foams was 0.38-0.46 g/cm3. The specimens were
placed in circular X5CrNil18-10 stainless steel
tubes. Their outer dimensions were @22x20 mm,
with a wall thickness of 1 mm, without any ad-
hesive. In that research, quasi-static compression
tests were performed with a crosshead speed of
10 mm/min at room temperature and elevated
temperatures (150°C, 300°C and 450°C). The com-
pressed specimens were examined by scanning
electron microscopy (SEM) and optical microsco-
py (OM) methods. As the temperature increased,
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the brittle behavior of the aluminum foam
changed to a ductile one, and above 150°C, the
peak stress difference between the empty tubes
and the foam-filled tubes started to decrease due
to the softening of the aluminum foam filling.
It was also observed that the foam in the tube re-
duced the size and distribution of microcracks.

Only a few in-situ produced metal foam-filled
tubes can be found in the scientific literature, de-
tailed below.

Duarte et al [7] manufactured closed-cell AlSi7
foams with a solid aluminum skin using the pow-
der compact foaming technique by placing the
foamable precursor in an AlMgSi0.5 tube and
holding it there at 700°C for 12 minutes. The man-
ufacturing method resulted in a tight fit of the
foam but reduced strength and energy absorp-
tion due to quasi-static and dynamic axial com-
pression in the tube material.

Kemény et al. [8] manufactured samples creat-
ed in one step by low-pressure infiltration, where
the molten matrix material (AlSi12) was poured
directly into an AlMgSi0.5 tube filled with ex-
panded clay aggregates. The small difference in
melting point of the matrix and the tube materi-
al required precise adjustment of the infiltration
parameters. The outer diameter of the produced
specimens was @50 mm, and the inner diameter
was 040 mm. The manufacturing process in that
research is very similar to the process used in the
present research; however, an important differ-
ence is the material and wall thickness of the tube
used during the one-step production, as well as
the difference in the equipment used.

Chilla [9] and his research group investigated
X2CrNiMo17-12-2 stainless steel tubes filled with
closed-cell aluminum foam. The outer dimensions
were @31.7x100 mm, and the wall thickness was
1.85 mm. Three types of test specimens were pro-
duced; in the first type, the metal foam was ex-si-
tu inserted into the steel tube with a tight fit; in
the second type of test specimens, the aluminum
precursor was placed in the tube before foaming
and foamed there, intending to form cohesion be-
tween the foam material and the tube material.
In the third type of specimen, the inner surface
of the steel tubes was galvanized with copper
before foaming in the tube so that the copper
layer promoted the formation of a strong bond
between the foam and the tube. This was proven
to be a successful procedure since after the alu-
minum foaming, the continuous copper coating
disappeared, and a reaction product was formed
on the interface between the foam and the pipe,

which also contained aluminum, copper, tin and
tin with iron.

Taherishargh et al. [10] produced syntactic met-
al foams filled into tubes in one step using the
vacuum infiltration method. The specimens were
made from an AlSi7Mg matrix and 2.0-2.8 mm
expanded perlite particles. The infiltration took
place inside X5CrNi18-10 stainless steel tubes,
which had an outer diameter of ©25.4 mm and
a wall thickness of 0.9 mm and 1.2 mm. The spec-
imens were examined with computed tomogra-
phy (CT) and energy dispersive X-ray spectrom-
eter (EDS) and were subjected to quasi-static ax-
ial compression and a three-point bend test. For
compression, the crosshead speed was 3 mm/min,
and for the bend tests, 0.1 mm/s and 284 mm/s
crosshead speeds were applied up to 30 mm dis-
placement. The overall properties of the 0.9 mm
wall specimens were better, and EDS confirmed
the bond between the matrix and the tube. The
tensile strength was estimated based on flexural
properties.

Movahedi and his research group [11] produced
structures with circular tubes of ©28x30 mm
outer dimensions surrounded by syntactic metal
foam. The specimens were produced in one step
by counter-gravity infiltration, using Zn27Al-
2Cu0.015Mg alloy, 2.0-2.8 mm expanded perlite
aggregates and AlMgSi0.5 tubes. A tube with
©12x36 mm outer dimensions and a wall thick-
ness of 1.6 mm was placed in the mould’s cen-
tre before infiltration, surrounded by expanded
perlite particles. Scanning electron microscopy
(SEM) images showed a tight fit between the tube
and the matrix material, but EDS analysis showed
no chemical reaction at the interface.

2. Materials and methods

During the research, in-situ syntactic metal
foam-filled tubes were produced from an alumi-
num alloy matrix (Al-SilOMnMg - Silafont-36)
and mild steel (S235) tubes, which had a wall
thickness of 1 mm and an outer diameter of @30
mm. Lightweight expanded clay aggregate parti-
cles (LECAP) sold by Liapor GmbH & Co. KG were
used as fillers.

3. In-situ manufacturing

The manufacturing process was managed with
the assistance of pre-manufactured steel cruci-
bles, which were 40x50 mm cross-section, 280 mm
high rectangular-based, hollow section crucibles,
and a thin-walled steel tube was welded inside
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to the center of their base (Figure 1). The man-
ufacturing process began with coating the inside
of the steel crucibles and the outer surface of the
welded steel tube with graphite emulsion. Then,
the space between the outlet tube section that
was welded to the side of the steel crucible and
the thin-walled steel tube in the steel crucible was
filled with alumina padding to prevent the melt
from flowing through. There was also an outlet
on the side of the thin-walled steel tube. The gap
between the section and the tube was filled with
aluminum padding up to a height of ~5 mm from
the top of the outlet. After that, casting sand was
used to fill the gap to the top of the inner tube,
made of sand, bentonite and water. The function
of the casting sand was to stop the molten alumi-
num from flowing between the tube and the sec-
tion wall, thus avoiding an unnecessary amount
of material adhering to the FFT. Due to the high
thermal load capacity of the sand, it will not stick
to the steel tube, so that it can be easily cleaned
from the surface after casting. Another layer of
alumina padding was placed around the upper
part of the inner tube on top of the sand layer.
The inner steel tube was filled with LECAPs with a
diameter of ¥3.5-4.0 mm, and fixed in place with
a stainless steel net on top, which prevents the
displacement and floating of the LECAPs to the
surface.

The steel crucibles were then placed in a Lind-
berg/Blue M furnace for preheating and heated
to 400°C. The crucibles were kept at this tem-
perature in the furnace for at least 45 minutes,

so the temperature at all points was the same as
that of the furnace. During the preheating, the
AlSi10MnMg block serving as the matrix materi-
al was melted in an IND F-10 induction melting
furnace until it was red. When it reached this
condition, the induction furnace was turned off,
and while the molten aluminum was cooling, the
temperature of the melt was measured using a
Maxthermo MD-3003 type K digital thermometer.
In the used matrix material - filler particle - thin-
walled steel tube system, a melt temperature of
820°C was necessary for successful fabrication, so
the infiltration took place completely, even with
the low preheating temperature. The pressure
required for infiltration was applied to the cru-
cible through a well-insulated pipe. The pressure
came from a high-pressure argon bottle through
a reducer, and a pressure of 0.4 MPa was used to
press down the molten matrix material. After in-
filtration, the crucible was cooled under running
cold water, then the outer crucible was removed,
and in-situ FFTs in the state shown in the picture
below (Figure 2) were obtained.

Finally, the unnecessary aluminum was cut off
from the top of the steel tube, resulting in a syn-
tactic metal foam-filled functional structure pro-
duced in one step. The cross-sectional view can be
seen in Figure 3.

Figure 2. In-situ produced syntactic metal foam-filled
steel tube, after cooling.

Figure 1. Schematic figure of the in-situ foam-filled
steel tube production.

Figure 3. Thin-walled in-situ syntactic FFT.
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The bulk density of the structure was deter-
mined based on geometric and mass measure-
ments; its value was 2.30 + 0.01 g/cm3, which is
~15% less than the density of the aluminium alloy
used, and ~70% less than the density of the steel
tube.

4. Conclusions

The following conclusions were drawn from the

results of the research:

— low-pressure infiltration is a suitable melt
route process for the one-step production of
syntactic metal foam-filled steel tubes;

— during the research, a suitable mold was cre-
ated for production;

— as a result, a functional structure was ob-
tained with low density, which only needs to
be cut before installation;

— further research of the manufactured struc-
ture is expected, primarily mapping its com-
pression and bending properties based on the
methods found in the literature.
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Abstract

This paper deals with the proof of the theory of elongation reserve remaining in wood after compression
parallel to the grain. After compression, the wood becomes much more pliable and the force required for
bending is reduced. At the end of the 1-minute fixation following 20% compression, the compressive stress
in the beech samples was reduced to an average of 72.3%, while the oak samples showed a 65.6% change.
The remaining shortening at this time was 3-5%. At the end of the 3-hours fixation, the compressive stress
had decreased to 37.1% for beech and 27.9% for oak, resulting in a residual shortening of 12-18%. An average
maximum tensile force of 1.76 kN was required for untreated beech samples, which resulted in a 1.55 mm
increase in size parallel to the grain. For specimens fixated for a short-time, a tensile force of 1.06 kN caused
a 3.66 mm increase in size, while for specimens fixated for a long-time, a force of 0.85 kN caused an 8.79 mm
increase in size. The trends were similar for oaks. The higher moisture content provided a significantly larger
increase in size during the tensile tests. The existence of the elongation reserve was clearly confirmed.

Keywords: wood compression parallel to the grain, compressive stress, tensile strength, tensile test, elonga-

tion reserve.

1. Introduction

1.1. The anatomical structure of wood

Wood, as a natural composite, has been an im-
portant raw material for mankind since ancient
times. It consists of three main components, cellu-
lose, lignin and hemicelluloses. Before moving on
to wood compression along the grain (pleating), it
is important to clarify the general structure and
cell structure of wood. Cells are usually made up
of several cell walls; the outer wall is called the
primary cell wall, while the subsequent layer is
usually called the secondary cell wall, however,
it is three-layered, they are distinguished by sepa-
rate symbols (S1, S2, S3) (Figure 1).

The structure of the cells is very important from
a mechanical point of view since strength is a
determining factor in the fields of use of wood.
The cells have an elongated structure; the cells
that ensure the strength of wood are called fib-

ers. In terms of the structure of the trunk, two
large groups can be distinguished: heartwood
and sapwood. The heartwood is an internal part
of the trunk and does not play a role in active
physiological processes. Its extractive material
content is typically extremely high compared to
sapwood, and the heartwood provides the ap-
propriate strength. However, living cells are also
needed around the inactive cells, which ensure
the biological life of the tree. This function is per-
formed by the sapwood, in which the vessels and
tracheids serve as water and nutrient transport
channels. However, it is important to mention
that their structure has been discussed in gener-
al so far. The properties differ from tree to tree,
but tree species can be grouped in several ways.
Good examples of these are the marked differenc-
es between the hardwood groups of the ring-po-
rous and the diffuse-porous. Thanks to these dif-
ferences, the wood species can be used in several
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sectors. Nowadays, wood modification is widely
researched and used for a variety of purposes. Its
purpose is to improve the properties of certain
wood species and increase their range of use.

1.2. Assuming the existence of the elonga-
tion reserve

As a result of the treatment, pleating results
in a permanent shortening of the wood. Several
changes take place in the wood during the com-
pression, and accordingly, several theories have
come to light to explain the significantly improved
pliability. The primary theory is that during pleat-
ing, a reserve of elongation is created in the wood
by the buckling of the cell walls. In other words,
the buckled cell walls are able to straighten lat-
er (first appearances: [2, 3]). This is important
because the failure of the wood during bending
typically occurs in the tension zone (disruption),
due to its low elasticity. The aim of this research
is to prove or disprove, based on the measured
results and their analysis, whether there really is
an elongation reserve in the wood after pleating.

1.3. The history of compression

We distinguish two large groups in terms of
compressing. Compression can be done parallel
to the grain or perpendicular to the grain (Fig-
ure2). The difference between the anatomical di-
rections is also reflected in the goals of the modi-
fications. With compression parallel to the grain,
the material will be much more flexible, while
with compression perpendicular to the grain,
we can increase the density, thereby making the
wood much harder.

The bending of wood as a process was already
used in ancient Egypt. At that time, wood was
only steamed, which softened the material and

Figure 1. Structure of the cell wall. (source: [1])
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made it bendable. This made it possible to change
the shape more easily without breaking the ma-
terial. Once set to the correct shape, cooling and
drying were used to finalize the change with min-
imal spring-back. The method is still popularly
used today, however, the steaming process is very
complicated and only economical in large-scale
industrial series production. Nevertheless, soften-
ing methods have also been developed, as Koll-
man [4] mentions in his study. There are cooking
methods where the wood is treated in alum or in
anhydrous liquid ammonia.

1.4. The development of the pleating

This process was first introduced in the German
Empire in 1917, which made it possible to bend
wood at room temperature [5]. The method made
it easier to bend the wood without much force,
and had the advantage that the compressed mate-
rial did not need to be reheated to achieve a high
degree of bendability. An important part of the
process was cooking or steaming before pleat-
ing, which softened the fibers enough to allow
pleating without ruining the material. The pleat-
ed wood can be bent at any temperature. After
the modification, the pleated wood was cooled,
thanks to which it became further processable
and could be cut into boards and other timber.
Regarding the applied procedure, it can be stated
that in this case it is a thermo-hydromechanical
modification.

In 1917, an another patent was published in the
German Empire, which further developed the
previous patent for large-scale production [6].
In this development, the fixing time (the period
during which the compressed wood is held in a
compressed state) was to be triggered by means
of a clamping device. Normally, after pressing, the
material is left to fix inside the machine, which
further strengthens the changes in properties
caused by compression, but in this case the ma-
chine cannot be used for further compression.

Figure 2. Microscopic image of beech wood before
and after perpendicular compression to the
grain direction (source: [3])
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With the help of the developed device, the mate-
rial could be taken out of the machine in a fixed
state, ensuring permanent fixation, and then
cooled. Meanwhile, the machine could already
start compressing the next piece of wood. Unfor-
tunately, the operation was so complex that the
technology and production processes of the time
did not allow its spread in the wood industry. This
type was further developed in 1926 [7]. Holzvere-
delung GmbH created a machine based on Hane-
mann’s preliminary patents, and it could already
be successfully integrated into the industrial pro-
cesses of the time and production became realis-
tically feasible. An internal insert was developed,
thanks to which the wood could be taken out of
the machine immediately after pressing and kept
it in a fixated state. In the meantime, it was al-
ready possible to refill the compression device
with the new wood (Figure 3). In the decades that
have passed since then, experts have initiated
and implemented numerous developments, so
that since the 1990s, PLC-controlled compression
equipment has been available.

Pleating has been possible at the University of
Sopron since 2015. Measurements and compres-
sion force are provided by an Instron 4208 uni-
versal material testing machine (Instron Corpo-
ration, USA). The compression process itself takes
place in a machine unit specially developed for
this purpose, which is described in subsection
2.2. The machine provides the possibility to com-
press 20x20x200 and 20x30%200 mm specimens
pleating. Its maximum compression capability
allows the tested material to be compressed to a
ratio up to 33% smaller than its original length in
the grain direction. Heating is built into the side
walls ensuring the right temperature, and the
side plates can move together with the wood be-
ing compressed in order to achieve the right com-
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pression ratio [8, 9].

The great advantage of pleating wood is that it
is very economical in terms of raw material use.
Curved furniture elements are mostly made of
glued or glued-laminated elements, which require
a lot of glue and wood. On the other hand, wood
compressed along the grain provides a cost-effec-
tive solution.

Pleated wood is extremely versatile in terms of
areas of application. As already mentioned, it can
be perfectly used for creating curved furniture el-
ements, as well as for vibration-damped tool han-
dles, curved picture frames, car interior coverings,
sports equipment, in the toy industry and musical
instruments [3, 4, 10].

For pleated wood, production oversizing can
be avoided, since even the finished form can be
bent without breaking, in addition to all this, the
direction of the grain follows the shape through-
out, there are no fibers running out to the side.
However, the disadvantage of the process is that
discoloration due to steaming has to be taken into
account. Thus, it is necessary to choose where it
should be used aesthetically.

1.5. Tomoritésre alkalmas fafajok

Based on preliminary studies and research, it
can be stated that a wide range of wood species
can be used for compression. There is a large
selection of hardwood species, most of them are
especially suitable for compression, for example
beech (Fagus sylvatica v. Fagus ssp.), oak (Quer-
cus ssp., Quercus petraea, Quercus velutina), black
cherry (Prumus serotina), ash (Fraximus excelsior,
Fraximus americana), and silver maple (Acer sac-
charinum) and pear wood, too [4]. Differences can
be read in various literature when we are interest-
ed in robinia, poplar or linden. The compression
properties of these wood species are doubtful.

Figure 3. The first compressing machine produced for industrial use. (source: [71)
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In order for the wood to be pleated without prob-
lems, special attention must be paid to the quality
of the material to be used. Only the knot-free, nar-
row annual-ring wood of a straight-growing tree
can be used for compression. The direction of the
fibers of the material must be parallel to the longi-
tudinal edges of the workpiece, which means that
a maximum deviation of 7° can be accepted. The
quality of the material itself is much more impor-
tant for compression than the method by which
it was cut from the log, in this case this aspect is
negligible information [11]. For wood prone to
false grain, special attention must be paid to the
fact that the wood to be used must not contain
false heartwood, as it has different mechanical
properties and would impair the final result.
From the point of view of knots, large knots are
to be avoided, however, pin knots are allowed on
the surface, but these are not very desirable ei-
ther, since these points absorb the greatest stress,
which means that in the case of tensile tests, pos-
sible failure will take place on these weakened
cross-sections. When designing the speciments, it
is also important to take into account the shape
factor, because the cross-section of the material
changes as a result of steaming and cooking. This
is due to changes in moisture content. It is also
possible to compress bundled specimens. Howev-
er, it is important that only one wood species can
be compressed in a bundle, and their placement
in the machine is only possible if they behave as
one material.

In the cellular structure of wood, we distin-
guish between two types of water, free water and
bound water. The free water is found inside the
cells, in the cell lumina, while the bound water
tends to settle on the walls of the cells. Fiber sat-
uration point (FSP) is the state when there is no
free water in the cell lumina, but the bound wa-
ter accumulates in the largest possible amount on
the walls of the cells. The fiber saturation point
is different for each wood species, for beech it is
35.6%, while for oak it is 24.5% [12]. If we average
the different FSPs of the wood species, we would
get roughly 30%. Thanks to this value, it is also
used in practice for large amounts of wood. For
compression, mostly green wood is suitable, but
with a moisture content of at least 16% [13]. . Ac-
cording to other literature, the moisture content
of the wood suitable for compression is 2-8% less
than the FSP [14].
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2. Materials and methods, description
of technology processes

2.1. Fiber softening process

The modification process consists of three im-
portant parts: fiber softening, compression itself
and post-treatments. Thanks to the hollow cell
structure of the wood, compression can be car-
ried out non-destructively, however, since the
untreated material is very stiff, it must always
be steamed/cooked beforehand in order to make
it easier to form and to soften the fibers. From a
chemical point of view, hemicelluloses and lignin
change under the influence of the right amount of
heat and moisture, which allows the mechanical
properties of wood to decrease, like the modulus
of elasticity. The cellulose fibers form a rigid struc-
ture in the cell wall, however, under the influence
of heat and moisture, the matrix material consist-
ing mainly of lignin and hemicelluloses softens
[15], and the cells can slide over each other dur-
ing compression and bending. During steaming,
wood begins to decompose at approximately 100
°C. Initially, damage to the hemicelluloses is ob-
served, due to which the resistance of the wood to
pressure decreases, in other words this condition
is particularly advantageous for compression in
the direction of the grain. According to specialist
literature, the reference value for overheating of
wood is 2 min/mm [16, 17], taking this value into
account, the appropriate steaming time must be
defined depending on the cross-section to be com-
pressed.

Overall, it can be stated that before compres-
sion, the wood must always be steamed at a tem-
perature between 80-100 °C for better pliability,
so that the level of fiber softening will be ade-
quate to start compression (Figure 4).

Figure 4. The vessel used for steaming the specimens.
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2.2. Application of Instron 4208 material
testing machine for pleating

As previously mentioned, fiber compression has
been possible at the University of Sopron since
2015. In order to apply the technology, a machine
(Instron 4208) capable of exerting a suitable
amount of force was needed, as well as a com-
pression unit that could be connected to the ma-
chine (Figure 5).

The construction of the compression unit is sim-
ple and performs its function perfectly. It consists
of two main parts. From a rigid-walled compres-
sion chamber, the inner side walls of which can
move with the compressed material, and from a
heated outer side wall, which ensures the right
temperature for the duration of compression
(Figure 6).

The settings of the compression program were
suitable for all specimens, we only changed one
parameter, the fixation time. The size of the fixa-
tion time largely determines the degree of change
in the material properties, the longer the fixation
time causes a greater permanent shortening and,
with this, the elongation reserve probably also in-
creases.

In the course of the research, we examined two
tree species, beech (Fagus sylvatica) and sessile
oak (Quercus petraea), and two fixation times
were used for each tree species, a fixation time of
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one minute (fixated for a short time) and 3 hours
(fixated for a long time), respectively. According
to this, we could separate four groups of com-
pressed specimens in addition to the untreated
ones.

2.3. Pleating

Once the fiber softening process is complete, the
pleating can begin. The object to be compressed
is placed in the compression chamber, where the
specimens are using high pressure, in which case
a size reduction of up to 33% can be achieved
without destroying the material. It is important
to mention that the maximum compression value
of 33% is determined by the laboratory compres-
sion equipment we use. Every type of wood has a
compressibility limit, beyond which the material
undergoes substantial structural destruction, so
it breaks down and will not be suitable for cast-
ing. Based on previous, unpublished research, for
example, the highest compressibility ratio before
failure in oak is 21-23%, while in the case of beech
it can reach up to 30%. During our tests, the com-
pression was carried out with a 20% decrease in
size in the fiber direction for all specimen groups,
thereby guaranteeing adequate compression
without significant structural damage. The rela-
tive compression rate was 25%j/min [1].

When the appropriate pressing ratio is reached,
fixation can begin, where its internal stresses de-

Figure 5. Compression unit close up.

Figure 6. The internal structure of compression unit.
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crease and its permanent shortening and benda-
bility increase. It is important to mention that the
longer the fixing is done, the less the material will
bounce back.

2.4. Post-treatment of pleated wood

Once the test pieces are removed from the com-
pression chamber, post-treatment processes can
begin. Since it has to be steamed before compres-
sion, it has a high moisture content after the pro-
cess is finished, so the next step is the drying, as a
post-treatment. Several methods can be used for
drying, the choice of which depends on the specif-
ic area of use of wood. However, it is important to
mention that the flexibility of the wood deterio-
rates rapidly during drying. At a moisture content
of 0-5%, it often happens that wood compressed
in the grain direction is more brittle than untreat-
ed wood. Overall, it can be concluded that drying,
as a post-treatment process, serves as a final op-
eration. The compressed material is bent into the
desired shape, and then this change in shape is
finalized by drying. However, it is important that
the bent material must be dried attached to the
bending template, so that there will certainly be
no deviations in shape after the process is fin-
ished. Previous studies have shown [9], that the
bendability of pleated wood is greatest when it is
close to fiber saturation point.

The bendability of the compressed material can
be preserved, but this requires a suitable mois-
ture content. This means that, subject to the ap-
propriate climatic conditions, it is not important
to use the pleated wood immediately, but it can
be perfectly stored, thus facilitating the mass pro-
duction of factories with a large consumption of
material.

2.5. The process of forming the tensile
samples

During the process, we compressed 20x30x200
mm specimens (Figure 7), but they were still too
large to be subjected to tensile tests.

Each large specimen was sliced into small test
specimens 2 mm thick (2x20x160-200mm de-
pending on the treatment), it was usually possible
to create 4 small samples from one large spec-
imen, also taking into account the width of the
cutting gap (Figure 8).

The sliced samples were routed to a standard-
ized profile using a plunge router machine, which
were already suitable for carrying out the tensile
tests (Figure 9). The tested part was 2x8x50 mm
for each tensile sample.
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Figure 7. 20x30x200 mm beech specimen.

Figure 8. Thin specimens cut from larger beech spe-
cimens in order of compressed and fixated
for a long time, fixated for a short time and
untreated.

Figure 9. Fixated for a long time, fixated for a short
time and untreated small samples in sequen-
ce, with a profile designed for tensile testing.
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In Figure 8 the specimen on the left is clearly
curved, so the profile was designed in line with
the original shape. During the three-hour fixated
pleating, most of the large specimens were bent
after being removed from the compression equip-
ment. As we mentioned also in subsection 1.5, it
is important that all fibers are located parallel in
the specimen, in order to preserve parallelism,
the design of the tensile sample must be adjust-
ed to the curvature of the material, so there will
be no fiber run-out, which can lead to incorrect
measurements in the tensile test.

For both beech and oak, a total of three speci-
men groups were created. We examined the me-
chanical properties of wood specimens fixated for
a long time, fixated for a short time and untreat-
ed. The three main specimen groups underwent
different pre-treatments, the purpose of which
was to be able to carry out a wider range of tests.

During the first type of pre-treatment, the sam-
ples were conditioned to a moisture content of
12% at a temperature of 20 °C at a humidity of
65% (normal conditions). In the second type of
pre-treatment, the samples were first dried to 0%
moisture content and then climatized under nor-
mal conditions. In the third type of pre-treatment,
the samples were stored in wet state close to
green moisture content, which was achieved by
freezing so that the water formed solid molecules
in the wood, thereby disabling evaporation and
the appearance of biotic pesticides. We examined
an average of 40 tensile samples per specimen
group, in other words the data of a total of 240
samples were processed.

2.6. Tensile tests

After the design of the samples and the com-
pilation of the specimen groups was completed,
the specimens were subjected to tensile tests. We
used a Tinius Olsen H10KT (Tinius Olsen Ltd. Re-
dhill, England) material testing machine to carry
out the tests. The lower grip has a fixed position,
while the upper grip can move in the direction of
the ,z” coordinate (Figure 10).

Since the strength and elongation of the fixated for
a long time, fixated for a short time and untreated
specimens were significantly different, we chose a
different tension rate for each group of specimens.
Our aim was for all samples to fail in a uniform time
interval as defined by the associated test standards
(ISO 13061-6:2014 [18]) Considering the failure
times, the correct rate was 3 mm/s for untreated
samples, 4 mm/s for fixated for a short time sam-
ples, and 8 mm/s for fixated for a long time samples.
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Figure 10. Clamping a tensile sample into the mate-
rial testing machine.

3. Results and evaluation

3.1. The changes in compressive stress due
to fixation

During compression along the grain, wood is in
plasticized state, thus preventing its destruction.
Achieving a compression ratio of 20% requires
significant force, which all of our samples with-
stood without damage. In the moment when the
compression ratio of 20% was reached, the actual
compression force divided by the cross-section
gave the highest compression stress. Keeping the
20% compression ratio at a constant value (fixa-
tion), the compression stress initially quickly de-
creases and then the decrease gradually slows, as
is typical for the stress relaxation of viscoelastic
materials.

The beech and oak specimens reacted differ-
ently to the compression. As shown in Figure 11
after 20% compression, the compressive stress
of the beech specimens decreased to 72.3% after
1 minute of fixation, while the same was 65.6%
for the oak specimens. Long fixation (compressed
for 3 hours) reduced the compressive stress to
37.1% for beech and 27.9% for oak. It should
be noted that the significant difference is also a



Sajdik T., Bdder M. — Acta Materialia Transylvanica 6/1. (2023)

consequence of cooling to room temperature. At
the same time, the structure of the specimens
changed significantly as a result of both compres-
sion and fixation for a long time, as has already
been demonstrated by numerous microscopic
analyses [9]. Analyzing the permanent shorten-
ing values, it can be said that in all cases the oaks
suffered a greater permanent deformation than
the beeches. After 20% compression and short
fixation, the shape change was 3-5%, while long-
term fixation resulted in a permanent shortening
of the specimens of 12-18%. These are very sig-
nificant changes, which are coupled with serious
changes of the anatomical-physical-mechanical
properties. This is reported in Figure 11, which
shows both the averages of the maximum com-
pressive stresses and the averages of the com-
pressive stresses measured at the end of the fixa-
tions. In general, it can be said that a third of the
compressive stress created during compression
is removed during one-minute fixation, while
a three-hour fixation reduces the compressive
stress significantly more, by two-thirds.

3.2. Relationships between the degree of
rebound and the magnitude of the ex-
erted force

For specimens conditioned to 12% moisture
content at 20 °C temperature and 65% relative hu-
midity (normal condition), it can be observed for
both wood species that the tensile forces are op-
posite to the size changes along the grain, as can
be seen in Figures 12. and 13. The tensile force
applied to the untreated beech samples was 1.76
kN on average until the moment of rupture with
an average increase in length along the grain of
1.55 mm. For the samples fixated for a short time
a smaller force was required, on average 1.06 kN,
to achieve an average 3.66 mm increase in length
in the fiber direction, however, the most spectac-
ular results were obtained for the samples fixated
for a long time. An average force of just 0.85 kN
was enough to increase the length by averagely
8.79 mm. This means that the magnitude of the
tensile force changes opposite to the fixation time
for a given amount of elongation. For specimens
fixated for a long time, which were under contin-
uous pressure for 3 hours, we can achieve greater
increase in fiber direction with much less force.
This finding was also true for all other samples
during the measurements.
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Figure 11. Compressive stresses after pleating and
after different times of fixation.

Figure 12. Correlations of tensile tests of beech
wood.

Figure 13. Correlations of tensile tests of oak wood.

3.3. Dimension changes depending on the
fixation time

For both tree species, the length of the speci-
mens differs depending on the treatment (un-
treated, fixated for a short time and fixated for a
long time groups). It can be perfectly demonstrat-
ed that fixation for a long time is the most effec-
tive procedure in terms of the ability to change
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the size in the grain direction, as can be seen in
Figures 14. and 15. This is in line with the finding
of Bader and Németh [19] according to the deflec-
tion of the compressed samples by 20% during a
4-point bending test: these samples have 3-4 times
higher pliability compared to the untreated ones,
while the fixated for a long time can withstand at
least a six-fold deflection.

3.4. The influence of moisture content on
the dimension changes during the ten-
sile tests

Figures 16 and 17 summarize the averages of
the dimension changes parallel to the grain for all
three sample groups and for both wood species.
It is perfectly visible that in almost all cases the
samples with the highest moisture content had
the largest deformation during the tensile tests.
This finding also supports the results of previous
research [9], that the bendability/elongability of
wood is greatest when it is in a state close to fib-
er saturation point. The other sample groups con-
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tained much less water than these sample groups,
so it was closest to the fiber saturation point.

3.5. Relationship of specimen groups close
to the green state

Interestingly, a lot of similarities can be ob-
served between the length change along the fibers
- tensile force graphs of both wood species in Fig-
ures 18 and 19. The graphs of the untreated spec-
imens slope sharply upwards, thus, a large force
is necessary to achieve a small length change. For
the specimens fixated for a short time significant-
ly less force is needed for the same length change
along the fibers and the maximum length change
is greater, compared to the untreated specimens.
Finally, the graphs of the specimens fixated for a
long time show the most spectacular deviation,
since here, thanks to the large-scale changes in
cell structure [19] the largest maximum length
change can be achieved with relatively low maxi-
mum force compared to the untreated specimens.

Figure 14. Average size of oak samples parallel to the
fibers in the different phases of the test.

Figure 16. Average length change of beech samples
during tensile tests at different moisture
contents.

Figure 15. Average size of beech samples parallel to
the fibers in the different phases of the test.

Figure 17. Average length change of oak samples
during tensile tests at different moisture
contents.
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Figure 18. Force - length change graphs for represen-
tative specimens of all three beech sample
groups with near green moisture content.

4. Conclusions

The aim of the study is to prove the theory of the
elongation reserve of the pleated wood, as well as
to examine and compare the mechanical effects
of the various changes in material structure as-
sociated with the modification process with the
mechanical properties of untreated wood.

The data and diagrams illustrated above serve
as proof of the existence of the elongation re-
serve. The knowledge of this can serve as an im-
portant factor in further research on pleating, as
well as in the application of pleated wood in the
furniture industry, where curved elements can be
made. By taking into account the elongation re-
serve, the change in dimensions and flexibility of
the compressed material can be calculated more
precisely, which will facilitate the production of
curved elements in the future.

During the tests, we not only found evidence for
the existence of the elongation reserve, but also
found a clear explanation for the findings of pre-
vious tests: the significant increase in the pliabil-
ity of wood compressed along the grain is the re-
sult of the improvement of the ability to increase
in size along the grain. In addition, we proved
that the ability of the specimens to increase in
size along the grain is significantly higher at a
moisture content close to the fiber saturation
point than at a moisture content of 12%.

In the future, we will expand the number of
tested sample groups, which will be subjected to
other pre-treatments before the tensile tests, such
samples with a moisture content of 20-25% and
samples dried artificially.
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Abstract

The purpose of this study is to investigate the applicability of the friction stir welding technology to acrylo-
nitrile butadiene styrene (ABS) type polymer and the effect of welding parameters on the force values and
weld strength during he-welding. The tests were carried out on 4 mm thick ABS sheets using a conventional
mould design. The input parameters (speed — n, feed rate — vy were varied in 3-3 steps and a complete set
of experiments was performed. From the force measurements, it was concluded that the force values in the
feed direction (F,) and axial direction (F,) are the dominant force values during welding. The force compo-
nents decrease with increasing speed and n/v,ratio, while they increase with increasing feed rate. The tensile
strength of the weld improves with increasing speed and n/vf ratio, while they deteriorate with increasing
feed rate. The best weld strength (10.69 MPa) was measured at 1000 rpm and 50 mm/min feed rate.

Keywords: friction Stir Welding, ABS, welding force, joint efficiency.

1. Introduction

Friction stir welding (FSW) is a welding process
based on the principle of mechanical friction,
patented in the early 1990s [1]. The process has
become particularly successful and popular, for
example in the case of aluminium. It is used in
industries such as the aerospace industry [2, 3, 4].
For the time being, it is only used with alumini-
um at an industrial level, but there are already
publications on welding experiments of magne-
sium [5], titanium [6] and copper [7]. Friction
stir welding is not only investigated for welding
metallic materials. There are several studies on
the friction stir welding of various polymers and
fibre-reinforced thermoplastics [8] One of the
greatest advantages of the technology is that it
is also suitable for welding fibre-reinforced ther-
moplastics [9]. In addition, friction stir welding
is energy-efficient and environmentally friendly,
because neither auxiliary materials nor shielding
gas is needed [10].

In friction stir welding, a rotating tool with a
special shoulder and pin geometry moves be-

tween the workpieces which are in contact and to
be welded together. Friction between the work-
piece and the rotating tool produces the temper-
ature required for welding. Also, the tool mixes
and circulates the melted material in the welding
zone, thus ensuring an even and uniform seam.
The tool used during welding is sunk into the ma-
terials to be welded to a depth approaching the
thickness of the workpieces to be welded. After
the tool reaches the end of the welding path, it is
lifted out of the welding zone. Figure 1 shows a
schematic diagram of friction stir welding, as well
as the force components during welding.

ABS is one of the most common thermoplastics,
which can be found in large quantities in vehicles
or very often in various household appliances.
This is because it can be easily processed, is stiff
and is scratch resistant and durable [11].

In recent years, many publications have focused
on the friction stir welding of ABS.

Arvin et al. [12] studied the friction stir welding
of ABS sheets using a special tool with a heated
shoulder. The diameter of the tool was 10 mm and
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Figure 1. Schematic diagram of friction stir welding.

the pin was threaded. The shoulder was equipped
with an electric heater, which was used to con-
trol the temperature of the shoulder. During their
tests, they varied 3 parameters (tool rotational
speed, feed and the initial temperature of the tool)
at 3 levels. They used a complete design of exper-
iments, therefore they carried out experiments at
27 measurement points. The output parameters
were the tensile strength of the seam and bond-
ing efficiency (the ratio of the tensile strength of
the seam and the bulk material). They analysed
their measurement results by analysis of variance
(ANOVA) and the response surface method (RSM).
The authors concluded that the tensile strength
of the seam increases with increasing rotational
speed and tool temperature, while with increasing
feed, it decreases. The best welding efficiency (88%
of that of the raw material) was achieved with a
rotational speed of 1600 1/min, a feed of 20 mm/
min and a tool temperature of 100 °C.

Sadeghian and Givi [13] studied the friction stir
welding of 8 mm thick ABS sheets, using tools with
cylindrical and conical pin geometries. The shoul-
der had a standing design, but was not heated.
Among the input parameters, rotational speed,
feed, as well as the inclination angle of the tool,
the diameter of the shoulder and the pin, and the
ratio of these diameters were changed at 3 levels.
Here again, the output parameters were the ten-
sile strength of the seam and bonding efficiency.
From their measurement results, the authors con-
cluded that the conical pin geometry, larger tool
inclination angle and diameter ratio, as well as a
low feed improve tensile strength.

Mendes et al. [14] studied the friction stir weld-
ing of ABS using a robotic system. In their study,
they used a heated, standing shoulder tool design.

The welding parameters examined were rotation-
al speed, feed and the axial forces. After welding,
they examined the strength and hardness of the
seam. The authors concluded that high-quality
seams can be achieved with robot-assisted fric-
tion stir welding; the high axial force promotes
the compression of the polymer in the molten
state, and rotational speed is responsible for heat
production, which increases the strength of the
seam.

Examining the welding of different polymer
materials to each other is also an increasingly re-
searched topic these days [15].

Gao et al. [16] investigated the weldability of
ABS and high-density polyethylene (HDPE) sheets
by stir friction welding. In addition to these two
materials, the authors introduced carbon nano-
tubes into the joint to strengthen the seam. The
tool had a pin with a tapered thread. In the study,
the thickness of the welded plates was 4 mm, dur-
ing welding, the two materials were placed over-
lapping each other, where the lower material was
always ABS. The tool had a tapered thread pin
geometry. The input parameters were rotational
speed, feed and tool (welding) depth. These pa-
rameters were varied at 3 levels. They analysed
the effect of changes in process parameters on
the strength and microstructure of the seam.
They achieved the best seam tensile strength
(14.7 MPa) with a feed of 30 mm/min, a rotation-
al speed of 2500 1/min and an immersion depth
of 0.2 mm. They also point out that a lower feed
rate increases mixing time, which ensures better
mixing in the welding zone, while increasing the
speed results in more heat.

Hajideh et al. [17] also investigated the fric-
tion stir welding of ABS and polypropylene (PP).
At some measurement points, they introduced
copper powder into the welding zone to inves-
tigate its effect on the strength and hardness of
the weld. The tool was a heated, standing shoul-
der design, and the pin was threaded. The input
parameters (rotational speed, feed and tool tem-
perature) were varied at 3 levels. A complete ex-
perimental plan was used. The output parameters
were the strength and hardness of the seam. The
results indicated that copper powder significantly
increases the strength and hardness of the weld.

In this study, we investigate the friction stir
welding of 4 mm thick ABS plates. We examine
the force components occurring during the weld-
ing process and the strength of the seams as a
function of the input parameters.
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2. Materials and methods

During the experiments, 4 mm thick DOCA-ABS
R (Quattroplast Kft.,, Budapest, Hungary) plates
were welded together. The welded specimens
were 90 mm x 85 mm so that we could cut three
3 standard tensile test specimens from them. Fig-
ure 2 shows the cutting and numbering of the test
specimens.

The welding experiments were performed on
a MAZAK Nexus VCN 410A-II type CNC milling
machine. The force components occurring dur-
ing welding (F,, F,F,- Figure 1) were measured
with a Kistler9257B piezoelectric force meter
clamped under the machine vice. The range of
the dynamometer was F, = F, = -5...+5 kN and
F,=5...10kN [18].

Using the three measured force components, we
calculated the resulting force during welding as
follows:

1)

The tensile testing of the 3 tensile specimens per
measurement point was performed on a Zwick
Z005 universal testing machine at a cross-head
speed of 10 mm/min. In addition to the strength of
the seam, the tensile strength of the bulk material
was also determined based on 3 tests (29 MPa).
We used this value when determining welding ef-
ficiency as follows:

(2)

The pin geometry of the tool used during the
welding tests was a cylinder. The diameter of the
pin is 12 mm, the diameter of the shoulder is 29
mm, and the material of the tool is C45 steel. The
welding tool used is shown in Figure 3.

Two of the welding parameters, tool rotational
speed and feed, were changed at 3 levels. We de-
termined the parameters used based on prelimi-
nary experiments (Table 1).

We used a complete experimental design. Ta-
ble2 shows the measurement points and their
welding parameters. The table also shows the val-
ue of the n/vf ratio for each measurement point.
During the evaluation of the results, we also ex-
amined the results as a function of this parame-
ter.

Table 1. The welding parameters

Levels
Parameters
-1 0 1
X, mtauonﬁhfgleed "™ 500 | 750 | 1000
X, feed -v, mm/min 50 75 100

Table 2. The measurement points and their welding

parameters
Measure- n \%

ment point [1/min] [mmﬁnin] /vy
1 500 50 10
2 500 75 6.67
3 500 100 5
4 750 50 15
5 750 75 10
6 750 100 7.5
7 1000 50 20
8 1000 75 13.3
9 1000 100 10

Figure 2. Numbering of the tensile test specimens on
the welded specimens (dimensions in mm).

Figure 3. The tool used in the experiments.
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3. Results

3.1. Analysis of forces

Figure 4 shows the force components during
welding (F,, F,, F,). No significant lateral force oc-
curs during welding (Fy) the dominant forces are
the force in the feed direction (F,) For the latter
force component, the force diagram can be di-
vided into two significant sections. An increasing
section, where the force suddenly jumps as a re-
sult of the tool entering the welding zone, and the
subsequent, almost constant section. The force in
the feed direction (F,) remains nearly constant
throughout the welding process.

During the evaluation of the forces, we always
evaluated the average force measured in the con-
stant section.

3.2. Results of the examination of forces

During the analysis of forces, we examined the
force in the feed direction (Fy), the force compo-
nents in the axial direction (F,), and the resulting
welding force (F,). Figure 5 shows the effect of
the force in the F, direction as a function of the
welding parameters. The force values decrease as
rotational speed increases, while they increase as
feed increases. In addition, increasing the n/v;ra-
tio decreases the force.

Figure 6. shows the main effect plots for the
force in the F, direction as a function of the weld-
ing parameters. Similar trends can be observed
in this case as well. The value of the force com-
ponent decreases with increasing speed and n/v,
ratio, while it increases with increasing feed.

Finally Figure 7 shows the main effect plots
of the resultant force (F,) Since this force comes
from the two forces presented above and the lat-
eral force component, the trends here are also
similar. As the speed and the n/vf ratio increase,
the resultant welding force decreases, while it in-
creases as feed increases.

The dominant forces and the resulting welding
force indicate that the temperature in the welding
zone increases with increasing rotational speed,
as a result of which the polymer can melt, thus
the forces during welding are lower. Feed has a
similar effect to welding time: the higher it is, the
less time the tool stays in the welding zone, there-
fore it has less time to properly melt the material,
and so the forces during welding increase.

Figure 4. The force components during welding.

Figure 5. The effect of welding parameters on the
force in the feed direction (F).

Figure 6. The effect of welding parameters on axial
force (F)).

Figure 7. The effect of welding parameters on the
resulting welding force (F,).
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Figure 8. The effect of welding parameters on the
tensile strength of the seams.

3.3. Tensile test results

The other output is the tensile strength of the
seams. We performed 3 tests at each measure-
ment point and calculated the average of the 3
test results. Figure 8 shows the main effect plots
of the tensile strength of the seams.

The strength of the seam tends to improve as
the speed and the n/vf ratio increase. In the case
of a too small n/v, ratio (measurement point 3,
n/v,= 5) no detectable bond was created between
the two plates. Increasing the feed rate results in
worsening seam stiffness. The best seam strength
(10.69 MPa) was obtained at measurement point
7, with a rotational speed of 1000 1/min and a
feed of 50 mm/min.

4. Conclusions

In this paper, we performed the friction stir
welding testing of 4 mm thick ABS plates with a
conventionally designed tool. During the tests, we
changed the rotational speed of the tool and feed
at 3 levels. When evaluating the experiments, we
analysed the effect of the welding parameters on
the forces during the process and the strength of
the seam. Based on the results, the following con-
clusions can be drawn:

— Among the forces during welding, the domi-
nant forces are the force in the feed direction
(F,) and the axial force (F)).

- As rotational speed (n) and the n/v; ratio are
increased during welding, the force in the
feed direction (Fy), the axial force (F,) and the
resultant welding force (F,) decrease, while
the strength of the weld increases.

- As feed (v is increased, the force in the feed
direction (Fy), the axial force (F,) and the re-
sultant welding force (F,) increase, while the
strength of the seam decreases.
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— The best seam strength (10.69 MPa) was
achieved with a rotational speed of 1000 1/
min and a feed of 50 mm/min. This is 37% of
the tensile strength of the bulk material.
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Abstract

Nowadays, raw material shortage is a characteristic problem that affects every sector of the industry. Com-
posite materials reinforced with fiberglass, manufactured through the pultrusion process, have extremely fa-
vorable properties. In our research, we examined the application of surface treatments on pultruded profiles
to enhance surface energy. We roughened the surfaces to be bonded using manual sanding and sandblasting
techniques, and then performed wetting measurements using various degreasing agents. To demonstrate the
occurrence of surface treatment and determine its magnitude, we inspected the surfaces with a roughness
tester. The bonds were created using two different structural adhesives as well as epoxy resin. The shear
strength values of the flat profiles were compared through tensile tests, and the effects of the surface treat-
ments were determined. Based on the results, the appropriate surface treatment and adhesive type greatly

influence the developed bond strength.

Keywords: bonding, pultrusion, composite, surface energy, glass fibre.

1. GFRP profiles

The profiles produced by pultrusion, which are
glass fiber reinforced plastic (GFRP) composite
materials, are used in the pultrusion process to
manufacture continuous fiber-reinforced poly-
mer matrix composites. During pultrusion, the
fibers and resin are typically pulled through a
heated die, where the resin cures and solidifies,
taking on a solid shape.

The pultrusion process enables the production
of high-strength, lightweight, and durable com-
posite components and structural elements. This
method is increasingly popular in the construc-
tion, automotive, electrical, and other industries
that rely on strong, lightweight, and durable ma-
terials resistant to corrosion and chemicals. One
of the main advantages of pultrusion is its ability
to manufacture complex shapes with consistent
dimensions and high precision, which is why
more and more people choose this process for
producing structural elements. Pultruded ma-
terials exhibit excellent corrosion and chemical
resistance. Despite their low weight, these struc-

tural elements have high mechanical strength,
providing them with great stability and reliability
[1].

The surface energy of pultruded profiles is typ-
ically low due to the surface treatment applied
during the manufacturing process. As a result,
bonding such components can present a chal-
lenge. By implementing appropriate surface
treatments, it is possible to increase the surface
energy and the area of the bonded surface, there-
by significantly improving the adhesion [2].

In our research, we treat the surfaces using
manual sanding and sandblasting techniques,
followed by cleaning with various degreasing
agents. We examine the effects of these treat-
ments through wetting angle measurements and
surface roughness analysis, and then determine
the shear strength of the bonded joint using a ten-
sile testing machine.

The ratio of the length of the test specimen to
the bonded area is 4:1. We applied this ratio
based on the clamping length, so the bonded area
is far enough from the clamping point. The flat
profiles are 6mm thick, 50mm wide and 100mm
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long. The bonding and clamping lengths are both
25mm. The bonded area is 1250mma2 in size. The
required number of samples for the flat profile is
listed in Table 1. We conducted three breaks for
each type of test specimen. The labels of the test
specimens are shown in the table below, where
the numbers of breaks within each type of test
specimen are indicated in parentheses.

2. Boundary surface analysis

One fundamental aspect of bond strength is the
ability of the adhesive material to adequately wet
the adherend surface. The wetting ability can be
determined by the spreading of a liquid on a solid
surface. The contact angle (8) serves as a meas-
urement of the contact angle formed at the inter-
face of the three phases. The contact angle was
examined on untreated, manually sanded and
sandblasted surfaces. In their study [3], Stazi, F.,
Giampaoli, M., Rossi, M., and Munafo, P. achieved
better results with manual sanding and sand-
blasting compared to untreated surfaces. There-
fore, we roughened the test samples’ surfaces
using conventional manual sanding with P80 grit
sandpaper.

2.1. Surface roughness measurement

We employed two types of surface roughening
techniques on the test specimens: sandblasting
and manual sanding, in addition to the untreat-
ed surface. To measure the surface roughness,
we conducted roughness measurements on the
roughened surfaces. The roughness we measured
serves only to determine the differences between
the surfaces.

Table 1. Ahe labels used during the experiments

Types of Types of adhesives

surface Loctite | Sikapower | Ipox MR
treatments | gy4090 4720 3010 gyanta
Untreated |Lo_S_(1-3) |S_S_(1-3) Gy_S_(1-3)
Sandblasted | Lo_H_(1-3) |S_H_(1-3) |Gy_H_(1-3)
Polished Lo_Cs_(1-3) [S_Cs_(1-3) |Gy_Cs_(1-3)

Table 2. Interpretation of the results obtained from
the roughness test

Untreated | Polished | Sandblasted
R, (um) 1.77 3.72 3.73
R, (um) 8.38 21.51 22.20
R, (um) 11.22 31.73 33.63
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We examined the surfaces using a Mitutoyo
Formtracer SV-C3100 instrument. The average
roughness (R,) is twice as high for the sanded and
sandblasted surfaces compared to the untreated
surface. Table 2 presents the averaged values ob-
tained from the measurements.

The surface roughness parameter known as
the peak-to-valley height (R,) is significantly in-
creased due to the surface treatments. In fact,
compared to the untreated surface, this value
has grown to slightly more than 2.5 times higher.
When considering the average maximum peak-
to-valley height (R), the values for the sanded
and sandblasted surfaces are nearly three times
higher than that of the smooth surface.

2.2. Wettability test

We captured the contact angle using a video
camera. The droplets were applied to the surfaces
using an Accumax Pro pipette, and we used dis-
tilled water as the probing liquid. The number of
measurements we conducted is the product of the
surface type and the number of cleaning agents
(including one without any treatment). There-
fore, we performed 12 measurements, using 3
droplets per measurement. The left and right
contact angles were calculated using image anal-
ysis. We measured three different surface types:
untreated, sandblasted, and manually sanded
surfaces. In terms of degreasing, we applied four
cleaning methods. Initially, we examined an un-
treated surface as a reference for comparing the
different degreasing agents. We used two types
of degreaser: acetone and Loctite Super Cleaner
cleaning spray, as well as methanol as an alco-
hol-based degreaser [4].

The images of the two extreme values obtained
from the measurements can be seen in Figure 1.
The droplet with the highest spreading occurred
on the smooth surface without degreasing, while
the other image shows the least spreading droplet
on the sanded surface without degreasing.

Figure 1. The most widely spread (left) and the least
widely spread (right) drop during the mea-
surements.
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There are significant differences among the
results. The most wettable surface was the un-
treated surface without any surface treatment or
degreasing. We observed that the untreated sur-
face showed better results compared to the oth-
er cleaning surfaces when Loctite Super Cleaner
cleaning spray was applied, but still not better
than the untreated surface without degreasing.
For the manually sanded and sandblasted sur-
faces, degreasing with methanol proved to be the
most effective, as it resulted in an average con-
tact angle of 94.18° for the sanded surface and
94.25° for the sandblasted surface. In the case of
the roughened surfaces, we noticed that acetone
showed approximately 8-9° higher values com-
pared to methanol in terms of contact angle de-
viation.

Based on the measured results, the wetting abili-
ty of the untreated surface without any treatment
or degreasing reached the partially wettable
range with contact angle values below 90°. Since
the spreading of adhesives depends on viscosity,
it would be beneficial to intervene. Some adhe-
sive manufacturers specify in the instructions for
use the spreading/application of the adhesive, for
example, using a plastic spreader.

3. Measurements and test results

During the measurements, we compared differ-
ent surface roughnesses by bonding the surfaces
together, with a bonded area of 1250 mm? for
each test specimen. We then conducted tensile
tests. The measurements that yielded the best re-
sults were repeated with test specimens of two-
and three-fold sizes to examine whether we ob-
tain linearly increasing values.

The measurements were performed on an In-
stron 5900R 4482 tensile testing machine. For
each measurement type, three tensile tests were
conducted. In terms of shear strength, the perfor-
mance of the adhesives was 17 N/mm? for Loctite
(on steel test specimens), 14 N/mm? for Sikapow-
er, while there is no factory-specified value for
shear strength for the resin.

Based on the measurements on the untreated
test specimens, the maximum load remained
below 5000 N. For Loctite, two out of three tests
yielded similar values (3113.1 N and 3118.3 N),
while the third test resulted in a value that was
approximately 800 N lower. The results obtained
for Sikapower showed a higher variation, with
the smallest result being 3097.3 N and the larg-
est result being 4958.9 N. The resin exhibited the
smallest variation, with values ranging between
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2570.3 N and 3221.5 N. In terms of failure modes,
the adhesive completely separated from the bond-
ed surface in all cases. The values obtained for the
untreated surfaces and the types of failures are
shown in Table 3.The results obtained for the pol-
ished surfaces consistently showed lower values
compared to the sandblasted surfaces, but they
exhibited twice the load resistance compared to
the untreated surfaces. The measurements re-
sults are shown in Table 4. In comparison to the
untreated surfaces, the load resistance doubled,
but complete detachment was still observed. The
load values increased twofold compared to the
untreated surfaces, but there was no difference
in the nature of failure.

The results obtained on the sandblasted surfac-
es were better than the previous ones, as all three
adhesions increased at least threefold compared
to the smooth surface. The bonds made with Loc-
tite adhesive and resin showed similar values.
The Sikapower bond performed well compared
to itself, as it not only showed more than three
times the strength of the smooth surface bond-
ing, but also achieved 93% of the maximum shear
strength value provided by the manufacturer. Ta-
ble 5 shows the values of the results obtained on
the sandblasted surfaces and the types of failures.

We observed significant improvement in the
quality of the bonded joint when using Sikapower
adhesive on the test specimens. Besides the bond-

Table 3. Results obtained on untreated surface

ST Mean Shear

lahelIi) " maximum | strength | Failure types
€ | load(N) | (Nmm?)

Resin 2907.9 233 Pegled off the
untreated entire surface
Loctite 2841.9 997 Pee_led off the
untreated entire surface
Sikapower 4896.7 3.92 Pegled off the
untreated entire surface

Table 4. Results obtained on polished surfaces

Sample Mean Shear
labelli) " maximum | strength | Failure types
& | load () | (Nmm?)

Resin Peeled off the
polished 6060.7 485 entire surface
Loctite- Peeled off the
polished 7345.7 588 entire surface
Slkgpower- 9115.1 799 Pee}ed off the
polished entire surface
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ed joint, the failure occurred in the counterbored
hole profile, as shown in Figure 2.

The ratio of adhesive to cohesive failures was
approximately 60-40%. In the case of resin adhe-
sive, there was a minimal occurrence of cohesive
failure. Compared to smooth surfaces, the sand-
blasted surfaces exhibited more than three times
the shear stress values, which was consistent for
all three types of adhesives. The Sikapower adhe-
sive almost met the factory shear stress specifi-
cation, as we measured an average of 93% of the
specified value on the test specimens.

In Figure 3 it is evident that the surfaces treated
with sandblasting resulted in the strongest bond.
During fracture, both adhesive and cohesive
failures occurred on the sandblasted rough sur-
face. When testing flat profiles, the combination
of Sikapower adhesive and sandblasted surface
treatment yielded the highest result. Therefore,
further investigation was conducted using this
combination. In the subsequent analysis, we in-
creased the surface roughness and examined
how shear forces followed this modification.

Table 5. Results obtained on sandblasted surfaces

Sample Mean Shear
labelIi)n maximum | strength | Failure types
€ | load(N) | (Nmm?»

Resin- Partially pee-
sandblast. 88514 7.08 led off
Loctite- Peeled off the
sandblast. 8987.2 719 entire surface
Sikapower- Partially pee-
sandblast. 16339 13.07 led off
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4. Conclusions

The effectiveness of adhesive technology is most
influenced by a properly prepared surface. In our
case, the interface with low surface energy was
removed using simple surface treatment (rough-
ening) procedures, thus increasing both the sur-
face energy and the bonding area. This resulted
in a surface area favourable to bonding. In this
way, the sandblasted specimens showed an im-
provement of over 300% over the untreated sur-
face for all three types of adhesive. Sandblasted
surfaces bonded with Sikapower performed best.
There are two possible reasons for this, one is
that sandblasting creates a more homogeneous
surface roughness distribution, resulting in a
more uniform bond. The other possible reason is
that Sikapower adhesive contains 0.25mm spacer
glass beads, which provide the optimum bonding
gap during bonding. This ensures that the correct
gap is almost guaranteed when forming the bond-
ed joint.
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