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Abstract  

The use of Wire arc additive manufacturing  (WAAM) in the manufacturing industry 

has been greatly increasing in the past years. Thus, the research around improving 

this manufacturing method and its results , has become relevant. One of the method 

to achieve better material  properties in the WAAM manufactured part , has been 

discovered to be introducing ultrasonic vibration to the process.  

This thesis scope was to design and construct a test platform for ultrasonic vibration 

assisted WAAM process. This was done by reviewing the existing research in the 

field , evaluating suitable ultrasonic machinery and frequencies, modeling different 

potential  solutions in a form o f CAD, simulating the vibration in the model,  and 

finally  choosing the most prominent  option for platform  to be build. The conveyed 

ultrasonic vibration  to the welding substrate was verified by measuring the vibra-

tion amplitude  from varied points of the substrate. The effect on the printed part 

grain structure was examined by printing test samples, cutting a cross section of the 

samples and inspecting the change in microstructur e on samples printed with and 

without ultrasonic vibration.  The Vickers hardness test was also performed. 

The test result shows, that when introducing ultrasonic  vibration to the WAAM pro-

cess, in microstructural level the test samples grain size decreases in comparison to 

the test samples without ultrasonic vibration. As well as the shape and direction of 

grains are more homogenous with ultrasonic vibration , in comparison to samples 

without , where the shape of the grains forms to be columnar and parallel  with build 

direction z-axis. The hardness of the test samples could also be seen to be slightly  

better with ultrasonic vibration . 
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Tiivistelmä  

Kaarihitsaukseen perustuvan 3d-tulostu ksen (wire arc additive manufacturing  

(WAAM) ) käyttö teollisuudessa on lisääntynyt voimakkaasti viime vuosina. Näin 

ollen tämän valmistusmenetelmän ja sen tulosten parantamista koskeva tutkimus 

on näin ollen tullut merkitykselliseksi. Yksi tapa saavuttaa p arempia materiaa-

liominaisuuksia WAAM -valmistetussa osassa, on havaittu olevan ultraäänivärähte-

lyn tuominen osaksi prosessia. 

Tämän opinnäytetyön tarkoituksena oli suunnitella ja rakentaa testialusta ultraää-

nivärähtelyavusteiselle WAAM-prosessille. Tämä tehtiin tarkastelemalla alan ole-

massa olevaa tutkimusta, arvioimalla sopivat ultraäänikoneet ja -taajuudet, mallin-

tamalla erilaisia mahdollisia ratkaisuja CAD -mallin muodossa, simuloimalla CAD-

malli en eri värähdystaajuuksia ja lopuksi valitsemalla sopivin vaihtoehto rakennet-

tavalle testialustalle. Hitsausalustalle välitetty ultra äänivärähtely varmistettiin mit-

taamalla värähtelyn amplitudi alustan eri kohdista. Vaikutus ta 3d-tulostetun  osan 

raerakenteeseen tutkittiin tulostamalla testinäytteitä, leikkaamalla näytteistä poik-

kileikkaus ja tarkast elemalla mikrorakenteen muutos ta näytteissä, ultraääniväräh-

telyn kanssa ja ilman. Testi näytteille suoritettiin  myös Vickersin kovuustesti. 

Testitulokset osoittavat, että kun ultraäänivärähtelyä WAAM -prosessiin tuodaan 

mukaan ultraääniv ärähtelyä, mikrorakenne tasolla testinäytteiden raekoko piene-

nee verrattuna testinäytteisiin ilman ultraäänivärähtelyä. Lisäksi rakeiden muoto 

ja suunta ovat homogeenisempia ultraäänivärähtelyn kanssa verrattuna näytteisiin 

ilman  värähtelyä, joissa rakeiden muoto on pylväsmäinen ja yhdensuuntainen 3d-

tulostus prosessin z-akselin kanssa. Myös testinäytteiden kovuus voitiin nähdä ole-

van  hieman parempi ultraäänivärähtel yn kanssa. 

 

Avainsanat   Ultraääni värähtely, 3d-tulostus, WAAM, DED 
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Symbols and abbreviations  

Symbols  
 
A area (m2) 

clong Velocity of the longitudinal wave in solids (m/s)  

ctrans Velocity of the transverse wave in solids (m/s) 

E Youngôs modulus (GPa) 

f frequency (Hz) 

ȍ Density (kg/m 3) 

µ Poissonôs ratio 

‗ Wavelength 

æί displacement amplitude generated by ultrasonic vibration in solids (m)  

 
 

Abbreviations  
 
AC Alternating current  

AM Additive manufacturing   

CAD Computer aided design 

CMT Cold metal transfer 

DED directed energy deposition 

FDM Fused deposition modeling 

GMAW Gas metal arc welding 

LDED Laser directed energy deposition 

MAG Metal active gas  

MIG  Metal inert gas 

TIG Tungsten inert gas 

UV  Ultraviolet  

WAAM Wire arc additive manufacturing  
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1 Introduction  
 

 

1.1 Additive manufacturing  
 

Additive manufacturing (AM),  also commonly known  as 3d-printing, is man-

ufacturing process where the required three-dimensional part is m anufac-

tured by joining material together usually layer by layer.  AM processes are 

advancing every day and opening new opportunities in almost every sector of 

production paradigms and manufacturing possibilities . [1] 

 

In case of AM, the final product is built by adding material layer by layer typ-

ically with a bonding or heating process[2] . In certain areas of manufactur-

ing, AM has fabricated faster, stronger, and lighter parts than conventionally 

manufactured products. AM processes could be easily applied to almost all 

industries  [3] . The success stories have shown that some industries like aer-

ospace and healthcare industries are much better than others in adapting and 

implementing AM.  

 

Some processes of additive manufacturing technology have been noted and 

researched already in mid -1920ôs [4] , and again in between 1940-1970ôs. But 

the actual breakthrough for the industry occurred in from 1985 to 1995, when 

especially the stereolithography  and fused deposition modelling (FDM) pro-

cesses were developed for commercial use and patented. Generally, the pub-

lic awareness and popularity of the additive manufacturing increased greatly 

after 2009, when the patent for the fused deposition modelling expired and 

the market opened for the affordable, small and open-source 3d-printers for 

the common people.[5]  

 

The additive manufacturing process commonly consist of follow ing steps: 

1. idea of the required part.  

2. computer-aided design (CAD) model of that part . 

3. Slicing and post processing the CAD model to suitable programming 

language. 

4. Suitable AM process, some of the described below. 

5. Post-processing of the physical part, if needed.  
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Figure 1. Illustration of additive manufacturing process chain [1]  

 

The main AM  method researched in this thesis is based in Wire arc additive 

manufacturing (WAAM), which is process included in direct energy deposi-

tion  (DED)  method. Thus, this processes attributes and process variables are 

described with more broadly in a subchapter 1.2. Below is description of 

seven subprocesses in which additive manufacturing is divided generally and 

by ISO/ASTM organization.    

 

Binder jetting  

 

Binder jetting is Am process where the binder material is selectively depos-

ited in the powder bed, layer by layer. Binder jetting materials can consist of 

metals, polymers, sand and ceramics. Many binder jetting machines allows 

the user to 3D-print in multiple colors,  even in different coordinates of the 

one layer. This enables to the user print, co called full -color prototypes. 

In ISO/ASTM standard  Binder jetting is  described as: 

 

ñAdditive  manufacturing process in which a liquid bonding agent is selec-

tively deposited to join powder materialsò [6]  
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Figure 2. Binder jetting process illustration [7] 

 

Direct energy deposition  

 

Direct energy deposition utilizes a focused energy provided by wire arc, 

plasma arc or laser to melt the raw material , which is usually in form of pow-

der or wire. Materials used in direct energy deposition are mostly different 

types of metals. As in most of the metal AM processes, in  direct energy dep-

osition  generally utilizes a platform or a substrate. In which the first layers 

are fused and will operates as a rigid protection against  large residual stresses 

and warping of the part , due to high temperature gradient in the molten 

metal pool.  From the substrate, afterwards the manufactured part is  then 

needed to detach from substrate by wire cutting, sawing or some with else 

traditional method.  

 

ñAdditive manufacturing process in which focused thermal energy is used 

to fuse materials by melting as they are being depositedò [6]  
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Figure 3. Direct energy deposition illustration[7] 

 

Material extrusion  

 

In m aterial extrusion , also known as fused deposition modeling (FDM) pro-

cess, the raw material feedstock is passed through a heated nozzle to a heated 

build platform . The raw material in FDM process is usually in form of a cord-

like filament . In common applications, FDM filaments  usually consists of 

some type of polymer (e.g., polylactide (PLA) or Acrylonitrile butadiene sty-

rene (ABS)). Other type of materials, like metals and ceramics, can still be 

mixed into  the filament with polymers, in which the polymer works as a 

binder material. FDM based additive manufacturing is the leading method in 

common/ civilian  market , due to its affordability, small size, easy usability,  

and moderately large internet community . 

 

ñAdditive manufacturing process in which material is selectively dispensed 

through a nozzle or orificeò [6]  
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Figure 4. Material extrusion illustration [7] 

 

 

Material jetting  

 

In material jetting AM process the feedstock material is selectively in-

fused/jetted as a droplets to build platform , through a printhead which  re-

sembles a lot of common inkjet printers print head. After the droplets are jet-

ted, they are cured to a solid form with an external heat source or ultraviolet 

light  depending on the material used. 

 

ñAdditive manufacturing process in which droplets of feedstock material 

are selectively depositedò [6]  

 

 
Figure 5. Material jetting process illustration [7] 
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Powder bed fusion  

 

Similarly  to a binder jetting process and as the name indicates, the powder 

bed fusion (PBF) process ut ilizes a build chamber gradually layer-by-layer 

filled with powder of demanded  material. Between each distributed layer,  a 

2d-shape sliced from a 3d-model is fused in the powder layer with thermal 

source, usually with a laser. Wide range of materials can be used in a PBF 

process, including polymers, ceramics, glass and metals.  

 

Common powder bed fusion process are a selective laser sintering (SLS) and 

selective laser melting (SLM).  From which SLS process is generally used with 

plastic and ceramic materials, a laser power levels or energy densities which 

wonôt fully melt the material , but rather  fuse the particles together. And as 

the name implies, in SLM process the metal material particles are generally 

selectively heated over melting temperature.   

 

ñAdditive manufacturing process in which thermal energy selectively fuses 

regions of a powderñ [6]  

 
Figure 6. Powder bed fusion illustration [7] 

Sheet lamination  

 

Sheet lamination manufacturing process connects one layer of the CAD 

model, cut from the sheet of the base material to the earlier layer, by utilizin g 

some form of the bonding mechanism. These bonding mechanisms can di-

vided to; adhesive bonding, thermal bonding, clamping and ultrasonic weld-

ing bonding.  Cutting of the sheet is usually executed by laser of in some cases 

by specifically designed knife to cut only the thickness of the one layer. Sheet 

lamination process can be then divided to bond-then-form and form -then-

bond, by order of the process. 

 

ñAdditive  manufacturing process in which sheets of material are bonded to 

form a partò [6]   
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Figure 7. Illustration of sheet lamination process [5] 

 

Vat photopolymerization  

 

Vat photopolymerization  usually utilizes a container of radiation curable  liq-

uid resin in layer-by-layer manufacturing process. Most of these resins are 

ultraviolet (UV) curable photo polymers, but also materials curable with elec-

tro -beams, gamma rays and in some cases visible light can be utilized.  

 

ñAdditive  manufacturing  process in which liquid photopolymer in a vat is 

selectively cured by light -activated polymerization ò [6]  

 
Figure 8. VAT photopolymerization process illustration [5] 
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1.2 Direct energy deposition  
Directed energy deposition (DED) processes produces parts by melting ma-

terial while it is  being deposited. This essential process method is mostly uti-

lized for metal powders and wires, but it also works with polymers, ceramics, 

and metal matrix composites. This process is hence frequently referred to as 

metal deposition technology. To melt a substrate and concurrently melt ma-

terial that is being deposited into the substrate's melt pool, DED techniques 

direct energy into a small, focused zone.  [5]  

 

DED uses powder and/or wire as feedstock associated with a power source 

based on laser, electricity, electron, induction etc.  DED processes use a fo-

cused heat source (typically a laser, electron beam or electric arc) to melt the 

feedstock material and build up three-dimensional objects. Each time the 

DED head makes a pass, a track of solidified material is produced, and layers 

are made up of nearby lines of material. Large rough "blank" shapes that re-

quire significant machining to create the direct features are often essentially 

produced using DED methods.[8]   

 

1.2.1 WAAM 

 

Though first patents of wire arc additive manufacturing (WAAM) are from 

1925, the utilization in industry and academical research of the process has 

generalized around 1990s, due to the developments in the arc- as well as in 

laser welding technologies. [4]  

 

Wire Arc Additive Manufacturing (illustrated in figure.9) is a process based 

on the deposit of wire beads with the use of a heating source, the energy of a 

wire arc, a material tank in wire form  and a displacement system. Multiple 

different welding technologies can be used for WAAM, example, a plasma arc 

welding (PAW), arc welding with tungsten inert gas (TIG), gas metal arc 

welding with fuse wire and inert or active gas (MIG, MAG) or a Cold Metal 

Transfer (CMT) .[9]   

 

WAAM is based on gas metal arc welding (GMAW) and amongst the variants 

of traditional transfers modes such as short circuit, globular or spray trans-

fer, the use of synergic welding set has been extensively applied in late re-

search. This synergic welding machines allows a control of the signal for ded-

icated materials with specific set of parameters. It results on a better control 

of the Heat Input (HI), improvement of the fusion and/or lowering spatters . 

[10]   

 

Over other additive manufacturing methods for metal , WAAM has several 

advantages, such as the low capital costs associated with the machines and 

the flexibility in material compositions [11]. WAAM systems can be 
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constructed from many commercially available components starting from  a 

computer-controlled  robot, a welding power source, a welding torch, and a 

wire feeder.  

 

Due to its greater production rate, lower cost, near 100% material utilization, 

and improved layer fusion inside part s, WAAM has many advantages over 

other AM techniques [12]. Low capital cost makes WAAM a possible solution 

in large scale production as well as in small machine shops for manufacturing 

and repair purposes. In addition to this , metal wires are cheaper, commonly 

more available, and safer to use than the alternative,  the metal powder, keep-

ing the capital and operational costs low.[13] 

 

 

 
Figure 9. illustration of WAAM process.[14] 

 

 

1.2.2 Mechanical  properties of DED manufactured parts  

 

Wire arc additive manufactured parts might have varied different mechanical 

properties than parts manufactured traditional methods , due to the slightly 

different process parameters such as temperature. One way to investigate 

varied mechanical properties between different manufacturing processes 

and between process parameters in DED system is to examine the micro-

structure of the manufactured part.   

 

The shape and size of grains in produced parts microstructure might vary 

greatly, due to a different process parameters used. But often, regardless of 

the metal material  or DED method including WAAM  and LDED with wire or 

powder, the grains shapes are mostly columnar,  and the direction is relatively 

closely aligned with the build direction (z -axis), illustrated in Fig ure.10. 
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Figure 10. Illustration of shape and direction of DED manufactured parts mi-

crostructure a) Polarized light microscopy images [5] b) close-up optical 

metallographic microscope [15] c) Difference between microstructure of 

rolled substrate (heat-affected zone) and columnar structure of the LDED 

process on the left [5] 

 

1.3 Ultrasonics in the industry  
 

By the definition, ultrasonic is a sound wave or vibration operating higher 

frequencies above range of human hearing. Though ability to hear higher fre-

quencies differs between people, ultrasound is commonly referred starting 

from 20 kilohertz up to several megahertz. The use of ultrasonics is widely 

used in the field of medicine, example for medical imaging of embryo. This 

method is commonly called medical ultrasonography, or sonography. 

 

Use of ultrasonic and ultrasonic transducers in the current  industry, is mostly 

focused on three different field of science. These are ultrasonic cleaning, ul-

trasonic welding/cutting and use of ultrasonics in laboratory homogeniza-

tion and/or biodiesel manufacturing.  

 

Greatest difference between these different fields of industry is the frequency 

used in the process. The ultrasonic welding/cutting processes uses lower fre-

quencies and higher powers than the corresponding ultrasonic cleaning or 

homogenizer processes. Common frequencies in ultrasonic welding varies 

between 28-35 kHz. In ultrasonic cleaning and homogenizer processes, con-

ductive substance is generally liquid, thus more higher frequencies than 28-

35 kHz can be used more effectively.   

 

Generally, there are two types of method to produce mechanical movement 

with ultrasonic frequencies, magnetostrictive and piezoelectric. Magneto-

strictive ultrasonics system are most used in dental hygiene practice, more 

precisely in power scalers. While the manufacturing industry standards for 

use of ultrasonic is piezoelectric transducers. 
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1.4 Literature review on UV tech nology  for grain refinement  
 

Generally, the microstructure of the products made by WAAM/LDED pro-

cesses have a coarse columnar (in parallel with a print/feed direction) grain 

shape, with a reasonably large grain size. Which, in the end causes the man-

ufactured part to have inferior mechanical prop erties. This is quite well doc-

umented with nickel -, titanium -, aluminium alloys, and in some cases has 

been tried to improve with traditional methods like machine hammer peen-

ing and high pressure rolling [14], [16], [17] In several papers, the solution 

for improving the microstructure has been proposed to be an ultrasonic vi-

bration.  

 

 

 
Figure 11. illustration of test samples grain size in different levels of ultra-

sonic vibration frequency within DED process.[18] 

 

In current research, both ultrasonic assisted- wire arc additive manufactur-

ing as well as laser direct energy deposition, have been studied with variety 

of metal materials.  In principle, ultrasonic vibration in the substrate cau ses 

cavitation in the WAAM/LDED process molten pool. Causing the microstruc-

ture of the material to be smaller and more uniform along the printed part  

(Figure.11). Thus, improving its mechanical properties like; micro hardness, 

wear rate, porosity, elastic modulus and yield strength  (figure.12).[19]ï[21] 

As seen in figure.11, the grain size of the manufactured parts microstructure 

decreases to a certain point as the ultrasonic vibration frequency in-

creases.[22]  Though the microstructure decreases within the frequency, the 
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mechanical properties like porosity, wonôt necessarily improve while increas-

ing the frequency of ultrasonic vibration.  

 

As figure.12 presents the microhardness of the material was uniformly rising 

as the ultrasonic vibration frequency was raised. At the end having 18.6% 

better microhardness with the  frequency of 41 kHz comparison to the micro-

hardness without ultrasonic vibration . These results were obtained using ul-

trasonic assisted laser additive manufacturing and powder form of Inconel 

718 as material.[23]  

 

In comparison  another research paper operating with electro n-beam melt-

ing with stainless steel wire, did not found noticeable difference in micro-

hardness between with- or without ultrasonic vibration. [24]   

 

 
Figure 12.Bar graph description of ultrasonic frequency effect on different 

characteristic of the sample material [18] 

 

Improvement in the hardness could be explained by the grain boundary 
strengthening method, described mathematically in  the Hall -Petch equa-
tion  (formula. 1) [25] . 
 

  (1)  
In the equation  
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- ůy is the yield stress. 
-  ů0 is a materials constant for the starting stress for dislocation move-

ment . 
- ky is the strengthening coefficient (constant for each material) . 
- d is the average grain diameter. 

 
The equation demonstrates how the grain size positively relates to the hard-
ness of the material. In other words, the decrease of the grain size accom-
plished with  introducing ultrasonic  vibration in the WAAM process, can be 
seen as a direct factor for improvement of the surface hardness.[18]  
 
The columnar structure of microstructure in the object manufactured with-
out the ultrasonic vibration can also  cause the variation of  hardness within 
the test object. Thus, the smaller and more homogenous grain structure, ac-
complished with ultrasonic vibration , will decrease the variation of the hard-
ness inside the WAAM test parts transverse surface.[18], [26]     
 

1.5 Problem statement and research gap  
 

There are different kinds of systems or submachines to convey the ultrasonic 
vibration  and pressure waves to the welding process substrate and molted 
pool (from below, side, coaxial with wire and directly to the molten pool) pre-
sented by different research groups. Due to the developments in the welding 
technology, WAAM and LDED processes are coming more common in the 

industrial manufacturing, especially in the marine and aeronautic indus-
try. [19], [21], [27], [28]  

Ergo, the ultrasonic assistance in those processes should be considered to be 
important part of the future of the industry. Instead of many different kinds 
of individualized solutions for ultrasonics vibration assistance in 
WAAM/LDED. More coherent, standa rdized and scalable solutions for the 
ultrasonic vibration assisted system should be designed. 

Scope of this thesis is to provide an optimal  design of ultrasonic testing plat-

form  for grain refinement in wire arc additive manufacturing , produce a pro-
totype of that test platform and determine the functionality of prototype by 
producing small patch of test specimen with chosen material 316LSi stainless 
steel. Success rate of the experiments main indicators are the visible or meas-
urable attributes, mainly the r efined grain size and shape as well as material 

hardness, of the test specimen. 

Three target features for the platform design are functionality and modular-

ity  and scaling possibility. So that Tampere University would have oppor-

tunity to continue ultrasonic  assisted wire arc additive manufacturing re-

search, with different types of ultrasonic transducers and larger scale test ob-

jects, using this platform as a base.  
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2 Research material and methods   
 

2.1 Design of ultrasonic platform  
 

Generally ultrasonic assisted processes, like ultrasonic  -welding, -cutting or 

-machining , contains 2 main components: ultrasonic generator  and ultra-

sonic stack. The function of ultrasonic  generator is to convert common mains 

electricity waveform  (230v, 50 Hz) to a high AC voltage and high frequency 

waveform signal (figure.13).  This signal can be pulsed- or sinusoidal signal 

and it s frequency is specific for the transducer what is operated. Good ultra-

sonic generators have feedback lines, mainly  

 

The ultrasonic stack generally includes 3 main parts listed below, which are 

tightly  screwed to each another, to maintain the continuous vibration  (fig-

ure.13).  

 

1. Ultrasonic transducer  

- Transducers function is to convert high frequency electric 

signal to a physical vibration  with a given electrical fre-

quency. 

2. Booster 

- Booster function is to amplify the vibration amplitude  

and usually work as a rigid point from where the ultra-

sonic stack is fastened to the other manufacturing sys-

tems 

3. horn / sonotrode 

- Horn or sonotrode conveys the vibration to the manufac-

tured part  in wanted size and shape  

 

 
Figure 13. Ultrasonic process operating principle and components  
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2.2 Ultrasonic stack  design  
 

The target in the ultrasonic stack design is to make the whole system oscillate 

in the chosen frequency to get maximum  displacement amplitude , thus max-

imum performance, for the  ultrasonic assisted wire arc additive manufactur-

ing process. In some cases, the maximum amplitude and the drawn current  

in a long run can be harmful for the transducer , but that should be controlled 

from with the giver power level from the ultrasonic generator. Materials have 

different sound propagation velocity, thus diffe rent wavelength. Which 

pretty much defines the optimal length for the booster and for the horn.    

 

2.2.1 Wave equation and wavelengt h 

 

Ultrasonic transducer s usually have only one or two optimal frequencies, 

which leads then for the horn and ultrasonic stack to have specific corre-

sponding length. Material properties of the horn defines the velocity of the 

sound in solid. The velocity of the sound in solids as well as shape of the wave 

differs corresponding to the direction of the sound  in solid material . Never-

theless, the velocities in the solid can be defined when the Youngôs modulus 

(E), density (ȍ) and the Poissonôs ratio (µ) of the material is known. The ve-

locities can be then calculated from formulas  2 and 3 shown below. [29]  

 

ὧ     (2) 

 

ὧ     (3) 

 

 

 
 

 
Figure 14. illustration of transverse and longitudinal wave propagation.[30] 
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The wavelength (‗ ) of the sound can be defined when the sound propagation 

in the material  (cl) is known and the frequency (f) of the sound in question 

described in the formula  4. 

 

‗    (4) 

 

 

2.2.2 Horn design  

 

Classic horns are those with a single exterior surface and whose theoretical 

performance can be mathematically derived from the one-dimensional wave 

equation (ignoring all effects from Poisson's ratio). Classic horns include 

prismatic (unshaped), exponential, catenoidal, tapered and stepped. 

 

All of the theoretical horns  mentioned above might not be practical , because 

they lack the means to tighten them to another resonator or Welding sub-

strate (wrench holes or wrench flats). The tightening means typically require 

a prismatic shoulder at the back of the horn. Traditional exponential  and ta-

pered horns these shoulders usually are pretty  short (example 12-14 mm for 

a 20 kHz horn). Such short shoulders would not have a significant impact on 

the horn's performance. 

On the other hand, catenoidal horns have generally had very long shoulders, 

typically about a quarter wavelength (approximately 60 mm at 20 kHz for 

most acoustic materials). This will signi ficantly affect the performance of the 

practical catenoidal horn compared to the theoretical catenoidal horn above.  

 

In means of practicality, prismatic (unshaped) and stepped horns are easily 

manufactured and attached to another components. And considering practi-

cality and gained benefit, Stepped horns are common standard in the indus-

try.  Stepped horns for laboratory/industrial homogenizers can have really 

slender another end. For friction welding purposes, diameter of the horn has 

to be thicker due to the higher stresses the welding process causes to the 

horn. [31] 

 

Stepped horns are machined to contain two uniform cross-sections with dif-

ferent diameters. The transition of the cross section should be located in the 

nodal point of the horn,  which generally in stepped horns is  located in the 

1/4 or ¾ of wavelength calculated from sound material and frequency de-

scribed in the section 2.2.1. The amplitude gain (Mg) of the stepped horns can 

be calculated easily by dividing the area of the different cross-section shown 

in formula  5. In  the figure.15 is illustrated how the amplitude gain and rela-

tive stresses are distributed in one kind of a theoretical stepped horn. [28]  
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ὓ     (5) 

 

 

 
Figure 15. illustration of amplitude gain and stress of a stepped horn.[32] 

 

Not considering the transverse waves when calculating the sound propaga-

tion  for relatively small diameter horn . But using the pressure/longitudal 

wave propagation, the wavelength and optimal horn lengths can be calcu-

lated from formulas 2. and 4.  

For structural steel s355 with values: 

-ȍ = 7850 kg/m^3  

-E = 210 GPa 

-µ = 0.30 

-f = 40 kHz  

The sound propagation in solid  cl is  6000.98 m/s  and the wavelength ‗ is 

then 150,0245 mm, and the optimal half -wavelength (‗/ 2) oscillating ultra-

sonic horn 75,01225 mm. 

In the figure .16 is shown the first test iterations of manufactured aluminium  

stepped horns. One a small gain, full -wavelength size and second one high 

gain, half-wavelength with a fastening rim with damping O-rings. 

 

 
Figure 16. First iteration of the ultrasonic horns manufactured in house 
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2.3 CAD design  of the platform  
 

Based on the earlier studies of the ultrasonic grain refinement, it was decided 

that  greatest direction to convey the ultrasonic vibration to the WAAM pro-

cess is from below the substrate. The skeleton for the test platform was made 

from 40x40 mill imeter  sized aluminium profile  and structure steel plates, 

and was optimized for welding substrate sized 150x300 mm. The thickness 

of the substrate is irrelevant.  The substrate size was chosen for the testing 

was defined for its common use in the research. But due to the platform mod-

ularity , different size of substrate can be used.  

Figure.17 shows couple of concept CAD-model which  suitability  were then 

evaluated with finite element method  

 

 
Figure 17. Initial CAD-models for test platform. From left floating horn plat-

form, shoulder O-ring platform, and explosion of the o-ring fastening 

 

 

2.4 Modal analysis of the platform using finite element 

method  
 

The COMSOL Multiphysics 6. 0 and Solidworks 2021 simulation premium 

were utilized to simulate the eigenfrequencies of the ultrasonic horn as well 

as vibration in the whole system with a substrate attached(figures 18 and 19). 

 

The simulated eigenfrequencies are the natural frequencies which the system 

would oscillate without  any external forces. External  force then added to the 

system working with a same frequency, would then be called resonant fre-

quency. For experiment in this thesis of ultrasonic  assisted WAAM, the 

wanted eigenfrequency for the CAD models in simulations would be close to 

40 kHz. 
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Figure 18. modal analysis of the free-floating US system and substrate 

done by Solidworks simulation tool 

 

 
Figure 19. Modal eigenfrequency of ultrasonic platform and half-wavelength 

horn done by COMSOL Multiphysics  
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3 Results  
 

 

3.1 Results  with  small scale transducer (40khz60W)  
 

The experimentation of the ultrasonic platform d ivided roughly to two dif-

ferent sections. First  goal was to prove that the constructed test platform 

worked at the optimal fre quency and that the ultrasonic vibration were 

properly propagated to the  welding substrate and so on to the WAAM pro-

duced part.  Second goal was to produce 1-3 WAAM test parts with and with-

out ultrasonic vibration and  examine the difference between these parts mi-

crostructure. In addition to the microstructural examination, the hardness of 

the produced samples was tested using Vickers hardness method.  

 

The chosen design for test platform (section 2.3) was constructed fixed to the 

ABB welding robot  cell according to the picture (figure. 20) 

 

 
Figure 20.ultrasonic test platform fixture in the ABB welding robot cell 
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3.1.1 Defining optimal frequency  of the tran sducer  

 

Thought lack ability to chance the constant frequency (40kHz) of the ultra-

sonic generator used in this thesis due to limitations of the affordable gener-

ator. The actual optimal frequency for the transducer can be determined by 

measuring the maximum drawn current in different frequencies [33] . This 

was done by driving the transducer with a function /arbitrary waveform gen-

erator and measuring the results with a oscilloscopes 2 channels, as de-

scribed in the circuit blueprint  Figure.21. The channel 1 is for measuring the 

voltage applied to the transducer, which was kept a constant from in the 

waveform generator, and the channel 2 is for measuring current in the sys-

tem (figure.21). A 100-ohm resistor was placed in the circuit after  oscillo-

scopes channel 2, to achieve the measuring of the current.  

 

 
Figure 21. a) up left, the wiring diagram of the test b) up right, waveform 

generator at the optimal frequency 40.9 kHz c) down left, the oscilloscope 

reading at non-optimal frequency 20 kHz d) down left the maximum current 

drawn with the optimal frequency 40.9 kHz 

 

The measured optimal frequency of the transducer was 40.9 kHz, which is 

close to the manufacturer given value 40 kHz. Another spike in the drawn 

current occurred in frequencies between 60 - 62 kHz, which demonstrates 

the realities that the transducer can have and do have multiple resonant 
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frequencies. Though the frequency, in which transducer draws most current, 

can be seen as the optimal resonant frequency or the eigenfrequency. 

 

After the optimal frequency was defined, the produced horn was attached to 

the ultrasonic  transducer and the frequency definition test was done again, 

to determine if the horn was an optimal length and shape, to still resonate 

with transducers previously determined maximum output of the bare trans-

ducer (40.9 kHz).  The half wavelength horn produced with guidelines for 

length and shape indicated in the section 2.2 turned out to be effective 

enough to not to have considerable drop in maximum current  amplitude  at 

optimal 40.9 kHz frequency . So, no further measures were needed to do after 

this point .  

 

3.1.2  Coarse  measur ement of  vibration amplitude  

 

Like mentioned beforehand the amplitude of the ultrasonic vibration is one 

attribute which defines the cavitation in the WAAM process molten pool. In 

this study coarse measurement for the displacement amplitude was done 

with the Mahr millimes  with a measuring range of 50 ȉm and reading of 1 

ȉm. Amplitude displacement were measured from 3 different stages of the 

ultrasonic stack (figure.22). 

 

1. Bare transducer vibrating surf ace, to define the nominal amplitude 

2. Top of the booster horn vibrating surface 

3. Top of the different locations of the welding substrate  (300x150x5 mm)  

  

 
Figure 22. a) up left, bare transducer measurement set-up b) up right, bare 

transducer amplitude measurement c) down left, half-wavelength horn 

measurement set up d) down right, welding substrates measurement set-up 
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In each stage of the ultrasonic stack 10 measurements were made. In the sur-

face of the bare transducer vibration amplitude kept varying between 17 -18 

ȉm. In the surface area of the half-wavelength horn, measurements of ampli-

tude varied between 14-15 ȉm. In the welding substrate the 10 values meas-

ured from different spots of the substrate, where the ultrasonic assisted 

WAAM process would take place (figure.22 d)) varied quite a lot. The average 

displacement amplitude  of the 10 measurements was 12.3 ȉm.  

 

The large variety of the measured displacement amplitudes did not seem to 

follow any kind of rule or physical distance in top of the substrate. But the 

permanence of the measurement in the surface bare transducer and the sur-

face of the half-wavelength horn, indicates that the measurement method 

used can give guiding acceptable results. This then indicates that the ultra-

sonic stack with the substrate attached would be in some form of resonance 

and have low displacement amplitudes in the nodal points of the tran sverse 

vibration waves propagating through the substrate, and vice versa have high 

displacement amplitudes at the antinodes of the transverse waves.  

 

 

3.1.3 Comparing WAAM produced parts microstructure with and 

without ultrasonic  vibratio n 

 

Object of interest in the microstructure of the WAAM produced parts, with 

and without ultrasonic vibration were the size and orientation of the grains. 

As observed in the section 1.4, without ultrasonic vibrations, the grain size 

tends to be bigger than with ultra sonics. And the grain orientation  without 

ultra sonic vibration  tends to be columnar towards to the z-axel of the print 

orientation, in contrast to the more homogeneous orientation of the grains 

with ultrasonic s.  

 

The chosen substrate material for the experiments was s355 mild steel, with 

a dimension  of 300x150x5 mm. The chosen wire was ESAB 316Lsi stainless 

steel wire for MIG/MAG welding with a 1.2 mm diameter. The WAAM pro-

cess was executed with ABB robotics and Fronius CMT (cold metal transfer) 

welding machinery with the chosen welding parameters listed in the table.1 
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Table.1 WAAM parameters for thin wall test and circular weaving test . Two 

differ ent WAAM experiment were made, with different welding parameters. 

First experiment was a thin wall test, building a single straight -line  layer by 

layer in order to obtain single thin wall. In the second test experiment, circu-

lar weaving motion was introduced to the welding process with a 6 mm am-

plitude . 

  
Two test samples were welded to a single substrate one without  ultrasonic 
vibration and one with. The substrate was then cut from close to a mid-point 
to expose the cross section of the samples (figure.23). The cross-section of 
the test parts was prepared for the microstructural review  by molding the 
chosen cross-section and gradually grinding the cross-section with sandpa-
pers from 400 ȉm to 2000 ȉm, and polishing them with 3 um diamond par-
ticles and lubricant.  After this, the parts were etched in the nitric acid for 8-
10 seconds to make the microstructure visible. Figure.23 illustrates  how the 
5 test specimens look like.  
 

 
Figure 23. a) left, thin wall test b) right, weaving test part  cut in half  

 

Thin wall test  

welding speed 10 mm/s 

wire feed speed 7 m/min  

welding current  180 A 

welding voltage 27.3 V 

Shield gas flow rate 15 

layer height 1.5 mm 

interpass temperature 200 

ultrasonic frequency 40 kHz 

nominal ultrasonic power  60 W 

  

  

Circular weaving test  

welding speed 6 mm/s  

wire feed speed 7 m/min  

welding current  180 A 

welding voltage 27.3 V 

Shield gas flow rate 15 

layer height  1.5 mm 

interpass temperature 160 

ultrasonic frequency  40 kHz 

nominal ultrasonic power  60 W 

circular weaving frequency 2 Hz 

circular weaving amplitude  6mm 
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Microstructural view was then examined with optical microscope.  
 

 

 

 

Microstructural comparison in close level of dendritic  phase between with- 

and without ultrasonic vibratio n(figure.24-25), seems to manifest that the 

grain size is a bit smaller and more homogeneous when the ultrasonic vibra-

tion is introduced to the WAAM process.  For more accurate defini tion of the 

average grain size in microscopic view with- and without ultrasonic vibra-

tions, ImageJ software was utilized to find minimum and maximum sections 

of the grains. Due to the irregular shape of the columnar grains in the micro-

structure without ultrasonic vibrations and not fully closed grain borderlines 

of the dendritic ŭ-ferrite , the results of the grain size can be considered 

mainly indicativ e. 

 

The Average grain size for ultrasonic assisted WAAM test part was 6,81 ȉm, 

and for the comparison WAAM test part without ultrasonic vibration was 

10,48 ȉm. Though the results are more or less indicative, they confirm  the 

deduction made visually about the grain morph ology. 

 

Figure 25. Microstructure of circular weaving test middle section (scale. 100 

ɛm)  a) Left, without ultrasonic vibrations b) Right, with ultrasonic vibration 

Figure 24. Microstructure of thin wall test (scale. 10 ȉm)  a) Left , without 

ultrasonic vibrations b) Right, with ultrasonic vibration  
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In the other hand, when comparing the from macroscopical view (figure. 26), 

the larger columnar grain structure seems to be still traveling throug h the 

different  layers of both printed part s, with and without ultrasonic vibration . 

Though, in the circular weaving sample with ultrasonic assistance the middle 

section can be seen as less columnar in the direction of the build, but more of 

a random orientated and  homogeneous as seen in the microstructure picture 

(figure.27). These macrostructural columnar grains are one of the defects 

that  we are trying to eliminate  by introducing the ultrasonic vibration  pro-

cess. 

 

 
Figure 26. Macroscopic view of the thin wall test parts. a) left, without US 

vibration b) left, with US vibration 

 

 
Figure 27. Macroscopic view of the circular weaving test parts. a) left, with-

out US vibration b) left, with US vibration 
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3.1.4 Material hardness comparison  

 

One of the material properties what has seen to be improving with the ultra-

sonic assistance in the WAAM process is the hardness of the material  [18], 

[24] .  As described in the section 1.4 the research has seen a mixed results 

with the effect of ultrasonic vibration to the hardness of the material depend-

ing on the material s and additive manufacturing methods.  

 

To determine the difference in the  hardness of the test samples between 

with - or without ultrasonic vibrations. The Vickers hardness test was per-

formed, using given values (table.2) 

 

 

 

 

 

 

 

 
For the circular weaving test samples, 20 measuring points where chosen. 10 

points from the transitional area between second top and top layer, and 10 

points in the mid area of the cross section (appendix.C).  For the thin wall 

test samples measuring points were along the center line 1.1 mm from each 

other. 

Due to a failure in the ultrasonic system during the experiment, thin wall with 

ultrasonic vibration -sample was fallen short and have only 7 measuring 

points.   

 

 

 

 

 

Standard: Vickers (EN ISO 6507-1:2018) 

Selected Hardness load(kg):  HV10 

Load(N):  98,07 

Test Temperature: (°C9 24  

Loading time : (second) 14 

Distance between indents: (mm)  1,1 

Avg HV value in Circular weaving with ultrasonic  164,4 

Avg HV value in  Circular weaving without ultrasonic  157,1 

Avg HV value in thin wall with ultrasonic  166,0 

Avg HV value in thin wall with ultrasonic  165,8 

Table.2 Vickers hardness test variables. 

Table.3 Average hardness test results. 
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The deviation and the average values of the Vickers hardness test are illus-

trated in the figure.2 8. Though the average HV value with an ultrasonic as-

sisted WAAM sample with the weaving pattern is 4,6% higher than the com-

parison HV value without ultrasonic vibration . The improved hardness was 

not as good as expected when comparing result to the current state literature, 

where achieved grown in microhardness has been 12,2% and 18,6% when 

comparing test samples from without ultrasonic vibration to  40 kHz vibra-

tion . 

 

The increase in hardness, though low percentage as it is, can perhaps be ex-

plained with Hall -Petch equation, in which the grain size is the determinant 

factor.[18]  

Figure 28. Line graphs of Vickers hardness test. Blue lines without ultra-

sonic vibration and orange lines with ultrasonic vibration 
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Ὄ Ὄ  
Ѝ

  (6) 

 

In which  H  is hardness, H0 is value of intrinsic hardness, KHP is the Hall -

Petch coefficient (material constant)  and d is average grain size. 

 

I t seems coherent that comparing to experiments done by Hui wan et 

al.[18]or Tong Wen  et al. [22] , where their large percentual grain refinement 

led to a relatively large improvement in microhardness. Thus, consistently 

the much lower percentual grain refinement achieved in this thesis experi-

mentation leads to relatively lower improvement in hardness.  

 

3.2 Occurred problems with an ultrasonic system due to 

exceeded heating  
 

Vibration  amplitude in the ultrasonic assisted wire arc additive manufactur-

ing substrate is one of the most determinative attributes of the process. Prob-

lem with an ultrasonic generator that does not allow to regulate the power or 

frequency of the signal, might cause a problem with the ultrasonic system 

and eventually break the transducer.  

 

This is because while in the starting point of the process, the whole system 

might be in resonance with the ultrasonic system. But while more layers are 

welded to the substrate in the WAAM process, the resonance of the hole sys-

tem might shift off from the optimal. Thus, deriving more load to the trans-

ducer than it can withstand, and th is then leads to an excessive heating of the 

transducer. Combined temperature of the transducer with the heat con-

ducted from the welding process to the substrate and the heating from exces-

sive load is then too large. This exceeded temperature is the one main factor 

in the failure and breaking of the ultrasonic weldi ng transducers. [19], [34]  

 

This is exactly what happened within experiments of this thesis (figure.29). 

During experiment, the temperature of the ultrasonic transducer exceeded it 

limit and the ceramic PZT disk break, causing short circuit and breaking of 

the motherboard of the generator. To avoid this kind of failures. The good 

practice would be controlling the output amplitude from the generator and 

have a constant water/air cooling set-up for the transducer.  
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Figure 29. Broken ultrasonic transducer and generator motherboard 
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4 Summary/Conclusions  
 

 

In this thesis , a platform for ultrasonic assisted wire arc additive manufac-

turing process was designed, tested, and several experiments using WAAM 

were evaluated and manufactured.  Initial  experimentations  were made with 

ultrasonic transducer with frequency rate of 40 kHz, and power of 60 Watt.  

 

The results in this thesis were aligned with the results in the current area of 

research. The microstructure of the test samples could be seen to become 

smaller and more uniform when using an ultrasonic induced vibration in the 

process. As well as hardness of the test samples could be seen improving with 

ultrasonic assistance, however, more experiments are required to validate 

this trend .  

 

The following conclusion and future work can be extracted from this thesis:  

 

¶ During the design of the prototype ultrasonic platform,  we found that 

though there are complex ultrasonic stacks/systems for plastic- and 

friction welding, systems for the ultrasonic vibration  assisted WAAM 

process is still lacking in coherent designs and standards. For the fu-

ture engineering work is planned to increase the size of the platform 

to be capable to process larger components. 

 

¶ During this thesis and experimental work,  we discovered that the ul-

trasonic vibration transmission system, especially the horn design has 

to be modified in relation to  the horn material , shape and wanted vi-

bration amplitude gain . In order to be  to be sufficient  for the grain 

refinement , but also suitable for restriction s set by ultrasonic trans-

ducer maximum endurance.  

 

¶ During the design and prototyping of the ultrasonic stack, we found 

that  in theory to have uniform vibration , thus uniform grain refine-

ment, through the full body of additive manufactured 3d -object. Ei-

ther the frequency of the transducer needs to be adjustable, or another 

transducer with different sized horn to be added to process. To ensure 

sufficient ultrasonic vibration in every layer of the build.   

future solutions to this problem besides, a higher power system com-

bining multiple ultr asonic transducers, is to introduce online feedback 

loop to measure nominal frequency delivered to the system and actual 

frequency of the vibration taking place in the 3d -printed part , which 

may vary due to the different shapes and heights of the 3d-objects.  
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¶ The result of the small-scale prototype platform using a small-scale 

transducer shows promising results in grain refinement. Micro-

graphs show that the grain size is smaller and more homogeneous 

when the ultrasonic vibration is introduced to the WAAM process. 

 

The Average grain size for ultrasonic assisted WAAM test parts was 

6,81 ȉm. Parts without ultrasonic vibration show an average grain 

size of 10,48 ȉm. Though the results are indicative of the effect in 

grain refinement, they confirm the dedu ction made visually about 

the grain morphology.  
 

¶ On the other hand, the variation in the  hardness test results show that 

the impact of ultrasonic vibration in the process is not significant or 

coherent. Though, the median in the test sample with weaving was ap-

proximately  7 N/mm 2 higher. 

 

Problems occurring in the process could have been identified be happened 

due to a low power of the ultrasonic transducer and high continuous load, 

which lead to an overheating and failure of the ultra sonic transducer. Future 

research is planned by designing and building the second prototype.  

 

Figure.30 shows a new version of the platform that will include (i) higher 

power, (ii)  more ultrasonic transducers, (iii) different horn design to control 

grain refinement at different length of the part, and (iv) a larger platform to 

be able to process larger parts. These modification to the platform design will 

allow to process larger components will providing an additional control pa-

rameter for improving or tailoring mechanical properties. Besides, having 

the ability to process larger components with grain refin ed microstructures 

will bring WAAM a step towards industrialization.  

Figure 30. concepts for the next version of the ultrasonic vibration platform 
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A. Microstructural images  of thin wall   

 
Without ultrasonic vibration  
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B. Microstructure images of circular weaving  
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