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1. Introduction

The cavitation erosion behavior of metallic mate-
rials is investigated in laboratory conditions through tests
performed on various facilities: vibratory apparatus, high-
pressure water jet systems, cavitation tunnels, rotating disk
devices. The vibratory method is most commonly used
because of the lower working time compared to the time
from the other methods [1]. This method presents two con-
figurations of specimen set-ups: specimen attached to the
vibratory ultrasonic horn (“direct method”) and stationary
specimen, which is not attached to the ultrasonic horn
(“indirect method”).

In the direct vibratory method (standardized by
ASTM G 32-06 [2]), an oscillation of high frequency and
low amplitude is generated by an electro-acoustic convert-
er (piezoelectric crystal) powered by an ultrasonic genera-
tor. The oscillation is transmitted by a mechanical trans-
ducer (booster) to an ultrasonic horn (also called “sono-
trode”). The specimen is attached on the tip of the ultrason-
ic horn (Fig. 1, according to [2]). The system is designed
and calibrated to obtain an oscillation at a frequency of
f=20kHz and at an amplitude of A =50 micrometers
(peak to peak) on the specimen test surface (front end sur-
face of the specimen). The specimen is immersed in the
liquid (usually distilled water). The oscillation generates
air cavities in the liquid volume which collapse when com-
ing into contact with the specimen surface, generating
cavitation erosion pitting.

The indirect vibratory method introduces a
change in the placement of the specimen. It is no longer
attached to the ultrasonic horn. Instead it is disposed at a
distance of 0.5-1 mm from its tip. This change simplifies
the geometry of the ultrasonic horn and of the specimen
but generates considerably higher testing times. The litera-
ture mainly indicates the use of this testing configuration
[3-5], but on materials with high resistance to cavitation
erosion (e.g. the materials used in hydraulic turbines com-
ponents) the testing times can reach 3000-4000 minutes,
ten times higher compared to the direct method [3, 6, 7].

The mechanical connections between the compo-
nents of the ultrasonic system shown in Fig. 1, are made by
threaded joints. The joint between the specimen and the
ultrasonic horn (only used to direct vibratory method) is
subject to the phenomenon of fatigue. It is positioned close
to the surface with the maximum amplitude oscillation (the
end of the specimen).

The literature indicates a lifetime for ultrasonic
horns, working at frequencies of 20 kHz, of around 10%
cycles [8, 9]. Practical experience in using these testing
systems showed the occurrence of cracks in the ultrasonic

horn thread, after a number of cycles, and working times
smaller than expected. On the ultrasonic horn shown in
Fig. 2, made of Ti-6Al-4V, the failure occurs after about
15 hours of tests (10° cycles, at a frequency of 20 kHz).
This behavior was repeated on two ultrasonic horns. All of
them have the external thread M12x1, used for the speci-
men clamping.

The occurrence of a crack on the ultrasonic horn
or on the specimen, causes the modification of the reso-
nance frequency of the vibratory system (piezoelectric
crystal - booster - ultrasonic horn — specimen), that may go
out of range of the generator’s working frequencies. The
process of according in frequency imposed by the genera-
tor causes the rapid propagation of the crack and the occur-
rence of a fracture. The life of an ultrasonic horn is thus
calculated up to the initiation of a crack. On the ultrasonic
horn shown in Fig. 2, the fatigue crack propagated on ap-
proximately 50% of the thread cross — section.
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Fig. 1 Equipment set-up on cavitation erosion tests by di-
rect vibratory method

One factor that can lead to the occurrence of mi-
cro-cracks and stress concentration areas is the repeated
attaching and detaching of the test specimen to the horn.
The test procedure involves the weighing of the specimen
at regular intervals of time (usually 15 minutes). The pre-
load applied by thread must be made so as to ensure the
transmission of oscillation. The analysis of safety factors
obtained from static and fatigue analysis must be correlat-
ed with this observation.



The paper presents an analysis of the stress state
that arises on the ultrasonic horn during cavitation erosion
tests and an estimation of the lifetime. Four geometries of
horns were analyzed: the original horn with external thread
M12x1 and three horns with optimized geometry with in-
ternal thread M12x1, M10x1 and M8x1.
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Fig. 2 Ultrasonic horn with fractured thread
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2. Analysis configuration

The analysis of stress distribution and fatigue life
was conducted on the four geometries of the ultrasonic
horn, which are codified as UH1, UH2, UH3 and UH4
(Table 1). The four ultrasonic horns have the same main
dimensions; the differences are represented by the type and
the dimensions of the thread from the horn — test specimen
connection.

Table 1
Configuration of ultrasonic horns

Code Thread type Thread dimensions
UH1 external M12x1
UH2 internal M12x1
UH3 internal M10x1
UH4 internal M8x1

Ultrasonic horn UH1 has the original geometry
where failure occurred. The modifications adopted for
UH2, UH3 and UH4 geometries were chosen so as to in-
crease the cross sectional area of the threaded area. The
nominal dimensions of the threads were chosen in correla-
tion with the outer diameter of the test specimen,
d =15.9 mm, imposed by the ASTM G32 standard (the
end diameter of the ultrasonic horn must be equal or close
to the diameter of the specimen to avoid the occurrence of
cavitation bubbles in the area of interface between the two
elements). Fig. 3 shows details of the thread area of the
four geometries that were analyzed.

The modifications imposed to UH2, UH3 and
UH4 do not change the parameters of the oscillation. Nu-
merical simulations and experimental researches, accord-
ing to the procedure described in [10], were performed to
verify the resonance frequency of the system booster —
ultrasonic horn — test specimen.

The material used for UH1-UH4 was Ti-6Al-4V,
solution treated and aged, with mechanical properties that
are shown in Table 2 [11]. The simulations were made
assuming the linear elastic and isotropic behavior of the
material.

Fig. 3 Details on threaded area of ultrasonic horns:
a-UH1;b-UH2; c-UH3; d-UH4

Table 2

Mechanical characteristics of Ti-6A-4V [11]
Material Ti-6Al-4V (SS)
Tensile strength, R, N/mm’ 1050
Yield strength, R,, N/mm® 827
Elastic modulus, E, N/mm? 104800
Shear modulus, G, N/mm? 41023.8
Poisson's ratio: 0.31

Static FEM simulations were done for each of the
four ultrasonic horns with the aim to determine the equiva-
lent von Mises stress distribution. Fatigue analysis was
conducted based on the stress state obtained from static
studies. Both types of simulations were performed using
the SolidWorks software.

The following boundary conditions were applied
in the static analysis (Fig. 4):

Fixing of the horn’s front surface (zero degrees of
freedom), which is in contact with booster;

Axial displacement, Z =0.05 mm (oscillation am-
plitude) at the end of the ultrasonic horn’s threaded area.

Fixed surface

Displacement Z = 0.05

Fig. 4 The restrictions applied to the ultrasonic horn

On the meshing of the models, three zones were



defined, depending on the finite elements’ sizes (Fig. 5):
Zone A (the main cylindrical area) where a curva-
ture based mesh using tetrahedral finite elements with a
4 mm maximum size and a 0.8 mm minimum size was
applied;

Zone B (the horn radius and the cylindrical area
with a reduced diameter) where a local mesh using finite
elements with a maximum size: 2 mm (case 1), 1 mm (case
2) and 0.8 mm (case 3) with a maximum distortion ratio
R = 1.5 was applied. The three cases were defined in order
to study the mesh convergence;

Zone C (threaded area) where a local mesh using fi-
nite elements with a maximum size of 0.4 mm and a max-
imum distortion ratio R = 1.5 was applied.

Fig. 5 Mesh applied to the ultrasonic horn

Table 3 summarizes the properties of the mesh
(the number of finite elements and the number of nodes)
which correspond to the four horns and the three cases that
were analyzed. One can observe that the number of finite
elements used for case 3 is 3-4 times higher than the num-
ber of finite elements used for case 1.

Table 3
Mesh parameters
Code | Parameter Case 1 Case 2 Case 3
UH1 Elements 152074 207807 459774
Nodes 219948 298874 652760
UH2 Elements 102658 176727 497349
Nodes 159507 269949 741628
UH3 Elements 92252 158874 449544
Nodes 141099 239854 662591
UH4 Elements 84233 144123 393376
Nodes 127277 215333 575740

Fatigue behavior simulations were performed in
order to estimate the life of the horn. In these simulations
the maximum stress which arise in static analysis was in-
troduced and the alternating load cycles with R = -1 were
defined.

The S-N curves for Ti-6Al-4V (the variation of
the alternating stress - S, depending on the number of fa-
tigue cycles - N), were drawn in the literature for up to
107-10° cycles [12, 13]. A small decrease of stress or a
constant evolution is considered for a higher number of
cycles [14, 15]. The S-N curve used in simulations (Fig. 5)
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was adopted from the SolidWorks library. Because the
study aimed to analyze the fatigue behavior for a life of
10%-10" cycles, the minimum value of the stress from the
S-N curve (537.8 N/mm?) was used in the fatigue safety
factor estimation.
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3. Results

Static simulations show distribution of equivalent
von Mises stress on UH1 with high values located in the
area of the thread (Fig. 7). For the other areas of the part,
the stress was up to 50-100 N/mm?, values which are con-
sidered adequate in relation to the mechanical characteris-
tics of the material. The analysis was focused only on the
thread area. The maximum stress obtained at HS1 — HS4
for the three cases of mesh are shown in Table 4. Detailed
analysis and simulation of the fatigue behavior was per-
formed for the stress corresponding to the mesh with the
highest number of finite elements (case 3).
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Fig. 7 Von Mises stress distribution in UH1 horn

Table 4
Maximum von Mises stress
. . Maximum equivalent stress
Simulation )
case Ovon Mises: N/mm
UH1 UH2 UH3 UH4
Case 1 588.0 501.9 | 394.4 350.3
Case 2 614.0 5149 | 4515 359.5
Case 3 600.0 545.5 | 475.7 394.6




The distribution of von Mises equivalent stress in
the threaded area of the horn UH1 (Fig. 8) indicates the
occurrence of the maximum values on the channel between
the thread turns (minor diameter), on the thread front sur-
face and on the radius between the thread and the body of
the horn. This distribution is determined by the following
factors:

- Stress concentrations (the geometry of the thread
was modeled according to the standardized dimen-
sions);

- The maximum amplitude of oscillation imposed on
the end surface of the horn;

- Reduced cross section of the horn in the thread area.
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Fig. 8 Von Mises stress distribution in UH1 threaded area

The Von Mises stress distribution on the threads
of UH2, UH3 and UH4 horns (Fig. 9-11) reveals a maxi-
mum value placed in the same areas as the UH1, but at
lower values. The shift from the external thread M12 to the
internal thread M12, lead to a reduction of the maximum
stress from 600 N/mm? to 545.5 N/mm? (~ 10%). Also, by
switching to the internal thread, the radius between the
thread and the body of the horn is eliminated.

The decrease of the nominal size of the thread
from M12 to M10 or M8 leads to a decrease of the maxi-
mum stress to 472.7 N/mm?, respectively 394.6 N/mm? (a
decrease of 21% and 34% in relation to the maximum
stress from the ultrasonic horn with the original geometry).
During the cavitation erosion test, the specimen is not sub-
jected to significant strains and the specimen thread size
can be decreased without the occurrence of high stress.

For the analysis of the horns’ fatigue behavior, the
fatigue life distribution and the fatigue safety factor distri-
bution were determined.

The minimum fatigue life was 1140785 cycles for
UH1 and 5072270 cycles for UH2. The maximum values
of stress for UH3 and UH4 were under the minimum alter-
nating stress from the S-N diagram. It is considered that
these geometries will not fail to fatigue. To strengthen this
conclusion one must accurately know the evolution of the
SN curve for 10*°-10" cycles.

A more accurate assessment of fatigue behavior is
obtained by analyzing the distribution of the fatigue safety
factor. This was calculated as a ratio between the alternat-
ing stress from the SN diagram, osy = 537.8 N/mm? corre-
sponding to 10’ cycles, and the equivalent Stress ovon mises
from each node of static analysis. The limit values of the
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fatigue safety factor (Table 5) indicate the possibility of
using the HS3 and HS4 horns in cavitation erosion tests.
Since these values are relatively small, it is recommended
to impose low roughness and high geometrical precision
conditions on the surface of the threaded area and on the
contact front surfaces between the ultrasonic horn and the
test specimen.
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Fig. 11 Von Mises stress distribution in UH4 threaded area

Table 5
Minimal values of fatigue factor of safety (FoS)
Horn geometry HS1 HS?2 HS3 HS4
FoS 0.897 0986 | 1.131 | 1.363




4. Conclusions

1. Static and fatigue analysis made on an ultrason-
ic horn used for cavitation erosion tests on vibratory sys-
tems by direct method, confirmed the conclusion resulting
from experimental research: the emergence of a fatigue
fracture after a number of cycles that was lower than ex-
pected for this type of components. The maximum stress
occurs in the threaded area of the horn, which is designed
for the attachment of the test specimen.

2. Comparing the maximum von Mises stress that
occurs in the original ultrasonic horn with external thread
M12 with the maximum stress that occurs on the ultrasonic
horn with internal thread M12, both subject to the same
constraints, it can be concluded that the internal thread
generates a stress decrease of 10%. Also, the use of the
internal thread removes the high stress from the radius be-
tween the thread and the body of the horn, radius used on
the external thread.

3. A significant decrease of the maximum stress is
generated by the decrease of the nominal size of the inter-
nal thread from M12 to M10 or M8. For the M10 and M8
threads, fatigue safety factors are above 1. The ultrasonic
horn with M8 internal thread is considered to have optimal
geometry in terms of fatigue behavior.
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FAILURE ANALYSIS OF A TI-6AL-4V ULTRASONIC
HORN USED IN CAVITATION EROSION TESTS

Summary

During the testing of the materials’ cavitation ero-
sion resistance on vibratory systems by direct method
(ASTM G32), the thread from the ultrasonic horn — test
specimen connection, is subjected to fatigue. Operational
experience has shown the occurrence of cracks and frac-
tures in this area after a number of stress cycles that was
lower than anticipated. The paper presents an analysis ap-
plied on four types of ultrasonic horns geometries: the
original geometry with an external thread M12 and three
modified geometries, with an internal thread M10 and M8.
The four geometries were subjected to static analysis in
order to determine the stress distribution. Based on static
analysis, the behavior of the horns to fatigue was simulated
and analyzed, determining the fatigue life, safety factors
and optimal geometry.

Keywords: fatigue, thread, ultrasonic horn, Ti6Al4V,
cavitation erosion tests.
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