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Introduction 

All cylindrical-rollers profiles exhibit severe discontinuities in the end chamfer zones; the ZB 

profile includes two more at the common points of the crowned radius and straight line, Fig. 1. 

Fig.1 Cylindrical rollers (straight line and ZB profiles). 

Fig. 2. The contact pressure and von Mises stresses for loading with no misalignment. 
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Fig. 3. The contact pressure and von Mises stresses for loading with 2.0 minutes misalignment. 

A genuine elastic analysis is able to optimize the roller profile to obtain a stress distribution in 

the contact zones, Fig. 2, that provides enhanced operational reliability, Ioannides et al. [1]. If the 

misalignment is present the edge loading effects are considerably amplified for one roller’s end and 

diminished at the other, Fig. 3. The existence of the high pressure peaks determines a significant 

increase of the von Mises stresses, Fig. 3, and, according to ISO 16281 methodology [2], a very 

severe reduction of the reference rating life. On the other hand, these von Mises equivalent stresses 

are able to overcome, locally, the yield limit and to induce both plastic deformations and residual 

stresses. After a number of cycles the material will shakedown elastically to a slightly modified 

roller profile, Kapoor and Johnson [3]. If these changes exist they have to be considered in the 

evaluation of the reference rating life, [2]. 

Numerical Formulation of the Elastic Non-Hertzian Contact Problem 

A hypothetical (virtual) rectangular contact area, denoted Ah, is built, around the initial contact 

point, on the common tangent plane, Fig. 4.  

Fig. 4.  Real and virtual contact areas. Fig. 5.  Real and virtual pressure distributions. 

A uniformly spaced rectangular array is built on the hypothetical area with the grid sides parallel 

to the x and y-axes. The nodes of the grid are denoted by (i, j), where indices i and j refer to the grid 

columns and rows, respectively. The real pressure distribution is replaced by a virtual piecewise 

distribution, Fig. 5. The geometric equation, Boussinesq equation and equilibrium equation, 
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together with the constraints of non-penetration and non-adhesion, form the system of algebraic 

equations to provide the real contact area and the pressure distribution. The Conjugate Gradient 

Method and FFT technique have been involved to solve the mentioned algebraic system of 

equations. Creţu and Benchea [4], Nelias et al.[5]. The components of the stress tensor, induced in 

the generic point M(x,y,z), are obtained by superposition: 
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where the influence function Cijkl(x,y,z) describes the stress component σij(x,y,z) due to a unit 

pressure acting in the patch (k, l). 

Elastic-Plastic Analysis Model  

Material Behavior. The material cyclic hardening characteristic is adopted to be described by an 

isotropic hardening law and the ratchetting effect by a non-linear kinematic hardening law, Creţu 

[6], Besson et al. [7]. The isotropic hardening component of the model defines the yielding stress as 

a function of the equivalent plastic strain and for materials that cyclically harden is modeled with a 

simple exponential law as: 
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The link between the intensity of the stress tensor and the intensity of the strain tensor is assured 

by the Ramberg-Osgood’s equation: 
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Constitutive Equations. The increment of the total strain is assumed to be a sum of the elastic 

and plastic strain increments: 

     
pe ddd εεε += .                                                                       (4) 

Hooke’s law assures the differential of elastic strain tensor whereas the differential of plastic 

strain tensor is:  
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The increments of the total strain are finally obtained as: 
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In the matrix notation:  

 

    [ ] σε dBd ⋅= ,    and   [ ] εσ dAd ⋅= ,        [ ] [ ] 1−
= BA .                                                           (7) 
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Incremental algorithm. The load is increased incrementally till its final value is attained.. For 

each new load increment the new elastic pressure distribution and corresponding stress state are 

obtained. The von Mises yield condition is checked and at a certain load increment order, n + 1, the 

yield condition is fulfilled in some points inside the stressed volume and the plastic deformation 

occurs. For each of these points the stress and strain tensors are obtained in three steps: 

In the first step, the increment of the stress tensor is evaluated as the difference between the 

successive order components; Hooke’s law is further used to obtain the increment of the total 

deformation tensor.  

In the second step, the increment of the stress tensor is re-calculated, equation (7), and further the 

increments of the elastic and plastic strains are obtained: 
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In the third step, the residual stresses increments are added to the stresses increments:  
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Finally, the stress and strain tensors components are:  
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The evaluation process of plastic strains and residual stresses is performed in all grid points of 

the loaded half-space. The depth integration of the plastic strains provides the plastic displacements 

that modify the contact geometry. The new contact geometry and residual stresses are further 

considered as initial values for the next loading cycle, the incremental technique being reiterated. 

The cyclic incremental technique continues till material shakedowns. The Melan-Koitter theorems 

of hardening assures that the related residual stress state is unique, Williams A.[8].  

Numerical results 

Loading Conditions: Misalignment and Heavy Loads. A NJ2238 roller bearing operating in 

conditions of heavy radial load FR = 450 kN and 2 minutes misalignment has been selected for this 

study. The evolutions of the plastic displacements and the corresponding changes induced in the 

pressure distributions are exemplified in Fig. 6 to Fig. 8.  
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Fig. 6  Plastic displacements and pressure distributions for straight line profile,( FR =450 kN). 

Fig. 7  Plastic displacements and pressure distributions for ZB profile, ( zk = 2.5 µm, FR =450 kN). 

Fig. 8  Plastic displacements and pressure distributions for ZB profile, ( zk = 24 µm, FR =450 kN). 

Loading Conditions: Misalignment with Transient Overloads. The cylindrical roller bearing 

that supports a radial force of 100 kN with a very short overloads of 450 kN. The pressure 

distributions along the profile of the most loaded roller, before and after a transient overload of 450 

kN, are exemplified in Fig. 9. 
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a) Straight line profile b) ZB profile,( zk = 24 µm)

Fig. 9  The pressure distributions for  FR=100 kN, before and after a transient overload of 450 kN. 

Summary 

The running of cylindrical roller bearings in condition of misalignment generates, in the profile’s 

discontinuities points, sharp peaks of the pressure distributions and major increases of von Mises 

stresses that involve severe reductions of the basic reference rating lives. The local plastic 

displacements, resulted from the elastic-plastic shakedown process, slightly modify the roller’s 

profile just in its discontinuities points. The new roller profile, stabilized after less than 200 loading 

cycles, generates significantly lower pressure peaks in the profile discontinuities zones that provides 

enhanced values for the basic reference rating life. 
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ABSTRACT

Heavy loads, transient overloads or high misalignments applied to cylindrical 
roller bearings create uneven pressures distributions with overloading of the yield 
limit, plastic deformations and shakedown phenomena, able to change the basic 
rolling contact geometry. To consider these phenomena an elastic-plastic contact 
model is developed. The model is based on the incremental theory of plasticity 
comprising the von Mises yield criterion and Prandtl-Reuss equations. Consid-
ering isotropic and nonlinear kinematic hardening laws the model accounts for 
the cyclic hardening phenomena. As result of the elastic-shakedown a new con-
tact geometry is established in less than two hundred of loading cycles. Further, 
the basic reference rating lives are evaluated using the methodology presented in 
ISO-16281:2008. The favourable effect of the contact geometry changes due to 
local plastic deformations is finally revealed.

Keywords: non-Hertzian contact, plastic deformations, kinematic hardening, re-
sidual stresses, elastic-shakedown, basic reference rating life.

AIMS AND BACKGROUND

 The profile of a cylindrical-crowned roller causes the class I discontinuities at the 
intersection points of roller profile with the crowning radius as well as at the end 
chamfers1. These discontinuities create spikes in the contact pressure distribu-
tion2–5 and diminish the rating life of the bearing1. On the other hand, these local 
increases in pressure distribution are able to overcome locally, the yield limit 
and to induce both plastic deformations and residual stresses4. After a certain 
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number of cycles the material will shakedown elastically to a slightly modified 
roller profile and a stable state of compressive residual stresses7. If occurred, these 
changes have to be considered in the life evaluation. An analysis model has been 
developed to simulate the nonlinear strain rate dependent deformation of rolling 
bearing steel stressed in the elastic-plastic domain. The model is developed in 
the frame of the incremental theory of plasticity by using the von Mises yield 
criterion and Prandtl-Reuss equations. By considering an isotropic and nonlinear 
kinematic hardening law the model accounts for the cyclic hardening phenomena.

For the case of cylindrical roller bearings with cylindrical-crowned roller pro-
file, the role played by the crowning geometry on pressure distribution is pointed 
out for both the elastic analysis and elastic-plastic analysis. Further, the modified 
rating lives are evaluated using the methodology given in ISO 16281-2008.

THE ELASTIC-PLASTIC MODEL

Material behaviour. For the representation of the yield surface of hardenable al-
loyed steel it is recommended8,9 to use isotropic and kinematic hardening models. 

The loading function can be written as:

 eq Y f =s − − sR  (1)
 

Isotropic hardening. The isotropic parameter R is depending on the accumulated 
plastic strain and defines the change of the yield surface radius.

 S Ys = s + R  (2)
 

where sY and sS are the initial and current yield stresses, respectively.

Ramberg-Osgood model for isotropic hardening. This model defines the yielding 
stress as a function of the equivalent plastic strain er:

 ( ) Y1/

S Y Y 
MpKs =s + e  (3)

 
where KY is the coefficient of plastic resistance and MY is the hardening expo-
nent10,11. The isotropic hardening of the hardened AISI 52100 bearing steel was 
modelled using the values mentioned by Wang and Kerr (Ref. 10): KY =5036 MPa, 
MY = 8.24, E = 210 GPa.

 The number of cycles necessary to induce a steady state of both the plas-
tic deformations and residual stresses (elastic-shakedown) is very small in com-
parison with the number of loading cycles to induce microstructural changes13,14. 
Therefore, any cyclic softening was neglected11. 
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Kinematic hardening. In addition to the stresses caused by the current loading, 
the equivalent stress takes account of the residual stresses generated by the plastic 
strains.

CONSTITUTIVE EQUATIONS

Partition hypothesis. In the small perturbation framework the total strain is por-
tioned into an elastic and plastic strain. This assumption of decoupling the elastic 
and plastic components allows us to compute total strain increments as a sum of 
the two components:

  d d d= +e pe e e  (4) 
 
The Hooke law links the increments of linear elastic strain to stress incre-

ments:
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where E is the Young elasticity modulus, v – the Poisson coefficient of transversal 
contraction, and dij – the Kronecker symbol: dij = 1 for i = j, and dij = 0 for i ≠ j.

For associated plasticity and inside the framework of Ramberg-Osgood 
isotropic hardening model, the plastic strain increments are formulated by the 
Prandtl-Reuss equations8,9:
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where the angular brackets have the following meaning: 〈x〉 = x if x > 0 and 〈x〉 = 
0 if x ≤ 0.

The loading surface has been considered as described by the von Mises 
yielding criterion and the increments of total strain become:
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Incremental algorithm. To attain the final load, the two bodies are incremental-
ly brought into contact15,16. For each new load increment a new elastic pressure 
distribution is obtained as solution of the system formed by the elastic contact 
equations. For each load level the internal stresses state is found by using the 
superposition principle and then the von Mises yield condition is checked. At a 
certain load increment order, n + 1, the yield condition is fulfilled in a number of 
points inside the stressed volume and the plastic deformations occur. For each of 
these points the stress and strain tensors are obtained in three steps.

 In the first step, the increment of the stress tensor is evaluated as a differ-
ence between the successive order components whereas the increment of the total 
deformation tensor is evaluated by the Hooke law, equation (5) (compatibility 
technique):

 ( ) ( ) ( )1 1d + += −n n ns s s   (11) 

 ( ) ( ) ( ) ( )1 1 11
d 1 d d+ + + = + υ − υ 

n n n

E
e s s d   (12)

In the second step, the increment of the stress tensor is recalculated, equa-
tion (10):

 ( 1) ( ) ( 1)d [ ]d+ += An n ns e   (13) 
 
The increments of the elastic and plastic strains are further found as:

 ( ) ( ) ( ) ( )1 1 11
d 1 d d+ + + = + υ − υ 

e n n n

E
e s s d   (14) 

 ( ) ( ) ( )1 1 1d d d+ + += −p en n ne e e   (15) 
 

The increments of residual stresses induced by the increments of plastic 
strain are found as:

 ( ) ( ) ( )1 1* 1d d d
1 1 2

n nn p p
ijR ij kk ij

E + ++ υ s = e + e d + υ − υ 
  (16) 

Because the boundary conditions require 

 
( 1) *( 1)( , ,0) 0 and d ( , ,0) 0,n n
zzR zzRx y x y+ +s = s =  

a relaxation process10,11 has been operated: 

 ( ) ( ) ( )1 * 1 * 1d d d
1

n n n
xxR xxR zzR
+ + +υ

s = s − s
− υ

  (17) 

 ( ) ( ) ( )1 * 1 * 1d d d
1

n n n
yyR yyR zzR
+ + +υ

s = s − s
− υ

  (18) 
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 In the third step, the increments of residual stresses are added to the stresses 
increments: 

 ( ) ( ) ( )1 1 1
Rd d dn n n+ + +s = s + s   (19) 

Finally, the stress and plastic strain tensors are: 

 ( ) ( ) ( )1 1 dn n n+ +s = s + s   (20) 

 ( ) ( ) ( )1 1p p p dn n n+ +e = e + e   (21) 

The evaluation process of plastic strains and residual stresses is performed in 
the all points where the yielding criterion has been accomplished.

As long as the load attained its final value, the integration of the plastic 
strains developed along the normal to contact area provides the surface plastic 
displacements that modify the contact geometry. 

 Cycling loading and elastic-shakedown. Both, the new contact geometry and 
residual stresses distribution are further considered as initial values for the next 
loading cycle, the incremental technique being reiterated with the up-dated val-
ues. The cyclic incremental technique continues till the contact geometry and 
residual stresses no longer change from one cycle to the next, meaning that an 
elastic shakedown state have been accomplished17–19.

The evolution of residual stresses depicted in Fig. 1 illustrates the elastic sha-
kedown phenomenon. The way to attain the final state may be different when the 
load is moving compared to purely vertical loading10. However, if the shakedown 
was accomplished, the Melan-Koitter theorems of hardening17 assure the unique-
ness of the related residual stresses state. 
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RESULTS AND DISCUSSION

Profile evolution. Two operating conditions have been considered in the present elas-
tic-plastc analysis; the first one was used in the elastic analysis performed in the paper. 

Operating conditions 1: heavy radial load Fr = 450 kN and 2 min misalignment. 
The plastic displacements after the first loading cycle and after elastic-sha-

kedown are presented in Fig. 2 together with the corresponding modifications in 
pressure distributions. 
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Fig. 2.  Profile evolution and the corresponding pressures distributions along roller generatrix 
(operating load Fr = 450 kN,  misalignment Ψ = 2 min)
a – straight line profile;  b – ZB profile, zk = 0.0025 mm;  c – ZB profile, zk = 0.024 mm  
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Basic reference rating lives. The new pressure distributions have been alterna-
tively considered in the evaluation of the basic reference rating life according to 
ISO-16281 method (Table 1).

 Operating conditions 2: running radial load Fr = 100 kN, short transient overload 
Ftr  =  450 kN and 2 min misalignment. The transient overload Ftr is responsible for 

Table 1. Fatigue lives for the operating load Fr = 450 kN and a misalignment Ψ = 2 min. Elas-
tic-plastic analysis

Roller 
profile 

Profile drop 
zk (µm)

Basic rating lives L10, 
ISO 281 (Ref. 19) (h)

Basic reference rating lives L10r,
ISO 16281 (Ref. 21) (h)

basic profile
(elastic analysis ) 

elastic shakedown 
profile 

Straight –

294

3.52 16.7 
ZB 2.5 4.81 35.5 
ZB 10 31.4 42.2 
ZB 24 16 37.3 

Fig. 3.  Profile evolution and the corresponding pressures distributions along roller generatrix 
(operating load Fr = 100 kN, transient overloads Ftr = 450 kN, misalignment Ψ = 2 min)
a – straight line profile;  b – ZB profile, zk = 0.024 mm
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Table 2. Fatigue lives for the operating load Fr = 100 kN with transient overloads Ftr = 450 kN and 
a misalignment Ψ = 2 min. Elastic-plastic analysis

Roller 
profile 

Profile drop 
zk (µm)

Basic rating lives L10, 
ISO 281 (Ref. 21) (h)

Basic reference rating lives L10r,
ISO 16281 (Ref. 22) (h)

basic profile
(elastic analysis ) 

elastic shakedown 
profile 

Straight –

44300

163 757
ZB 2.5 1720 1760
ZB 10 4950 9860
ZB 24 10200 10800

the profile changes, as is depicted in Fig. 3. The pressure distribution due to the 
operating load Fr = 100 kN are represented in Fig. 3 and the corresponding rating 
lives are given in Table 2. The results reveal that a very short overload, able to 
induce small alterations of roller profile, may attenuate the pressure peaks with 
beneficial effect upon basic reference rating life.

CONCLUSIONS 

The existing discontinuities along roller generatrix generate sharp increases in 
pressure distributions that may led to slight changes of roller profile against the 
basic design. 

 A fast solver has been developed to obtain the pressure distributions in 
non-Hertzian contacts loaded in elastic as well as elastic-plastic conditions.

 The cyclic evaluation process of the plastic strains and residual stresses is 
performed until the material shakedowns. 

 The methodology presented in ISO-16281:2008 has been involved to evalu-
ate the basic reference rating lives. The favourable effect of roller profile changes 
as result of the local plastic deformations has been revealed.

 An elastic-plastic approach can provide a more realistic evaluation of the 
basic reference rating life of roller bearings that are running in heavy loading 
conditions, presence of transient overloads or notably misalignments. 
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The acoustic human comfort includes the protection from noise and it is closely related to the sound
absorption concept. The paper presents an experimental study on sound absorption coefficients, includ-
ing transmission, for some combined materials: waste materials (rubber particles, polypropylene, crum-
bled plastic, wood flour, jute and cord fabrics) with different backing plates (plasterboard, oriented strand
board - OSB, polystyrene). The tests were realized following the impedance tube method (ISO 10534-
1:1998 standard), except for that the end of the tube was inserted into an anechoic room. The effect of
this ‘‘backing room” on the samples sound absorption performances is discussed. Also, the experimental
results emphasize the influence of the combined materials placed in series on the sound absorption per-
formances and promote the idea of environmentally friendly solutions in their improvement.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The technological development of all the industries (automo-
tive, construction, environmental and equipment manufacturing)
that creates powerful and noisy systems requires more efficient
and cheap sound absorptive materials in order to achieve the
acoustic human comfort. This is connected to the sound absorption
concept. Absorption coefficient quantifies how much sound is
absorbed by the material and transmission through it. When the
sound reaches the material, its energy is absorbed and reflected,
depending on the sound absorption performance of the material
[1]. For instance, the buildings walls and roofs constitute the back-
ing for different materials that need to have a high absorption coef-
ficient, as wool glass, foam or mineral fibers and their composites.

There are studies that reinforce the idea of the use of some
materials combinations, resulting in different structures of thick-
ness and density, influencing the sound absorption properties of
the new created material [2,3]. Recently, human health and
environmental protection have become another major require-
ments leading to natural materials use in practical applications.
Therefore, another series of experimental studies on sound
absorption coefficient focuses on some natural materials and their
combination (bamboo fiberboard, coconut fibers, and tea leaf
fibers) [4,5]. As a result, good sound absorption coefficients similar
to those for metallic foams or sinterized materials were reported.

This paper experimentally investigates and then compares the
sound absorption coefficients including the transmission to behind
of several samples consisting of waste materials (rubber particles,
polypropylene, crumbled plastic, wood flour, jute and cord fabrics)
with different backing plates (plasterboard, oriented strand board -
OSB, polystyrene). The samples (considered combined materials
placed in series) were tested in an anechoic room using the ISO
10534-1:1998 standard. The testing procedure was modified in
that the anechoic room represents the ‘‘backing itself” of the tube,
replacing the rigid wall from the standard procedure. As the mate-
rials sound absorption properties are very dependent on the way
the material is mounted, the investigation of the material absorp-
tive performance in a certain position in space is of interest.

The sound absorption study of some materials based on differ-
ent backing plates, in different combinations, highlights the possi-
bility of cheap and efficient constructive solutions to provide better
absorptive materials.
2. Experimental investigation

2.1. Method and material

The absorption coefficient of a material varies with frequency
and with the angle at which the sound wave strikes the material.
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When sound waves hit a surface, as energy conservation, (Fig. 1), it
can be expressed [6]:

Ei ¼ Er þ Ea þ Et ð1Þ
The absorption coefficient is defined as ratio of absorbed energy

to incident energy:

a ¼ Ea

Ei
ð2Þ

Also, the absorption coefficient, a, can be defined as the ratio of
all energy not reflected to incident energy:

a ¼ 1� Er

Ei
¼ Ea þ Et

Ei
ð3Þ

Absorption coefficient measurements usually are made in a
reverberant room, according to the ISO 354:2003 standard [7].
Using this standard, it has been reported influences of sample
placement in the room and sample edge effects on the accuracy
of the measurements [8].

As well, it is used the standing wave tube technique, presented
in part 1 of the ISO 10534:1998 standard [9] and the transfer func-
tion method described in part 2 of this standard. The first part of
the standard settles the measurements of the ratio of peak to min-
imum amplitude in a standing wave tube in order to determine the
magnitude and phase of the pressure reflection coefficient, and
then the sound absorption coefficient, a. The second part of the
standard describes the use of the transfer function H between
two spaced microphones and also spaced from sample in order
to get pressure reflection coefficient, r [10,11]. ISO 10534:1998
standard can be applied if there are no reflected waves resulting
from other systems than the tested samples, meaning that mea-
surements based on these methods have to be carried out in open
spaces or rooms that have sound insulation [12]. The measured
upper frequency is limited to the plane waves frequencies which
can travel in the tube depending of the sound speed and the tube
diameter [6].

None of these procedures allows making measurements in situ,
furthermore the experimental methodologies are quite different,
and so the obtained values for the sound absorption coefficients
have a great dispersion from an author to another [13].

To summarize, we may consider that the sound absorption coef-
ficient obtained from the reverberation roommethod is the ratio of
the absorbed energy by the test sample to the incident sound
energy, while the sound absorption coefficient measured in an
impedance tube is defined as the ratio of the non-reflected sound
energy to the incident sound energy [14].

The standard impedance tube method supposes that the sample
is backed by a rigid termination/wall. If the rigid backing is
replaced by an anechoic termination, then the measured sound
absorption coefficient obtained for this case includes both the
energy dissipated inside the material and the energy transmitted
through the material and propagated to the anechoic terminal.
Fig. 1. Sound energy conservation.
When the sample is backed by a rigid plate this latter term disap-
pears and the sound absorption coefficient rating is the same as
that for the standard impedance tube method defined by the cor-
responding ISO standards [14].

Taking into account that we have in the department an ane-
choic room, we performed our experimental work based on a mod-
ified impedance tube method (ISO 10534-1:1998 standard). The
anechoic end of the impedance tube is the anechoic room itself.

In practical cases, the energy dissipated inside a material when
it is directly mounted on a wall is close to the result from the stan-
dard tube configuration [14]. As well, a lot of materials can be
freely-hanging in space and the sound transmission loss through
the material must be considered. Therefore, it can be of interest
for practical situations to explore the effect of the anechoic cavity,
as backing, in order to estimate the sound absorption coefficient
values.

Fig. 2 presents the experimental setup for the sound absorption
coefficients. It consists of: signal random generator, microphone,
soundmeter connected with the microphone and NIDAQ board,
laptop with LabVIEW soft compatible with National Instruments
DAQPad for data processing. The signal generator connected to
the loudspeakers emits waves travelling to the other end of the
tube, where the tested samples are well fastened.

The samples are realized from different combinations of waste/
recycled materials (plastic, wood flour, rubber, polypropylene, jute
fabric, cord fabric) bonded on backing plate made of some usual
construction materials for room walls and roofs (plasterboard,
polystyrene, OSB-oriented strand band). The bonding solution is
a water-based agent, ecological and without chemical reactivity.

Therefore, some materials are layered together to make a new
structure in practice and it is necessary to get the acoustic proper-
ties of the whole structure. The total reflected sound wave at the
interface of two or more layers of materials is the summation of
the infinite number of reflections at the surfaces [14]. In a standard
configuration, the material is backed by a rigid wall. It can be con-
sidered as two layers of materials placed in series with the reflec-
tion coefficient of the second one equal to unity [14]. We can think
about this standard configuration as a particular case of the general
situation when the end of the tube has an anechoic termination.
The anechoic room is the back cavity replacing the rigid wall from
the standard procedure.

In the impedance tube the waves are reflected back from the
sample and received by the microphone measuring the incident
and reflecting sound pressure. The samples with a diameter of
10 cm were prepared according to the tube size and the third
octave analysis with LabVIEW soft is performed in frequencies
band ranging from 63 to 2000 Hz.

The tested samples are noted:
The appearance characteristics of the tested samples are

depicted in Fig. 3.
2.2. Experimental results and discussions

We have measured the sound pressure level dB(A), A weighted,
of incident and reflected wave, using the LabVIEW soft with the
third-octave analysis tool. Values are usually provided in the litera-
ture at the standard frequencies of 125, 250, 500, 1000 and
2000 Hz [15].

Specifications for this tool included in LabVIEW library are
defined by ANSI and International Electrotechnical Commission
(IEC) standards and the results are fully compliant to the interna-
tional standards (ANSI S1.11-2004 and the IEC 1260:1995 stan-
dards). The absorption coefficient under a certain frequency is
determinate according to ISO 10534-1:1998 standard. Each sample
was tested 3 times and the averaged values are considered.



Fig. 2. Experimental setup, using the anechoic room, for the sound absorption coefficients.

Fig. 3. Tested samples.
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Fig. 4. Sound absorption coefficients of tested samples with plasterboard backing
(the absorption coefficients include sound transmission).
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Our method of impedance tube without rigid backing is not a
usual way to measure absorption performance. The energy dissi-
pated inside a material together with the transmitted energy
through this material is propagated to the anechoic room. When
the sample is backed by a rigid plate, the sound transmission loss
is negligible and we have the same situation as that for the impe-
dance tube method defined by the corresponding ISO standards
[14]. Therefore the absorption coefficient values in our work are
lower than those obtained through standard measurements (with
rigid backing of the tube end).

Figs. 4–6 describe the relation between frequency and sound
absorption coefficients, a, of samples with three backing materials
covered with different waste materials, as it is denoted in Table 1.
Note that these absorption coefficients include sound
transmission.

The tested samples with plasterboard backing have sound
absorption coefficients greater at low frequencies (125–250 Hz)
than at high frequencies (1000–2000 Hz). From the Fig. 4, it is obvi-
ous that the deposition of the granular or grinded materials (see
Table 1) on the plasterboard plates increases the sound absorptive
properties of the new created materials.
However, the sound absorption of the composed materials thus
created is dominated by the R8 sample (the plasterboard is covered
with cord fabric). The simplicity of the fabric and also its natural
origin, environmentally friendly, give to this combination
(expressed in R8 sample) a good potential in sound absorption.



Fig. 5. Sound absorption coefficients of tested samples with polystyrene backing
(the absorption coefficients include sound transmission).
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Fig. 6. Sound absorption coefficients of tested samples with OSB backing (the
absorption coefficients include sound transmission).

Table 1
Samples codes and their characteristics.

Tested
sample
code

Materials combination Diameter/Mean
thickness [mm]

R1 Simple plasterboard 100/15
R2 Whitewashed plasterboard 100/15
R3 Plasterboard covered with wood flour 100/15
R4 Plasterboard covered with crumbled

plastic
100/15

R5 Plasterboard covered with polypropylene
granules

100/15

R6 Plasterboard covered with rubber granules 100/15
R7 Plasterboard covered with jute fabric 100/15
R8 Plasterboard covered with cord fabric 100/15
R9 Plasterboard covered with jute fabric on

the backing both surfaces
100/15

P1 Simple polystyrene 100/40
P2 Plaster polystyrene with meshing 100/40
P2-2 Plaster polystyrene with meshing and

whitewashed
100/40

P3 Finished polystyrene covered with wood
flour

100/40

P4 Finished polystyrene covered with
crumbled plastic

100/40

P5 Finished polystyrene covered with
polypropylene granules

100/40

P6 Finished polystyrene covered with rubber
granules

100/40

P7 Finished polystyrene covered with jute
fabric

100/40

P8 Finished polystyrene covered with cord
fabric

100/40

P9 Finished polystyrene covered with jute
fabric on the backing both surfaces

100/40

O1 Simple OSB without cover material 100/5
O2 Painted OSB 100/5
O3 OSB covered with wood flour 100/5
O4 OSB covered with crumbled plastic 100/5
O5 OSB covered with polypropylene granules 100/5
O6 OSB covered with rubber granules 100/5
O7 OSB covered with jute fabric 100/5
O8 OSB covered with cord fabric 100/5
O9 OSB covered with jute fabric on the

backing both surfaces
100/5
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Fig. 7. Sound absorption coefficients including transmission.
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Also, a natural textile material bonded on the plasterboard backing
(R9) seems to have an increase sound absorption coefficient com-
pared to the other combinations from Fig. 4. In the figure, it can
be observed a drop in sound absorption at approx. 500 Hz.

Fig. 5 reports the sound absorption performances of the materi-
als with polystyrene backing, from Table 1. We can recognize bet-
ter sound absorption behaviour at 2000 Hz than at frequencies
below this one, for almost all these type of samples. The sample
P9, which is a natural textile material on polystyrene, has the high-
est values for the sound absorption coefficient, even at 500 Hz,
although it is observed a decrease for almost all the other
materials.

Fig. 6 describes the evolution of sound absorption coefficients
for the samples with oriented strand band (OSB) backing. The sam-
ples O1-O7 have sound absorption coefficients without significant
variations in the interest frequency band, excepting the decrease
recorded at 500 Hz. There are good sound absorption properties
(noting the values recorded at 250 Hz) for samples O8, then O9,
which are made of cord and jute fabric, respectively, bounded on
the OSB backing.

In the next Figs. 7–15 we have realized a comparative analysis
of sound absorption coefficients of the tested samples from the
point of view of covering materials.

It can be seen that, from our measurements, the plasterboard
sample R1 has greater sound absorption coefficients compared to
polystyrene and OSB samples, as resulting from Fig. 7. Although
the simple polystyrene sample P1 has the greatest thickness
among the backing plates, it recorded poor sound absorption. The
OSB plate, O1, denser and the thinnest sample, has also the sound
absorption behaviour comparable with the sample R1 at low fre-
quency of 125 Hz. However, the thickness is important on low fre-
quency sound absorption, as low frequency means larger
wavelength and larger wavelength sound can be absorbed if the
material is thicker. Thickness at higher frequencies has insignifi-
cant effect on sound absorption [16].

The recycled materials covering the backing plates bring
changes in the sound absorption behaviour, as it is presented in
Figs. 8–15. Whitewashing and painting the backing plates (R2
and O2 from Fig. 8) lightly raise the sound absorption coefficients
of the initial samples, highlighting the surface effects. The wood
flour bonded on the backing plates (Fig. 9) don’t have significant
influence on samples sound absorption, while the crumbled plastic
(Fig. 10) and the propylene granules (Fig. 11) on polystyrene back-
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Fig. 8. Sound absorption coefficients including transmission.
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Fig. 10. Sound absorption coefficients including transmission.
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Fig. 11. Sound absorption coefficients including transmission.
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Fig. 12. Sound absorption coefficients including transmission.

Fig. 13. Sound absorption coefficients including transmission.

Fig. 14. Sound absorption coefficients including transmission.
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ing plate represent materials with higher sound absorption coeffi-
cients, especially at lower frequencies. The samples with rubber
granules as coating layer (Fig. 12) demonstrate that at low fre-
quency they have lower sound absorption behaviour, mainly on
polystyrene backing.
Figs. 13–15 reports the sound absorption performances of the
sample consisting in textiles (jute and cord fabrics) bonded on
the backing plates. The jute fabric on the backing both surfaces
(Fig. 15) increases the sound absorption properties of the samples
compared to the situation when the backing is covered by the jute
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fabric on a single surface (Fig. 13). As well, the cord fabric with
backing (Fig. 14) represents a better absorptive material than those
previous described.

The reported results included in the Figs. 7–15 (note that these
absorption coefficients include sound transmission) show a drop in
sound absorption at 500 Hz. _It is possible that at this frequency a
non-axisymmetric sound field to be created as result of the excita-
tion of a vibration mode of the acoustic waves [8].

The literature agrees that the behaviours of the materials are
totally different in different configurations and are very dependent
on the material concerned [14]. The classic theoretical models
must be adapted to these situations.

3. Conclusions

The paper first presents an experimental investigation on the
sound absorption coefficients behaviour, including the effect of
the backing walls, of some combined materials: waste materials
(rubber particles, polypropylene, crumbled plastic, wood flour, jute
and cord fabrics) bonded on the usual construction materials of
plasterboard, polystyrene and OSB. The tests were realized using
the tube end inserted into an anechoic room. The effect of this
backing cavity on the samples acoustic performances, in terms of
sound absorption, is discussed. As consequence, the absorption
coefficient values in our work are lower than those obtained
through standard measurements (with rigid backing of the tube
end). The one layer material covering the backing plate leads to
the increase of sound absorption of the sample thus created. The
results highlight that the samples including textile materials (jute
and cord fabrics) have better sound absorption properties in the
exploited frequency band. This fact is also important for the envi-
ronment and the human health. The backing of plasterboard with a
single layer of any used waste material has sound absorption prop-
erties better when compared to samples with polystyrene backing,
even their thickness is greater. Similar behaviour is recorded for
the thinner samples with OSB base. The backing plates density of
the samples influences the sound absorption properties more than
their thickness.
The study of the particles size and thickness of the waste mate-
rials covering the backing plates could extend this current work.
The paper draws attention on the possibility of cheap and efficient
constructive solutions to provide better sound absorption
properties.
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a b s t r a c t

In the context of an urban environment assaulted by noise from different sources, the possibility of using
composite materials made of concrete and various materials considered as waste was investigated, for
the purpose of using them in acoustic barriers. Five different types of sustainable concrete have been
developed, incorporating polystyrene granules, polyethylene terephthalate granules, corn cob granules,
shredded sunflower stalk and balls made of sheep wool. Two different thicknesses were adopted, of
40mm and 80mm. The influence of the material's thickness was investigated. For these materials, the
acoustic absorption coefficient was determined, using Feng's modified procedure of the ISO 10534:1998
standard. The sound absorption coefficient's meaning suffers changes and its measured value can be
considered the real one, smaller than the usual reported standard values. Each of the sustainable con-
crete has sound absorption coefficients higher than those of the conventional concrete. The results
highlighted that these types of materials represent a sustainable solution for both waste and noise
problems of our cities.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Urban development in the last century, often chaotic, has led to
the emergence of important issues in terms of the comfort we feel
in today's cities. We speak of comfort, referring to all its compo-
nents, including the thermal comfort, influenced by the phenom-
enon of the city's heat island, the visual comfort, as well as the
acoustic. Acoustic comfort is a component of urban comfort, the
importance of which is recognized by physicians in particular, and
has become an increasingly important concern for both civil engi-
neering and urban design. By joining this problem with the one
generated by waste, we can find a link so that civil engineering has
a positive contribution to reducing the environmental impact of
a), carmen.bujoreanu@gmail.
pollution, while at the same time bringing benefits to increasing
acoustic comfort in urban areas. This link may consist of the use of
various materials considered waste in the development of new
materials that can be used in construction, with superior quality to
classical materials. The incorporation of various wastes has been
studied by many researchers, aiming at both mechanical behavior
of new materials (Cook, 1983; Ferrandiz-Mas and Garcia-Alcocel,
2012; Felix et al., 2013) and acoustic behavior as well (Kim and
Lee, 2010; Ghizdavet et al., 2016).

In this study the authors aimed to determine the sound ab-
sorption coefficients of composite materials made of concrete and
various embedded wastes. The energy dissipated inside the mate-
rial plus transmitted energy is the definition of absorption. The new
materials can be used in the realization of acoustic barriers and our
study results highlighted that these types of materials represent a
sustainable solution for both waste and noise problems of our cit-
ies. The authors chose to embed in concrete different types of
waste, expanded polystyrene granules (EPS), polyethylene tere-
phthalate (PET) granules, but also vegetal and animal waste, as the
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quantity of these wastes that we generate is unexpectedly high. All
of these wastes have been studied, as presented next, but the au-
thors' idea is to see if they can contribute to enhance the sound
comfort that we experience outdoors, by using them in creating
sound barriers. The use of waste materials for creating panels for
noise barriers is an important factor in determining their sustain-
ability, as shown by Oltean-Dumbrava and Miah (2016).

Since conventional aggregates (sand and gravel) represent an
exhaustible resource and approximately 60e80% of the volume of
concrete, their partial or total replacement with artificial or natural
waste contributes to the conservation of natural resources.

For an easier comparison between different materials, it is
useful to use a single number to describe the sound absorption
coefficients of each material. For this reason, the notion of Noise
Reduction Coefficient (NRC) has been introduced, having the value
equal to the arithmetic average of the sound absorption coefficients
depending on frequency. NRC rating of a material is intended to be a
simplified indicator and can be considered as a percentage. The NRC
values are ranged from 0.00 (perfectly reflective) to 1.00 (perfectly
absorptive).

The artificial wastes imbedded in concrete in this research are
EPS and PET, materials used at a very large scale in different ap-
plications. Polystyrene granules can be easily incorporated into
concrete to produce light-weight concrete with a wide range of
densities. EPS granules are classified as an artificial ultra-
lightweight aggregate (density less than 33 kg/m3) with a non-
absorbent, hydrophobic and closed cell nature (Chen et al., 2010).
The NRC for a 50mm thickness layer of granular foamed poly-
styrene is 0.32 (Sikora and Turkiewicz, 2010). The NRC of 0.32
means that 32% of the energy of incident sound waves reaching the
material is absorbed and is not reflected back, therefore the ab-
sorption properties of the material may be improved. PET is one of
the most used plastic material, in packaging and bottle production
industry. The amount of used PET has become a major environ-
mental problem, as its molecules have a slow rate of natural
decomposition (Ioakeimidis et al., 2016). The PET long biodegra-
dation period (in a landfill it is close to 700 years) leads to different
recycling processes, considered better ways to economically reduce
PET waste (Al-Azzawi, 2015). Different types of industries are using
recycled plastics, among them, the industry of building materials,
which has a high capacity of embedding PET in different forms.
Previous investigations revealed the influence of using PET as
aggregate substitute in concrete, over the mechanical characteris-
tics (Chowdhury et al., 2013), showing that PET concrete has lower
compression strength, flexural rigidity and tensile strength than
standard concrete. At the same time, using PET leads to lightweight
concrete with better freeze thaw resistance, impact resistance and
toughness. In this paper the authors investigate the influence over
the acoustical properties of EPS and PET granules imbedded in
concrete, compared to the properties of conventional concrete.

Vegetal and animal wastes are generally burned or used as land
fillings (in conventional techniques) causing environmental pollu-
tion and soil contamination. Nevertheless, we must mention the
efforts made to recover this biomass waste. There are numerous
studies that relate to alternative technologies: microwave pyrolysis
evaluating the vegetal waste potential to be converted into biochar
with desirable properties for use in multi-applications (Liew et al.,
2018), biomass gasification models (Tavares et al., 2018), anaerobic
digestion mechanism of algae on biomethane production (Saratale
et al., 2018). Sustainable and optimized waste management su-
perstructure incorporating these available technological alterna-
tives, as proposed by Rizwan et al. (2018), constitutes a great
challenge for a cleaner and healthier life. The use of these types of
wastes in the construction industry is being approached more and
more in experimental studies due to their advantages related to
wide availability, increased renewability, reduced costs, sustain-
ability (Saxena et al., 2011), thermal properties (Sisman et al., 2011)
and acoustic properties. Natural fibers are, in general, good ab-
sorbers, so they can be used for noise barriers design. For example,
a 40mm layer of hemp fibers has about 57% absorption capacity
(indicated by NRC); a 50mm layer of kenaf fibers has 75% absorp-
tion performance; a 60mmof sheepwool has about 50% absorption
ability, in terms of NRC (Asdrubali, 2007). Their absorption per-
formances are encouraging and new materials based on natural
fibers can be realized, in order to increase the acoustic perfor-
mances needed in environmental protection against the noise.
Vegetal waste is also the corn cob. Corn cob is about 15% of total
corn production (Ashour et al., 2013). Among the applications of
corn cobs in the building materials industry are their use as a pore
forming agent in light clay bricks, the realization of lightweight
concrete blocks an enhanced freeze thaw durability (Faustino et al.,
2015) or of lightweight concrete with a density of about 382 kg/m3

(Pinto et al., 2012). Aggregates from sunflower stems have a very
low bulk density of 105± 2 kg/m3 (Nozahic et al., 2012). Due to their
low density and high porosity, the sunflower particles have a very
good sound absorption coefficient of over 0.8 at 1000 Hz, similar to
fiberglass, a conventional commercialized sound absorber
(Chabriac et al., 2016). Sheep wool is especially used as thermal
insulation material, but this material also presents good acoustic
properties, and can be used as a sound absorber, noise barrier or
vibration isolator (Ballagh, 1996). Del Rey et al. (2017) reports the
acoustical characterization of sheep-wool. The authors manufac-
tured several samples of sheep-wool and PET (used as a binder),
demonstrating that sheep-wool is a good sound absorbing material
at medium and high frequencies. For example, for a 50mm layer of
material consisting of 80% wool and 20% PET, the sound absorption
coefficient at 1000Hz is over 0.8.

Therefore, this study is focused on rating the acoustic perfor-
mances, in terms of absorption, for composite materials made of
concrete and the embedded wastes presented above. The authors
experimentally investigated the absorption behavior of these
composite materials using the standard 10534:1998, but modified
after Feng's proposal (Feng, 2013). The end of the impedance tube is
inserted in an anechoic room, the real absorption coefficient and
transmission coefficient can be separated. This real measured co-
efficient has smaller values than the standard absorption coeffi-
cient measured in the tube method, with a rigid backing at the end,
generally reported in the literature.

2. Experimental investigation

2.1. Materials

In order to establish the acoustic absorption coefficients in this
study, concrete samples with different recycled materials were
made: polystyrene granules, polyethylene terephthalate (PET)
granules, treated corn cobs and sunflower stems, as well as small
balls made of sheep wool.

All samples are based on the same components as those of the
control mix (denoted as mc), a microconcrete having in its
composition cement (430 kg/m3), aggregate sort 0e4mm (1070 kg/
m3) and aggregate sort 4e8mm (655 kg/m3). A superplasticizer
based on polycarboxylate technology was used for reducing the
water/cement ratio, and an accelerator based on rhodanid for
speeding up the cement hydration process and water for a water/
cement ratio of 0.43. In all waste concrete types the authors have
replaced 50% of the aggregates volume with the corresponding
waste, as described below.

The polystyrene microconcrete (denoted in this study as mc-
pol) contains 50% of the volume of aggregates replaced with
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polystyrene granules of different diameters ranging from 1 to 4mm
(Fig.1a). For the PETconcretemixture, PET wastes were obtained by
cutting bottles into small pieces, which in the tests ranged from
1mm to 4mm (Fig. 1b). Microconcrete with PET is denoted in this
study as mc-pet.

In the case of corn cob concrete (denoted in the study as mc-
corn) were added corn cob granules with variable diameter from 1
to 6mm (Fig. 1c). In the case of sunflower concrete (denoted in this
study asmc-sun) were added sunflower stalk shredded in granules
with variable diameter from 1 to 5mm and fibers with 5e25mm
length (Fig. 1d). Corn cob and sunflower granules were treated with
a sodium silicate solution in order to reduce the water absorption
capacity as in Helepciuc et al. (2017). After the treatment, the corn
cob granules had a water absorption capacity of 127% and the
sunflower granules had a 100% water absorption capacity.

In the concrete with wool granules (denoted in this study asmc-
wool) were added balls with 6e16mm in diameter made from
sheep wool fibers glued with a plasticized vinyl polyacetate adhe-
sive (Fig. 1e).

Table 1 presents the density of the reinforced concretes and
their compressive strength. In order to determine the compressive
strength of all types of microconcrete, the fresh concrete was
poured in cubes with 100mm sides. The samples were stored at
20 �C for 28 days until testing for determining compressive
strength (SR EN 12390-3, 2009). The density of the hardened
concrete was also determined according to SR EN 12390-7 (2009).

The tests were performed for three replicates of each mixture
type, according to the standards. Therefore, the values shown
below represent the mean values obtained from the three mea-
surements for each of the six mixture types.

The authors do not track better results in compressive strength,
Fig. 1. Granules of recycled materials used in the concrete samples: a - polystyrene used
concrete; d - shredded sunflower stalks used in mc-sun concrete; e - sheep wool balls use

Table 1
Hardened concrete density and compressive strength.

Concrete type mc mc-pol

Concrete density [kg/m3] 2273 1810
Concrete compressive strength [MPa] 36.1 13.91
as we do not intend to use these materials as structural concrete,
but as panels, with small dimensions. The 40mm materials can be
applied on a structural frame and the 80mm materials can be
stand-alone panels of limited heights, in order to assemble a sound
absorption barrier.
2.2. Method

The method used for determining the acoustic absorption co-
efficient of these materials is based on the acoustic interferometer
technique (Kundt tube), modified according to Feng (2013). The
acoustic properties of the material are thus measured in condition
of an anechoic termination of the tube. The ideawas taken over and
applied to some combinedmaterials (with different backing plates)
whose sound absorption coefficients were experimentally investi-
gated (Bujoreanu et al., 2017) in an anechoic room. In this case, the
anechoic chamber constitutes the final end of the impedance tube.
In a standard configuration, the impedance tube is backed by a rigid
plate (ISO standard 10534:1998), while in a modified one, the end
of the tube is inserted in the anechoic room.

Hence, the meaning of the sound absorption coefficient suffers
some changes.

In a standard impedance tube, the measured absorption coef-
ficient, astandard, is the ratio of energy dissipated inside the material
to the incident sound energy, taking into account only of the sound
pressure reflection coefficient, r (Feng, 2013).

astandard ¼ Eabsorbed
Eincident

; astandard ¼ 1� jrj2 (1)

Usually, in the tube method, the absorption coefficient is
in mc-pol concrete; b - PET used in mc-pet concrete; c - corn cob used in mc-corn
d in mc-wool concrete.

mc-pet mc-corn mc-sun mc-wool

2047 1775 1850 1930
23.21 10.21 13.50 16.00
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understood as one that is measured when a rigid backing at the end
of the tube is mounted, therefore the transmission is avoided.

On the other hand, in the modified tube, with the end inserted
in the anechoic room, there is a sound energy transmission through
the sample, evidenced by the transmission coefficient, t.

In this case, the real sound absorption coefficient, areal is esti-
mated by Feng (2013).

areal ¼ 1� jrj2 � jtj2 (2)

Using the Feng's procedure, the real absorption coefficient and
transmission coefficient can be separated. When the sample is
backed by a rigid plate the transmitted energy disappears and the
sound absorption coefficient rating is the same as that for the
standard impedance tube method defined by the corresponding
ISO standards (Feng, 2013). Therefore, the values of the real ab-
sorption coefficient measured in the modified tube with anechoic
end are lower than those obtained by standard measurements
(with rigid support at the end of the tube).

In environmental protection against the noise, acoustic barriers
are needed and their structures must have good absorption per-
formances. It's about freely hanging materials, or frames supported
and the real absorption coefficient approach is more realistic in
these situations (eq. (2)). In other cases, when a material is directly
mounted on a wall, the energy dissipated inside a material is close
to the result from the standard tube configuration (eq. (1)). In this
context, we consider of interest for practical situations to estimate
the absorption behavior of some composite materials concrete
based, used in urban environment, in terms of real absorption co-
efficient, as above described.

For each material, the weighted sound pressure level measured
in decibels, dB(A), of the incident and reflected waves inside the
impedance tube was measured according to ISO standard 10534-
1:1998, with the methodology described by Bujoreanu et al.
(2017). The 1/3 octave analysis was performed using the LabVIEW
software. The method of A-weighted measurement, dB(A) com-
bines octave-band sound data into a single-number descriptor. The
letter “A” indicates that the sound has been filtered to reduce the
strength of very low and very high frequency sounds, and corre-
sponds to the human ear sensitivity. The human ear works like this
and our intention is to assembly in sound absorption barriers these
composite materials concrete based, in order to improve the
acoustic comfort of urban people. Note that the human ear is most
sensitive to sound in the frequency range 1000Hze4000 Hz than to
sound at very low or high frequencies. This means that the noise at
high or low frequencies will not be as annoying as it would bewhen
its energy is concentrated in the middle frequencies (V�er and
Beranek, 2006).
Fig. 2. Samples for measuring the
The measured upper frequency is limited to the frequencies of
standing waves that can travel in the tube depending on the sound
velocity and tube diameter (V�er and Beranek, 2006). The frequency
of the sound waves is kept lower than the cut-off frequency to
assure the generation of plane propagating waves in the tube. Our
measurements could only cover frequencies up to 2000Hz, as our
tube diameter is 100mm.

After data acquisition, octave analysis and processing, the au-
thors have obtained results describing the relationship between the
frequency and the real sound absorption coefficient of new mate-
rials made with waste.

The circular samples (Fig. 2), with a diameter of 100mm are
perfect fitting into the impedance tube. For the same type of
composite material, 40mm and 80mm thickness samples were
made in order to evaluate the dependence between the sound
absorption coefficient and the material thickness. Each sample was
tested three times and the mean value was calculated.

3. Experimental results and discussion

The experimental results are presented as graphs made for the
comparison of the real sound absorption coefficients of each ma-
terial with the mc control sample (Figs. 3e8).

Table 2 presents the real sound absorption coefficient for each
material, for 1/3 octave band center frequency.

As can be seen from the graphs presented above (Figs. 3e8) and
also from the results presented in Table 2, all concrete types with
recycled materials analyzed have a better behavior regarding the
sound energy absorption than conventional concrete sample, mc.

Figs. 9 and 10 describe the relationship between the frequency
and the real sound absorption coefficient of the samples with
thickness of 40mm and 80mm respectively. The variation of these
curves is similar to some literature examples (Sukontasukkul,
2009). In our tests it is observed a drop in sound absorption
around 500Hz, which is also mentioned in other studies
(Sukontasukkul, 2009;Wijnant et al., 2010). This is due to a possible
excitation of the acoustic waves vibration mode, or to the fact that
the sound level has a pressure minimum at that frequency.

Figs. 9 and 10 show the importance of the thickness of the
material in the absorption of the sound waves, with a great dif-
ference between the absorption coefficients of the same type of
material but with different thicknesses, especially at frequencies
between 1000 and 2000 Hz. As one can see, we kept the range for
the sound absorption coefficient from 0.00 to 0.55 in both of these
graphics, so that it can easily be observed the difference between
the real absorption coefficient for the 40mm and 80mm samples.

The results (Figs. 9 and 10) show that our composite materials
have sound absorption values quite different for frequencies of
sound absorption coefficient.



Fig. 3. The variation of the sound absorption coefficient for the control mixture (mc) for the 40mm and 80mm samples.

Fig. 4. The variation of the sound absorption coefficient for the microconcrete with polystyrene granules (mc-pol), samples of 40mm and 80mm, compared to the control sample
mc.
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interest. The environmental noise from road traffic, from industrial
and civil entities, which influences, as pollutant, our comfort and
health is a mixture of different disturbing sounds in the range of
audible frequencies. The annoying frequencies cannot be separated
and the corresponding sounds cannot be entirely absorbed by a
specific material. The same material can be more or less sound
absorber at different frequencies.

Therefore, indicating the sound properties of materials using the



Fig. 5. The variation of the sound absorption coefficient for the microconcrete with PET granules (mc-pet), samples of 40mm and 80mm, compared to the control sample mc.

Fig. 6. The variation of the sound absorption coefficient for the microconcrete with corn cob granules (mc-corn), samples of 40mm and 80mm, compared to the control sample
mc.
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absorption coefficient is complex, involving several frequencies. To
solve this problem, the ability of material to absorb sound is
described using the noise reduction coefficient NRC, as a single
descriptor (V�er and Beranek, 2006).
By calculating the noise reduction coefficient for frequency
range 0e2000Hz, for the tested materials, the following NRC are
obtained, as given in Table 3. The noise reduction coefficient does
not have high values, yet the tested materials have sound



Fig. 7. The variation of the sound absorption coefficient for the microconcrete with sunflower stalk granules (mc-sun), samples of 40mm and 80mm, compared to the control
sample mc.

Fig. 8. The variation of the sound absorption coefficient for the microconcrete with sheep wool balls (mc-wool), samples of 40mm and 80mm, compared to the control samplemc.

I. Oancea et al. / Journal of Cleaner Production 203 (2018) 301e312 307
absorption characteristics much better than common concrete. If
we compare the NRC of the 40mm samples with the NRC of the
80mm samples, we will observe that doubling the thickness of the
material leads to a substantial increase in sound absorption (Table 3
and Fig. 11).

Among the 40mm concrete samples with waste substitute, the



Table 2
Sound absorption coefficient for each material.

Freq. [Hz] Sound absorption coefficient areal

mc mc-pol mc-pet mc-corn mc-sun mc-wool

40mm 80mm 40mm 80mm 40mm 80mm 40mm 80mm 40mm 80mm 40mm 80mm

125 0.152 0.160 0.203 0.221 0.183 0.210 0.240 0.199 0.179 0.218 0.201 0.238
250 0.188 0.140 0.213 0.150 0.210 0.149 0.223 0.151 0.198 0.161 0.210 0.159
500 0.144 0.075 0.163 0.123 0.164 0.108 0.153 0.129 0.162 0.139 0.155 0.107
1000 0.144 0.385 0.168 0.411 0.182 0.496 0.160 0.450 0.149 0.481 0.159 0.456
2000 0.159 0.279 0.170 0.447 0.167 0.462 0.190 0.427 0.196 0.418 0.165 0.439

Fig. 9. Variation of sound absorption coefficients for the 40mm samples.
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one with corn cob granules had the highest values, the real sound
absorption coefficient exceeding the control sample value by 22%
(Fig. 12).

Among the 80mm concrete samples, the one with PET granules
had the highest values, the sound absorption coefficient exceeding
by 37% the value of the control sample (Fig. 13).

There is thus a dependence between the density of the material,
the thickness of the sample and the measured sound absorption
coefficients, as shown in Fig. 14.

Thus, for samples with a thickness of 40mm, the best absorp-
tion behavior, in terms of NRC, was recorded by the materials with
the lowest density (concrete with corn cob, denoted mc-corn). This
composite is less dense due to the corn cobwhich is a pore forming
agent. A more open structure allows more energy loss of the sound
incident waves, due to the friction loss inside the porous material
and generally has a better sound absorption (Amares et al., 2017;
Arenas and Crocker, 2010). At high frequencies, above 2000Hz,
denser structures have better absorption abilities (Seddeq, 2009).
On the other hand, in the 80mm thickness samples, the higher

the density of the material, the higher the absorption behavior, in
terms of NRC (PET concrete, denotedmc-pet). The global absorption
behavior is thickness dominated. The material thickness is directly
related to the frequency range, being relevant up to 2000 Hz and
less significant for high frequencies over 2000Hz (Amares et al.,
2017; Seddeq, 2009). Thickness increasing provides better ab-
sorption of the higher sound wavelength which characterizes low
and medium frequencies (up to 2000 Hz), according to the physics
laws. The increase of sound absorption value in the middle and
higher frequency range as the density of the sample increased is
reported in the literature (Shahani et al., 2014; Amares et al., 2017).

The use of natural fibers in our materials composition has
similar results, in terms of NRC, with the other testedmaterials. In a
future study for the wool-containing materials, we intend to obtain
a better sound absorption behavior, by decreasing the fibers



Fig. 10. Variation of sound absorption coefficients for the 80mm samples.

Table 3
Noise reduction coefficients for each material.

thickness mc mc-pol mc-pet mc-corn mc-sun mc-wool

40mm 0.157 0.184 0.181 0.193 0.177 0.178
80mm 0.208 0.270 0.285 0.271 0.283 0.280
NRCð80mmÞ
NRCð40mmÞ%

132% 147% 157% 140% 160% 157%

I. Oancea et al. / Journal of Cleaner Production 203 (2018) 301e312 309
diameter. The fiber diameter is an important material parameter
and it is directly related to the sound-absorbing characteristics
(Arenas and Crocker, 2010).

Our results are promising for the studied compositematerials, in
the frequency range up to 2000 Hz. However, the literature (Wang
et al., 2016) states that are needed different sound control strategies
for different frequency components of road traffic noise and the
absorption behavior at low frequency below 500Hz should bemore
in-depth investigated.

Basically, the acoustical aspects of new materials is a complex
task that must combine many parameters dependent upon fre-
quency, composition, thickness, surface finish, method of
mounting. For the best results in materials absorption perfor-
mances, experimental investigations are needed.

4. Conclusions

In the paper the authors have analyzed the real sound absorp-
tion coefficients of five different sustainable materials, based on
conventional concrete with waste additions, using two different
thicknesses for the samples: 40mm and 80mm. The use of the
Feng's procedure, with the impedance tube anechoic ending, allows
to separate the real absorption coefficient and transmission coef-
ficient. The measured real absorption coefficients have smaller
values than the standard ones, according to their conventional
meaning. For all types of waste concrete analyzed in this paper, the
sound absorption coefficients were considerably higher than the
values recorded by conventional concrete. The measurements
revealed that the best material within the 40mm samples was the
corn-cob concrete, with a noise reduction coefficient of 0.193. For
the 80mm samples, the PET concrete had the best sound absorp-
tion behavior, having a NRC of 0.285. By doubling the thickness of
the material samples, the NRC increases with a substantial per-
centage of about 150%. It can be concluded that these types of
concrete, with various substitutions of natural aggregates, can be
successfully used in acoustic barriers. Such barriers made of con-
crete panels with various materials considered waste can have a
positive impact on the noise level experienced in the affected area.
The density, as well as the porosity of the composites are influence
factors on sound absorption and will be a matter of future interest
in our research on sound barriers. Further, we intend to find a way
to treat the surface of these panels in a manner that they do not
generate visual discomfort, avoiding the urban monotony.



Fig. 12. Exceedings of the sound absorption coefficients for the 40mm samples in percentage relative to the control sample coefficient.

Fig. 11. Variation of NRC for 40mm and 80mm thickness of each material.

Fig. 13. Exceedings of the sound absorption coefficients for the 80mm samples in percentage relative to the control sample coefficient.
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Fig. 14. Relationship between NRC and the density of the materials.
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Abstract. The active surfaces topography of bodies in rolling contact can be obtained by 
different manufacturing technology. The scope of this paper is to evidence the influence of the 
initial surface roughness on running-in process, working surface geometry and durability of 
rolling contacts. The paper presents a numerical study applied on a toroidal roller bearing 
where the modified rating lives have been evaluated with the methodologies mentioned by ISO 
16281. 

1. Introduction 
The topography of the active surfaces in rolling contact depends on the surface manufacturing process 
technology. In the field of engineering the exact degree of roughness can be of considerable 
importance, affecting the function of a component or its cost [1,2,3].  
 The roughness of the surfaces that interacts has an important role on its tribological behaviour. The 
solutions of the models used in order to describe it [4,5] require the input of a three-dimensional rough 
profile. Since the experimental acquisition of such profiles does not allow a sufficiently large sample 
of profiles to be used, an essential requirement for any numerical algorithm is to generate arbitrarily 
rough surfaces with the same or similar proprieties of the real surfaces [6,7]. 
 When two engineering surfaces are loaded for the first time changes in the topography of both 
surfaces generally occur. These changes appear between start-up and steady state and are associated 
with running-in process [8,9]. 
 An analysis model was developed to model the nonlinear strain rate dependent deformation of 
materials stressed in elastic-plastic domain [10,11]. The model is developed in the frame of 
incremental theory of plasticity using the von Mises yield criterion and Prandtl-Reuss equations. 
Considering the isotropic and non-linear kinematic hardening laws of Lemaitre-Chaboche [12,13] the 
model accounts for the cyclic hardening phenomena.  
 The nano-asperities of contact surfaces generate high pressure peaks in pressure distributions that 
can severely diminish the modified rating life as is defined by [14].  

2. Theory 

2.1. Elastic-plastic model 
The elastic-plastic model developed to evaluate the plastic deformation of the surfaces considers the 
material cyclic hardening characteristic that is described by a combined isotropic and nonlinear 
kinematic hardening laws [12,13].  
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 The yield surface is defined by the von Mises yield criterion: 
 

( ) 0fF 0
Y =−−= σασ  (1)

 
where ( )ασ −f  is the equivalent von Mises stress and 0

Yσ  is the yielding stress. 
 The non-linear kinematic hardening component describes the ratchetting effect by expressing the 
translation of the yield surface in the stress space through the back-stress α. 
 The isotropic hardening component of the model defines the yielding stress as a function of the 
equivalent plastic strain and is given by the relation: 
 

( )p
b

0Y
0
Y e1Q εσσ ⋅−−⋅+= ∞

∞  (2)

 
where Q∞ is the limiting change in the yield surface size on the deviatoric plane and b∞ describes how 
rapid the limit size is reached [15].  
 According to the energetic theory of fracture, the von Mises stress is an equivalent uniaxial traction 
stress [13]. For a 3D contact loading in each point of the stressed volume the equation of von Mises 
stress amplitude includes all 6 components of the stress tensor. For this consideration, when the yield 
limit is overcome, it can be used the pseudo-plastic Ramberg-Osgood’s equation in the combined 
hardening laws, equation that gives the correspondence between the intensity of the stress tensor and 
the intensity of the strain tensor: 

N
ee

e BE
⎟
⎠
⎞

⎜
⎝
⎛+=
σσε  (3)

 
where B is the coefficient of plastic resistance and N is the hardening exponent [10,11].  
 The plastic deformation of the surfaces is given by the plastic strains accumulated in the sub-
surface layer: 

( ) ( )∫ ⋅=
z

0

pp dzz,y,xy,xu ε  (4)

2.2. Modified rating life   
The classic computation of the rolling bearings basic rating life considers only the equivalent load on 
the bearing P, dynamic capacity load C and an exponent p depending of the rolling element: 
 

p

10 P
CL ⎥⎦
⎤

⎢⎣
⎡=  (5)

 
where p = 3 for ball bearings and p = 10/3 for roller bearings [16].  
 To take into account the peaks of the pressure distributions generated by the presence of the nano-
asperities on the surface, was developed a method to compute the basic rating life with methodology 
given by the standard ISO 16281 [14]. 
 In the first instance, for the roller bearings, to evaluate the rating life is needed to determine the 
elastic deflection of each loaded roller j that depends on the radial load and internal radial clearance of 
the bearing: 

2
scos jrj −⋅= ϕδδ  (6)

 
 In the second instance, to consider de load on every loaded roller is used the lamina model as is 
described in [14] and the roller is divided into ns identical laminae. 
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 The load qj,k on lamina k of the roller j is: 
 

9/10
k,jsk,j cq δ⋅=  (7)

with the spring constant cs: 
 

s

9/8
w

s n
L35948c ⋅

=  (8)

 
were Lw is the roller length and ns is the laminae number [14]. 
 In the third instance, the basic rating life L10r of the roller bearings is calculated with: 
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where:  qkci - basic dynamic load rating of a bearing lamina of the inner ring,  
   qkce - basic dynamic load rating of a bearing lamina of the outer ring,  
   qkei - dynamic equivalent load on a lamina k of a rotating inner ring, 
   qkee - dynamic equivalent load on a lamina k of a stationary outer ring. 
 According to standard [14], the dynamic equivalent loads on each lamina of the inner/outer ring qkei 
and qkee are computed as a function of the stress riser coefficients evaluated for each lamina of each 
roller. The stress risers are calculated considering the pressure distribution on the corresponding 
lamina. 
 In the last instance, the modified rating life L10mr of the roller bearings is given by: 
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where the life modification factor aISO is calculated for each bearing lamina k using its dynamic 
equivalent load Pks:  
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 In facts, the life modification factor aISO is a function that depends on the lubrication factor κ, oil 
contamination factor ηc and fatigue load limit Pu for the given application [16]. 

3. Results and Discussion 
A toroidal roller bearing - CARB C2318, has been selected for the numerical case study. The main 
geometrical data are as follows: inner ring diameter dci = 115 mm, outer ring diameter dce = 165 mm, 
roller diameter dw = 25 mm, roller length Lw = 54 mm, number of rollers Z = 14. The catalogue data 
[17]: dynamic capacity load C = 610 kN and fatigue load limit Pu = 73.5 kN. 

For numerical case study of the running-in process a medium radial loading FR = 0.185·C = 112.5 kN 
and three magnitudes of the surface roughness parameters was used: a fine roughness with              
Rqw1 = 40 nm for roller surface and Rqi1 = 70 nm for inner ring raceway surface, similar to the surface 
roughness values measured with Taylor Hobson profilometer, a medium roughness with Rqw2 = 80 nm 
and Rqi2 = 140 nm and a grossly roughness with Rqw3 = 120 nm and Rqi3 = 210 nm. 
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To consider the material behaviour, in the elastic-plastic model was used the following parameters 
of the roller bearing steel: the Young modulus E = 209 GPa, the Poisson coefficient ν = 0.29, the 
yielding stress σY0 = 1650 MPa, the limiting change in the yield surface size on the deviatoric plane 
Q∞ = -100 MPa and b∞ = 120 which describes how rapid the limit size is reached [15], the coefficient 
of plastic resistance B = 4320 MPa and the hardening exponent N = 12.6 [10,11].  

 

  
(a) (b) 

 
(c) 

Figure 1. Numerical results for highest loaded roller-inner ring contact (Rqw1 = 40 nm, Rqi1 = 70 nm):   
(a) roughness profile on roller (before and after run-in), (b) roughness profile on inner ring (before and 

after run-in) and (c) pressure distribution. 
 

  
(a) (b) 

 
(c) 

Figure 2. Numerical results for highest loaded roller-inner ring contact (Rqw1 = 80 nm, Rqi1 = 140 nm): 
(a) roughness profile on roller (before and after run-in), (b) roughness profile on inner ring (before and 

after run-in) and (c) pressure distribution. 
 

In figures 1(a),(b), 2(a),(b) and 3(a),(b) are presented the 2D roller and inner ring roughness 
profiles before and after 300 running cycles. It can be observed that the running-in process is more 
pronounced for the inner ring and the roughness heights are plastic deformed in the middle contact 
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area for 10 mm in length for Rqi1 = 70 nm, for 20 mm in length for Rqi2 = 140 nm and for 40 mm in 
length for Rqi3 = 210 nm. The plastic deformations of the roughness peaks are higher as the roughness 
is coarser. 
 

  
(a) (b) 

 
(c) 

Figure 3. Numerical results for highest loaded roller-inner ring contact (Rqw1 = 120 nm, Rqi1 = 210 nm): 
(a) roughness profile on roller (before and after run-in), (b) roughness profile on inner ring (before and 

after run-in) and (c) pressure distribution. 
 

The 2D pressure distributions on roller generatrix for the highest loaded roller-inner ring contact 
are presented in figures 1(c), 2(c) and 3(c). In comparison with a smooth contact surface it can be 
observed that the presence of the roughness on the contact surface generates peaks in pressure 
distributions. The pressure peaks are higher as the roughness is more grossly and have the maximum 
value of 2700 MPa for the fine roughness, 3200 MPa for the medium roughness and 4000 MPa for the 
grossly roughness. In the middle of the contact length the maximum pressure for the smooth contact 
surface is 2250 MPa. 

It can be observed that after 300 running cycles the pressure peaks are slightly diminished in the 
middle of the contact length for the fine and medium roughness and are significantly diminished on 
the all contact length for the grossly roughness. 
 

Table 1. Rating lives for light loading conditions (FR = 0.055·C = 33.5 kN) 

Roller 
roughness 

Inner ring 
roughness 

Modified rating life,  
L10mr, hours, [14] 

Rqw [nm] Rqi [nm] 

Rating life,  
L10, hours, [16] 

Before Run-in 
smooth smooth 688750 

40 70 218660 324140 
80 140 28205 74993 

120 210 

264700 

2297 38602 
 

In table 1 are presented the modified lives L10mr for light loading conditions (FR = 0.055·C = 33.5 kN). 
The values of the modified rating life are smaller for the rough surfaces than for the smooth surface. 
For the case of modified surfaces after 300 running cycles with medium radial loading, it can be 
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observed an increase of the modified rating life, apparently a higher increase for the grossly 
roughness, approximately 16 times more than before run-in (from 2297 hours to 38602 hours), but a 
significantly increase for the fine roughness, approximately 105000 hours more than before run-in 
(from 218660 hours to 324140 hours). 

4. Conclusions 
The topography of the active surfaces in rolling contact depends on the surface manufacturing process 
technology. Numerical results presented in this paper evidence the fact that the presence of nano-
asperities on contact surfaces influence the running-in process and durability of rolling contacts.  
 It was used a numerical method to generate an arbitrarily defined three-dimensional rough surface, 
a elastic-plastic model to take into account the running-in process and the new methodology given by 
ISO 16281 to evaluate the modified rating life. 
 The presence of nano-asperities on contact surfaces generates peaks in pressure distributions, 
higher peaks for surfaces with grossly roughness. For surfaces with coarser roughness the running-in 
process is more pronounced than for surfaces with a finer roughness. 
 The modified rating life it is severely diminished for surfaces with coarser roughness (by two 
orders of magnitude), even after running-in process (by one order of magnitude) than for smooth 
surfaces or with a finer roughness. 
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Abstract: The paper aims to investigate the behavior of Arboblend V2 Nature biopolymer samples
covered with three ceramic powders, Amdry 6420 (Cr2O3), Metco 143 (ZrO2 18TiO2 10Y2O3) and
Metco 136F (Cr2O3-xSiO2-yTiO2). The coated samples were obtained by injection molding, and the
micropowder deposition was achieved by using the Atmospheric Plasma Spray (APS) method, with
varied thickness layers. The present study will only describe the results for nine-layer deposition be-
cause, as the number of layers’ increases, the surface quality and mechanical/thermal characteristics
such as wear, hardness and thermal resistance are also increased. The followed determinations were
conducted: the adhesion strength, hardness on a microscopic scale by micro-indentation, thermal
analysis and structural and morphological analysis. The structural analysis has highlighted a uni-
form deposition for the ZrO2 18TiO2 10Y2O3 layer, but for the layers that contained Cr2O3 ceramic
microparticles, the deposition was not completely uniform. The thermal analysis revealed structural
stability up to a temperature of 230 ◦C, the major degradation of the biopolymer matrix taking place
at a temperature around 344 ◦C. The samples’ crystalline structure as well as the presence of the
Cr2O3 compound significantly influenced the micro-indentation and scratch analysis responses. The
novelty of this study is given by itself the coating of the Arboblend V2 Nature biopolymer (as base
material), with ceramic microparticles as the micropowder coating material. Following the under-
taken study, the increase in the mechanical, tribological and thermal characteristics of the samples
recommend all three coated biopolymer samples as suitable for operating in harsh conditions, such
as the automotive industry, in order to replace plastic materials.

Keywords: biodegradable thermoplastic; coating; Amdry 6420; Metco 143; Metco 136F; hardness;
adhesion; structure

1. Introduction

The thermal coating process finds its applicability in areas such as the automotive,
aerospace and naval industries in order to improve the corrosion resistance, wear resistance
and lifetime of the equipment part as follows: thermal barrier coatings for components
that operate in severe thermal conditions (turbine blades, fuel parts, vanes) with the role of
increasing their life by improving resistance to oxidation, heat and corrosion [1]; hard metal
coatings such as tungsten and chromium carbide are commonly used to increase the wear
and corrosion resistance of the parts surfaces [2]; corrosion resistance after heat treatment
of a Cr3C2–NiCr coating showed significant improvement due to both the microstructural
changes and the presence of a metallurgical bond at the coating–substrate interface [3];
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titanium plasma spraying (TPS) used on polymers as polyethylene/polyamide highlighted
good mechanical properties and increased hardness [4].

One of the most common thermal deposition techniques is Atmospheric Plasma Spray
(APS), and the coatings obtained by zirconium and chromium ceramic layer depositions
are widely spread materials in mechanical applications [5]. The main drawbacks of these
coatings are given by the micro-cracks, isolation inhomogeneity and residual stresses
(appears during cooling process) [6].

The Al2O3 (aluminium oxide (alumina)) powder with high purity used for coating,
usually applied by the plasma spray method, presents electrical insulation in terms of
thermal conductivity and dielectric characteristics. Furthermore, the coatings are wear-
resistant, have higher hardness, higher temperature stability and are chemically inert. The
ceramic coating is suitable for electrical, electronic and semiconductor manufacturing tool
applications, electrostatic chucks and capacitors, vacuum chamber lines, etc. The high pu-
rity of the material ensures that it will not contaminate the semi-conductor components [7].
Nickel, zirconium, aluminium, molybdenum and chromium, as powder elements, are
a good choice for applications that require high toughness with moderate resistance to
fretting, erosion and scuffing. Zinc-based coatings are widespread in applications that
require increased corrosion resistance, but if this chemical element is not alloyed with other
elements such as tungsten carbide or nickel, it has low mechanical characteristics [8]. The
degradation of the Zn–polymer interface has been studied by the authors of the paper [9],
and they point out that the delamination can be inhibited by CO2 gas in a humid environ-
ment. Inhibition depends very much on the polymer matrix’s affinity for carbon dioxide.
Other researchers such as [10] have used nano-zinc-oxide (5 wt %) and epoxy acrylate in
order to obtain a corrosion protection coating for mild steel panels.

It is well known that the addition of ceramic particles, metals particles and biopoly-
mers as a substrate provides a combination of properties of all three types of materials:
biopolymer matrices and metallic and ceramic reinforcement components. This may result
in the improvement of the physical and mechanical properties of the composite [11].

In the literature, the applications of function coatings refer mainly to corrosion protec-
tion characteristic, and there is a limited emphasis on equally important properties—for
example, mechanical robustness, which is significant for determining the applicability of
developed coatings. However, there are discussions on the principal working theories, pro-
cedures for preparation, performance investigations and applications of superhydrophobic
coatings, for instance: a viable preventative method for controlling metal corrosion due
to their mechanical stability and durability, and the shortcoming consists in the ability of
maintaining this characteristic for a prolonged period of time [12]; corrosion inhibition of
metallic materials with the help of smart coatings involves difficulties in achieving some fea-
tures as thermal stability, resistances to scratching and strong chemical acids, high optical
transmission, in situ healing, etc. [13]; coating of stainless steel and titanium bipolar plates
in order to improve the corrosion resistance and electrical conductivity in PEMFC (proton-
exchange membrane fuel cells), which has, for the moment as the main impediment in the
large-scale spread of the product, a high manufacturing cost [14]; excellent anticorrosion
durability obtained by coating the polyaniline–graphene oxide composite with zinc-based
waterborne [15]; anticorrosive coatings in the marine field face the degradation, loss of
adhesion and failure of coating systems [16]; metallic substrates (aluminum alloy) coated
with active corrosion protection systems (with self-healing ability) such as silica−zirconia
nanoparticles highlighted long-term corrosion protection and the ability to self-heal defects,
and these characteristics are obtained by rigorous control of the inhibitor regular release
at the moment when the corrosion process begins to arise [17]. A comparative review
that accounts for all factors, including the durability and other mechanical properties, is
essential for understanding the applicability of an advanced coating at a practical level.

In addition, another area targeted by coating researchers is related to composites based
on polymer matrices with the inclusion of magnetic nano-sized particles: Polydimethyl-
siloxane (PDMS) coated with different concentrations of nanosized Ni@C core-shell [18];
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Ni-silicone elastomagnetic composites [19]; polyacrylamide-based hydrogels coated with
Ni ferrite [20]; polyetherurethane (TFX) and a biodegradable multiblock copolymer (PDC)
with poly(p-dioxanone) as hard segment and poly(ε-caprolactone) as soft segment were
investigated as matrix component, coated with iron oxide particles [21]; and oligo(ε-
caprolactone)dimethacrylate/butyl acrylate, coated with Fe3O4 [22]; carbon-fiber–epoxy
composites coated with two thermal ceramic particles (lass flakes and aluminum titanate)
in order to create a thermal barrier for the substrate [23]. The interest of researchers was
focused mainly on elastomagnetic effects [19] and the wide prospects of applications as
follows: Ni ferrite with a highly organized structure as humidity sensors [20]; magnetic
nanoparticles for practical applications which involve sensors and biosensors [24]; magne-
toresistive sensors for applications where the ultimate field detection limits are required or
as readers in hard disk drives [25]; Mg substitution on Ni-ferrite ceramics with applications
in biomedicine, gas detection, heterogeneous catalysis, adsorption, etc. [26]; shape-memory
materials through the inductive heating of magnetic nanoparticles in thermoplastic poly-
mers [21]; and the incorporation of surface-modified superparamagnetic nanoparticles into
a polymer matrix [22]. These materials also demonstrate prospects for biomedicine: drug
delivery, hyperthermia, magnetic resonance imaging contrast enhancement [27] and the
manipulation of cell membranes [28]; recording media and high-frequency applications—
electromagnetic-wave-absorption materials [29], microwave absorption [30] and gigahertz
microwave absorption [31].

In this paper, the authors have analysed three types of plasma jet coatings for interme-
diate layers (micrometallic powder) and one type of ceramic coating (aluminium oxide).
The coatings were made on Arboblend V2 Nature substrate materials. The samples were
obtained using injection moulding, and the method used for coating was atmospheric
plasma spraying.

The registered trademark Arboblend®, developed by scientists and engineers from
the German company Tecnaro in collaboration with those from the Fraunhofer Institute for
Chemical Technology, is a 100% biodegradable biopolymer [32], and a part of the current
research group has investigated the behavior of samples covered with metallic intermediate
layer and ceramic final layer in the past but not at such a deep level and not following an
experimental plan [33].

The aim of the manuscript was to obtain a new material with improved properties
that can then be used successfully as a substitute for synthetic plastics in the automotive
industry. Given this objective, the biodegradable material Arboblend V2 Naure was chosen,
for which the research team previously studied the properties. The next step was to realize
the coating with ceramic microparticles by using the APS method, after which the same
characteristics were studied. The present study is not found in the research activity of other
authors, so the proposed research through both technology and experimental results is
constituted as a novelty element.

The introduction section provides a coatings overview. This chapter is followed by a
description of the materials and methods used in the analysis of the coated samples. The
results of the experimental research are presented and commented on in Section 3.4, and
the conclusions part suggestively presents general comments on the main obtained results.

2. Materials and Methods

The thermoplastic material selected to be coated with ceramic microparticles was
Arboblend V2 Nature. According to the information provided by the producers but also to
some studies from the specialized literature [32,34,35], the basic matrix of the polymer is
lignin, this being extracted from annual vegetable plants, so it is not necessary to use wood
raw materials that require dozens of years or even longer to reach maturity and be used in
the forestry and paper industry. This is important to mention because another source of
lignin used for this material comes from its extraction from the paper industry waste. In
addition, the Arboblend V2 Nature structure can contain a significant amount of polylactic
acid (PLA—also biodegradable polyester) and other constituents such as bio-polyamides
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(bio-PA), cellulose, natural vegetable fibers and, for processing in good conditions, contains
a small amount of natural additives (resins, waxes, shellac) [33,36,37].

Obtaining the necessary samples for coating with ceramic layers was realized by
injection in the mold using the SZ-600H equipment (SHEN ZHOU, Zhangjiagang, China).
The dimensions of the samples were (70 × 50 × 10) mm3. The following technologi-
cal parameters were used for injection: material melting temperature—165 ◦C; injection
pressure—100 MPa; injection speed—80 m/min; cooling time—30 s.

The preparation of the rectangular biopolymer samples consisted in the fixed adhesion
between metal strips, followed by the blasting and removal of impurities in order to obtain
a surface roughness that was as low as possible. The final stage of preparation was
degreasing with ethyl alcohol.

Atmospheric plasma spray (APS) technology (SPRAYWIZARD-9MCE, Sultzer-Metco,
Westbury, New Yorkxz, USA/9MBspraying gun) was used to cover the injected samples.
The technological coverage parameters used are shown in Table 1.

The deposition rate of the microparticles was constant. The thickness of the deposited
ceramic layer was of the micrometers order and for the thermal control of the samples’
melting temperature, a laser pyrometer was used throughout the process.

Three ceramic powders were used for the coating: Amdry 6420 (Cr2O3), Metco 143
(Cr2O3-xSiO2-yTiO2) and Metco 136F (ZrO2 18TiO2 10Y2O3). The three micropowders
were deposited on three samples injected from Arboblend V2 Nature. On each sample,
a distinct number of passes was made, namely, 5, 7 and 9 passes, in order to study the
improvement or not of the mechanical characteristics with the increase in the deposited
ceramic layer. However, this manuscript will only present the results for the samples
obtained by performing 9 passes, because the objective of the paper is to highlight the
uniformity and homogeneity of the deposited layers, which is not entirely revealed by the
samples obtained with 3 and 5 passes. The experimental plan used to cover the samples
with ceramic micropowders is highlighted in Table 2.

Table 1. Technological parameters used during the counting process.

Powder
Gun
Type

N2 H2 Electric 9MP Powder Dispenser
Spray

Distance (mm)
Pressure

(Bar)
Gas Flow
(NLPM)

Pressure
(Bar)

Gas Flow
(NLPM)

DC
(A)

DC
(V)

Carrier Gas
Flow (NLPM)

Air Pressure
(Bar)

Amount
(g/min)

ZrO2 18TiO2
10Y2O3

9MB

3.4 44 3.4 6.6 400 70–80 5.3 1.4 144 137

Cr2O3 3.6 39 3.6 6.6 400 70–80 5.1 1.4 126 145

Cr2O3-xSiO2-
yTiO2

3.7 42 3.7 6.6 400 70–80 5.1 1.4 132 145

Table 2. Experimental plan used to cover the samples with ceramic layer.

No.crt. Sample Number Powder Type Number of Passes

1 1 143 5

2 2 143 7

3 3 143 9

4 4 6420 5

5 5 6420 7

6 6 6420 9

7 7 136 5

8 8 136 7

9 9 136 9
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The ceramic micro powders were purchased from the Oerlikon Metco manufacturer
(Bella Vista, New South Wales, Australia). The microparticles dimensions and shapes are
varied as follows [38]:

- Chromium Oxide Thermal Spray Powder, Amdry 6420 (Cr2O3): angular, blocky
morphology, (10–105) µm;

- Chromia–Silica composite powder, Metco 136F (Cr2O3-xSiO2-yTiO2): irregular or an-
gular/blocky morphology, (9–110) µm, Cr2O3—Balance; SiO2—(3.0–4.5)%; TiO2 < 4.0%;

- Zirconia–Titania–Yttria Composite Powder, Metco™ 143 (ZrO2 18TiO2 10Y2O3): spheroidal
morphology; typically particle size between (3–40) µm;

- The microindentation and scratch tests used the CETR UMT-2 microtribometer (Uni-
versal Materials Tester, CETR®, Campbell, SUA). Test conditions were as follows:

- Scratch analysis: a blade with a tip of 0.4 mm (radius at the tip) was used, the samples
were fixed on the table and during the test samples were pressed with a vertical force
of 10 N NVIDIA blade, moving the table over a distance of 10 mm in 60 s, and the
test speed was 0.167 mm/s. The software performed the automatic test and recorded
the following parameters: vertical force Fz, horizontal force Fx, time and distance of
movement in the horizontal direction Y (of the fixing mass of the sample).

- Microindentation test: the Rockwell type indenter was used (cone with diamond
tip having an angle of 120◦ and a radius at the peak of 200 microns), the samples
were fixed on the table and during the test samples were pressed with a vertical
force of 10 N (with steps/times described in work). Three samples of each type
of powder were tested in order to be able to calculate the parameters statistically
with the highest possible accuracy (hardness and Young’s modulus). The software
performed the automatic test and recorded the following parameters: vertical force
Fz, time and vertical travel distance C of the indenter (with capacitive sensor). Other
process parameters were loading time—30 s; holding time—15 s; unloading time—
30 s; and sensor of (0.2–20) N. Microindentation tests involved testing three samples
for each type of ceramic powder in order to confirm experimental repeatability. The
average values were obtained by calculating the arithmetic average, and the standard
deviation highlights the variation in a set of numbers compared to the calculated
average value.

In order to determine the thermal, structural and morphological behavior, only the
samples with 9 successive passes were selected for this study: sample 3 coated with
Zirconia–Titania–Yttria Composite Powder, Metco™ 143, further noted with P3–143–9
passes; sample 6 coated with Chromium Oxide powder, Amdry 6420, noted with P6–6420–
9 passes; sample 9 coated with Chromia–Silica composite powder, Metco 136F, noted with
P9–136–9 passes. The used equipments for these analyzes were as follows:

Differential scanning calorimetry (DSC) was performed on a DSC 200 F3 Maia differ-
ential scanning calorimeter (NETZSCH-Gerätebau GmbH, Selb, Germany). The calibration
of the device was realised in accordance with mercury (Hg), zinc (Zn), Indium (In), Tin (Sn)
and Bismuth (Bi) standards. The mass of the analyzed samples was less than 30 mg. The
experiments were analyzed in the atmosphere of inert gas (Ar). In this experiment, a sam-
ple and a reference (an empty crucible) were subjected to the same temperature program.
The temperature program consisted of heating from room temperature (RT ≈ 20 ◦C) to
200 ◦C, then cooling from this temperature to RT. The heating and cooling speed used was
10 K/min. During the experiment, the reference and sample temperatures were measured
and the temperature difference recorded between the two was converted into heat flux.
The recorded thermograms were then evaluated using Proteus software (provided by
NETZSCH). The tangent method was used to determine the transition temperatures. The
area was determined by using a rectilinear baseline. Temperature of the transformation
beginning (Tonset), temperature assigned to the peak (Tpeak), temperature at the end of the
transformation (Tend) and the amount of absorbed or dissipated heat were determined.

Thermogravimetric curves (TG), derived thermogravimetric curves (DTG) and dif-
ferential thermal analyzes (DTA), were determined using Mettler Toledo TGA/SDTA 851
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equipment. The mass of samples subjected to thermal decomposition was between 2.9 and
3.9 mg. It was worked in an air atmosphere with a flow rate of 20 cm3/min. The study
was realized in the temperature range of 25–700 ◦C using a heating rate of 10 ◦C/min. The
processing of thermogravimetric curves was performed with the STARe SW 9.10 software
from Mettler Toledo (Columbus, OH, USA). As in the case of DSC analysis, the begin-
ning (Tonset), maximum (Tpeak) and end (Tend) temperatures of each thermal degradation
stage were determined. For each identified stage, it is indicated the loss mass percentage
residue (W%).

SEM structural analysis (Scanning Electron Microscopy) was performed on the QUANTA
200 3D electron microscope (FEI Company, Fremont, CA, USA). Micrographic maps of the
samples coated with ceramic micropowders were made on their surface to observe mainly
the uniformity of the deposition. The main parameters considered were the following:
the pressure inside the microscope chamber—60 Pa; detector—(Large Field Detector) for
the analysis of non-conductive samples such as polymers, textile fibers, powders, etc.; tilt
angle—0◦; secondary electron acceleration voltage—20 Kv; working distance—15 mm;
magnification power—500×–2000×.

To determine the chemical elements that appeared with the deposition of the ceramic
layers, an Energy-dispersive X-ray spectroscopy (EDX) together with a SEM was performed.
The SEM equipment was VegaTescan LMHII (TESCAN ORSAY HOLDING, Kohoutovice,
Czech Republic) with EDX detector X Flash 6I10 from Bruker, Germany, using Esprit
2.2 software. The type of EDX analysis was in-line in order to capture as accurately as
possible the difference in chemical composition between the resulted microceramic layer
and substrate material.

X-ray diffraction analysis (XRD) was performed with the X’Pert Pro MRD X-ray
diffractometer, which has a Cu kα anode X-ray tube, λ–1.54 Å, Panalytical equipment
(PANalytical, Almelo, the Netherlands), on which a voltage of 45 kV was applied, the
variation of the diffraction angle (2θ) being between 10 and 90◦. Two X’Pert Data Collector
programs were used to process the data and make the diagrams, namely X’Pert High Score
Plus version number 3 and X’Pert Data Viewer version number 2.2 g (Malvern Panalytical,
Malvern, UK). This analysis aimed to identify the existence of crystallization phases specific
to ceramic micropowders deposited on the surface of the samples from Arboblend V2
Nature. The identification of the crystallization phases was performed by comparing the
obtained data with those from the scientific literature.

The chemical composition analyses were performed in five distinct points, and an
overall average composition was made with the help of Minitab software.

3. Results and Discussion
3.1. DSC Analyse

In order to establish the physical transformations that take place during the gradual
heating of the Arboblend V2 Nature samples coated with ceramic micropowders, a DSC
analysis was performed. Three distinct samples were used, one from each type of powder:
P3–143–9 passes; P6–6420–9 passes; and P9–136–9 passes. The sample size was less than
5 mm; their mass was less than 20 mg.

During the heating of the three selected samples, three transformations were high-
lighted, two of them endothermic (Ist and IIIrd) and one exothermic (IInd), the same thermal
behavior being highlighted for the sample injected from Arboblend V2 Nature but not
covered with a ceramic layer [34,35].

The variation in the heat flow in relation to the recorded temperature for the three
phase transformations of each analyzed sample is shown in Figure 1. In order to highlight
the possible different thermal compartments of the coated samples, the three signals
were overlapped.
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Both Figure 1 and Table 3 reveal changes in the temperatures at which the phase
transformations take place. This aspect can be attributed to the small but still existing mass
difference between the three analyzed samples (P3–143–9 passes 12.6 mg, P6–6420–9 passes
16.7 mg, P9–136–9 14.5 mg). At the same time, the amount of heat absorbed or dissipated
is slightly different [39]. Another reason that could have generated this difference is the
thickness of the deposited layer with the completion of the nine passes. As the dimensions
of the microparticles differ in the case of the three ceramic powders, it is expected that
the powder, whose microparticles are larger, will form a thicker layer, and thus the phase
transitions will take place at slightly higher temperatures and the amount of absorbed or
dissipated heat will be lower.

The critical temperatures of the three transformations are as follows: Tonset is the
starting temperature; Tpeak is the middle temperature; Tend is the finishing temperature
(determined using the tangent method); and ∆H/m is the amount of dissipated/absorbed
heat (using a rectilinear baseline).

Analyzing the first phase transformation, it is observed that the three samples register
an endothermic maximum around 65 ◦C, a slightly lower transition temperature (64.7 ◦C)
that the P3–143–9 passes sample (Zirconia–Titania–Yttria Composite Powder), whose
powder has a smaller granulation. The first peak can be associated with a slow monotropic
transformation of the solid-solid type and of some metastable crystals [40], which takes
place with reduced heat absorption, −8.81 kJ/kg for P3–143–9 passes, −4.29 kJ/kg for the
P6–6420–9 passes and −5.57 kJ/kg in the case of the P9–136–9 passes. The variation in the
absorbed heat can be attributed, first of all, to the thickness of the deposited layers but also
to the mass difference of the analyzed samples.

Table 3. Calorimetric characterization of samples coated with ceramic layers.

Sample Transformation Tonset
[◦C]

Tpeak
[◦C]

Tend
[◦C]

∆H/m
[kJ/kg]

P3–143–9
passes

Ist 62.0 64.7 68.5 −8.81

IInd 81.9 87.2 93.0 19.36

IIIrd 162.7 169.3 175.3 −40.1

P6–6420–9
passes

Ist 62.1 65.3 71.2 −4.29

IInd 81.4 87.2 94.2 7.16

IIIrd 164.0 173.7 185.3 −38.14

P9–136–9
passes

Ist 61.8 65.8 71.8 −5.57

IInd 81.7 88.7 95.6 8.66

IIIrd 166.0 171.4 178.0 −48.38
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The second peak takes place around the temperature of 86 ◦C, the powder with the
highest granulation, the P9–136–9 passes, registering an increase in the transformation with
1.5 ◦C higher than the other two covered samples. The exothermic peak can be associated
with the base biopolymer crystallization or with the reticular reorganization of lignin, the
basic matrix of the biopolymer [39].

The third peak occurs with considerable heat absorption, in the case of all analyzed
samples: −40.1 kJ/kg for the sample with smaller microparticles (P3–143–9 passes) and
−48.38 kJ/kg for the sample with higher granulation (P9–136–9 passes). The endother-
mic transformation is attributed to the melting of the Arboblend V2 Nature biopolymer
around the temperature of 170 ◦C, with small variations depending on the size of the
ceramic microparticles.

3.2. TG Analyses

Knowing the thermal stability of Arboblend V2 Nature samples coated with ceramic
powders is essential because their use in applications that require operation in severe
working conditions, whether it is wear resistance or thermal resistance, requires the study
of thermogravimetric behavior. It is desirable that the coating with ceramic microparticles
increases the mechanical characteristics but also the thermal stability. Figure 2 compares the
thermogravimetric (TG), derived thermogravimetric (DTG) and differential thermal (DTA)
curves for the three samples coated with ceramic layers made from nine successive passes.

The main thermogravimetric characteristics of the P3–143–9 passes, P6–6420–9 passes
and P9–136–9 passes samples are presented in Table 4.

Table 4. Thermogravimetric characteristics of the samples covered with ceramic micropowders.

Sample Stage Tonset
[◦C]

Tpeak
[◦C]

Tend
[◦C]

W
[%]

DTA
Characteristic

Residue
[%]

P3–143–9
passes

I 289 341 369 84.98 exo
3.81

II 413 423 436 11.21 exo

P6–6420–9
passes

I 282 346 373 84.61 exo
6.60

II 413 426 438 8.79 exo

P9–136–9
passes

I 281 347 367 88.06 exo
1.68

II 415 426 438 10.26 exo

Tonset, the temperature at which thermal degradation begins at each stage; Tend, the temperature at which the thermal degradation ends
at each stage; Tpeak, the temperature at which the degradation rate at each stage is maximum; W%, percentage mass loss at each stage;
residue, the amount of degraded sample remaining at a temperature above 700 ◦C.

The three coated samples with different ceramic layers highlight two decomposition
stages, the first recorded being around a temperature of 345 ◦C, with a significant mass
loss of over 85%: this decomposition is attributed to the structural degradation of the basic
constituent of the material, lignin. This stage consists of the formation of aromatic hydrocar-
bons, guaiacyl-/syringyl-type and hydroxy-phenolic compounds and more [40]. According
to the manufacturer [32], another constituent contained by the analyzed biopolymer is PLA,
which decomposes in considerable proportions in this temperature range [41,42]. Accord-
ing to the literature [43,44], PLA and pure lignin degrade completely up to a temperature
of 500 ◦C.
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The curves obtained from the TG analysis were overlapped to highlight their difference
in behavior, and the thermal stability of the coated samples is similar (Figure 2).

In the second stage with a Tpeak around 425 ◦C, there is a mass loss in a percentage
much lower than 10%, attributed to the thermal oxidation of the carbonic residue that
appeared from the pyrolysis of lignin and/or PLA but also of another biodegradable
constituent of the biopolymer that was introduced by the manufacturer as a binder (resin,
wax, shellac, etc.) [33]. At a temperature of 700 ◦C, depending on the used ceramic powder
type, a certain amount of residual mass is found. It is observed that the sample P6–6420–9
passes has the highest percentage of residue, 6.6%, most likely due to the higher amount
of microparticles than, for example, in the case of the P3–143–9 passes sample, where the
amount of ceramic powder deposited is much lower. The ceramic powders at the end of
the analysis temperature have not yet reached the melting point of approximately 2500 ◦ C,
their working temperature varying from 540 ◦C (P6–6420–9, P9–136–9 passes) to 980 ◦C
(P3–143–9 passes) [38]. In addition, inorganic substances that are found in the composition
of the biopolymer are very likely to be part of the residual mass [45].

Figure 2c shows the DTA curves where the melting temperature of Arboblend V2
Nature can be observed, 169 ◦C, very close to the values obtained by calorimetric analysis,
especially in the case of the P3–143–9 passes sample.

3.3. Surface and Structure Analysis of Coated Samples
3.3.1. SEM Analysis

Figure 3 shows the morphological aspect of the Arboblend V2 Nature material coated
with Metco ™ 143 (ZrO2 18TiO2 10Y2O3). A uniform coating of the biopolymer mass
is observed. The coating consists of spherical component particles having a dimensions
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variation between 1 and 27 µm. The particles retain their spherical shape due to the very
rapid cooling on contact with the base matrix. They do not flatten in the form of splats as is
conventional in the case of coatings on metal substrate [46]. The fact that the basic matrix
contains various particles in shape and size, in large quantities and evenly distributed,
leads to an increase in mechanical properties.
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Figure 3. SEM analysis of the P3–143–9 passes samples: Zirconium dioxide (bearing balls)—orange arrow; Titanium
dioxide—blue arrow; Yttrium oxide—green arrow.

Yttrium oxide (green arrow, Figure 3) shows a porous spherical morphology in the
form of a sintered agglomerate.

Figure 4 shows the polymer matrix containing particles from the coating formed by
chromium oxide. Some of these particles are heterogeneously distributed, and another part
is embedded in the polymeric structure. Their size varies from 18 µm to 30 µm, and they
have rectangular shapes specific to chromium oxide. The spherical microparticles can be
attributed to the presence of Fe2O3 and SiO2, which are released in small quantities in the
structure of the Amdry 6420 powder, maximum 0.4% and 0.45%, respectively. Compared
to the P3–143–9 passes sample, the material incorporated a smaller amount of powder
appearance, which represents the lower capacity of the coating and embedding chromium
oxide in the polymeric structure.

The coating of chromium oxide, silicon oxide and titanium oxide (Cr2O3-xSiO2-yTiO2,
Figure 5) highlights a relatively uneven distribution of microparticles, similar to the situa-
tion presented in Figure 4. The particles are of different shapes with mostly polyhedral
appearance (TiO2—green arrow) but there are also spherical (SiO2—blue arrow) and rect-
angular (Cr2O3—orange arrow) structures, their dimensions varying between 1 and 63 µm.
The particles are embedded in the polymer mass. Both Figures 4 and 5 show chromium
oxide, and this compound does not have a better adhesion compared to the sample coated
with P3–143–9 passes (Figure 3), which does not contain chromium oxide.



Polymers 2021, 13, 3765 11 of 21

Polymers 2021, 13, x FOR PEER REVIEW 11 of 22 
 

 

  

500× 2000× 

Figure 3. SEM analysis of the P3–143–9 passes samples: Zirconium dioxide (bearing balls)—orange arrow; Titanium diox-
ide—blue arrow; Yttrium oxide—green arrow. 

Figure 4 shows the polymer matrix containing particles from the coating formed by 
chromium oxide. Some of these particles are heterogeneously distributed, and another 
part is embedded in the polymeric structure. Their size varies from 18 µm to 30 µm, and 
they have rectangular shapes specific to chromium oxide. The spherical microparticles can 
be attributed to the presence of Fe2O3 and SiO2, which are released in small quantities in 
the structure of the Amdry 6420 powder, maximum 0.4% and 0.45%, respectively. Com-
pared to the P3–143–9 passes sample, the material incorporated a smaller amount of pow-
der appearance, which represents the lower capacity of the coating and embedding chro-
mium oxide in the polymeric structure. 

  
500× 2000× 

Figure 4. SEM analysis of the P6–6420–9 passes samples. 

The coating of chromium oxide, silicon oxide and titanium oxide (Cr2O3-xSiO2-yTiO2, 
Figure 5) highlights a relatively uneven distribution of microparticles, similar to the situ-
ation presented in Figure 4. The particles are of different shapes with mostly polyhedral 

Figure 4. SEM analysis of the P6–6420–9 passes samples.

Polymers 2021, 13, x FOR PEER REVIEW 12 of 22 
 

 

appearance (TiO2—green arrow) but there are also spherical (SiO2—blue arrow) and rec-
tangular (Cr2O3—orange arrow) structures, their dimensions varying between 1 and 63 
µm. The particles are embedded in the polymer mass. Both Figure 4 and Figure 5 show 
chromium oxide, and this compound does not have a better adhesion compared to the 
sample coated with P3–143–9 passes (Figure 3), which does not contain chromium oxide. 

  
500× 2000× 

Figure 5. SEM analysis of the P9–136–9 passes samples. 

3.3.2. EDX Analysis 
In order to observe the presence of the deposited ceramic layers, the line EDX analy-

sis was performed together with the SEM analysis of the P3–143–9 passes, P6–6420–9 
passes and P9–136–9 passes samples. This analysis series had as the point of study the 
edge area of the samples in order to highlight as accurately as possible the presence, dis-
tribution and concentration of the chemical elements which form the ceramic microlayers 
and also the biopolymeric support. 

The EDX in-line analysis (Figure 6—yellow arrow) of all samples reflects the abun-
dant presence of two chemical elements, carbon and oxygen. Their existence is closely 
related to the chemical composition of the biopolymer matrix which presents, according 
to the previous determinations, C and O in similar mass proportions, 48 ± 0.02% and 52 ± 
0.02%, respectively [35]. The acquisition of data is a difficult one because the polymer ma-
trix is not an electrical conductor, so the electrons coming out of the material are of much 
lower intensity than, for example, in the case of an analyzed metallic material. 

For the sample covered with Zirconia–Titania–Yttria Composite Powder (Figure 6a), 
the presence of ceramic microparticles in the first 20 µm is observed, an area that we con-
sider to coincide with the thickness of the deposited ±0.02 ceramic layer (blue arrow). Ti-
tanium is the chemical element found in the most significant amount in the area of the 
ceramic layer, but the other two elements are highlighted by the graphic. The presence of 
a small amount of Zr and Ti during the entire test distance is due to the microparticles 
that came off of the brittle ceramic layer in the moment of EDX preparation. The higher 
amount of carbon than oxygen is attributed to the carbides that form during the embed-
ding of molten microparticles in the solid (cold) polymeric matrix, carbides that provide 
surface hardness. Oxides are also formed but in a much smaller amount. 

Chromium being a hard metallic element during the preparation of the P6–6420–9 
passes sample, this one is visible over the entire analyzed surface; however, it can be ob-
served that in the first part of the analyzed distance (first 20 µm), the amount of chromium 
is higher (Figure 6b). As in the case of the P3–143–9 passes sample, the amount of carbon 

Figure 5. SEM analysis of the P9–136–9 passes samples.

3.3.2. EDX Analysis

In order to observe the presence of the deposited ceramic layers, the line EDX analysis
was performed together with the SEM analysis of the P3–143–9 passes, P6–6420–9 passes
and P9–136–9 passes samples. This analysis series had as the point of study the edge area
of the samples in order to highlight as accurately as possible the presence, distribution and
concentration of the chemical elements which form the ceramic microlayers and also the
biopolymeric support.

The EDX in-line analysis (Figure 6—yellow arrow) of all samples reflects the abundant
presence of two chemical elements, carbon and oxygen. Their existence is closely related
to the chemical composition of the biopolymer matrix which presents, according to the
previous determinations, C and O in similar mass proportions, 48 ± 0.02% and 52 ± 0.02%,
respectively [35]. The acquisition of data is a difficult one because the polymer matrix is
not an electrical conductor, so the electrons coming out of the material are of much lower
intensity than, for example, in the case of an analyzed metallic material.
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For the sample covered with Zirconia–Titania–Yttria Composite Powder (Figure 6a),
the presence of ceramic microparticles in the first 20 µm is observed, an area that we
consider to coincide with the thickness of the deposited ±0.02 ceramic layer (blue arrow).
Titanium is the chemical element found in the most significant amount in the area of the
ceramic layer, but the other two elements are highlighted by the graphic. The presence of a
small amount of Zr and Ti during the entire test distance is due to the microparticles that
came off of the brittle ceramic layer in the moment of EDX preparation. The higher amount
of carbon than oxygen is attributed to the carbides that form during the embedding of
molten microparticles in the solid (cold) polymeric matrix, carbides that provide surface
hardness. Oxides are also formed but in a much smaller amount.

Chromium being a hard metallic element during the preparation of the P6–6420–
9 passes sample, this one is visible over the entire analyzed surface; however, it can
be observed that in the first part of the analyzed distance (first 20 µm), the amount of
chromium is higher (Figure 6b). As in the case of the P3–143–9 passes sample, the amount
of carbon is higher than that of oxygen. In the 35–75 µm interval, the graph highlights a
steep decrease in the amount of elements reflected by the sample, but most likely this can
be attributed to the transition between the deposited layer and the biopolymer support.
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For the P9–136–9 passes sample (Figure 6c), the in–line analysis reveals the presence of
the ceramic layer on the right side of the SEM image (last 15 µm), and the graph reflects the
existence of the micropowder chemical elements. Silicon being a semiconductor chemical
element reflects its presence in the structure of the ceramic layer much more than the than
the other constituents. The Cr, Ti and O of the composite micropowders were highlighted
by the analyzed sample.

3.3.3. XRD Analysis

The main purpose of the XRD analysis was to determine the structure of the samples
made of Arboblend V2 Nature and coated with ceramic micropowders, Amdry 6420
(Cr2O3), Metco 143 (ZrO2 18TiO2 10Y2O3) and Metco 136F (Cr2O3-xSiO2-yTiO2), but also
to identify possible crystal phases.

Figure 7 shows the phase diffractograms for the three samples with distinct ceramic
coatings: P3–143–9 passes, P6–6420–9 passes and P9–136–9 passes. It can be seen that
two of the three samples have a crystalline structure (P3–143–9 passes, P9–136–9 passes)
highlighted by specific peaks, and the third (P6–6420–9 passes green diffractogram) has
a semi- crystalline structure with the presence of small peaks of chromium oxide at four
distinct 2θ angles, 24.25◦, 33.39◦, 35.88◦ and 54.61◦, respectively, of low intensity, 1036 to
1356 [47–49]. The major peak registered at 16.73◦, with a diffraction intensity of 2643, which,
according to the literature, may be associated with the presence of polylactic acid in its the
chemical composition ((C3H4O2)n) [50,51]. The presence of this compound is not accidental
because it is due to the fact that the thickness of the deposited layer is very thin (small
microparticles), thus, the equipment is detecting one of the basic material constituents.
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In the case of the other two coatings, the presence of predominant peaks is observed,
which correspond to the crystallization of certain compounds as follows:

• The P3–143–9 passes sample (blue diffractogram) has a strong crystalline aspect due to
the large amount of zirconium dioxide particles present in the structure of the ceramic
powder. Thus, to the ZrO2 compound can be assigned the peaks from 2θ = 31.14◦,
38.43◦, 60◦, 82◦ and 84.78◦ [46,52,53]. Titanium dioxide, as in the case of the P9–136–9
passes sample, is found at angles of 27.43◦, 28.34◦, 63.02◦ and 74.41◦ [54,55]. However,
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the intensity of the diffraction peaks is quite low, the highest being registered in the
case of the 2θ = 28.34◦ angle. The low angle from 2-theta = 43◦, was identified as the
specific angle of Y2O3 crystallization [56].

• The P9–136–9 passes sample (red diffractogram) shows diffraction maxima associated
with the presence of the polymer matrix, which has in its structure polylactic acid
(16.73◦) and lignin or natural fibers (19.04◦) [53,57]. Diffraction angles corresponding
to the coating with ceramic micropowder are also visible: The specific peaks to Cr2O3
crystallization at 2-theta angles of low intensity are 30.35◦, 31.70◦, 35.16◦, 50.48◦

and 54.12◦ [47–49,58]. For SiO2 microspheres, a peak located at about 2θ = 22.5
is observed [59]. No other diffraction peaks can be detected for this compound.
According to the literature [54,55], the diffraction angles that can be attributed to
the titanium dioxide (TiO2) present are at 27.33◦ and 32.13◦ in the case of Metco
136F micropowder.

3.4. Scratch Analysis

The scratch test was performed in order to evaluate the adhesion of the hard (ceramic)
coatings made on the surface of the Arboblend V2 Nature biopolymeric material.

Analyzing the curves presented in Figure 8, it is observed that one of them, the green
curve (P6–6420–9 passes), shows a sudden and gradual transition of the apparent friction
coefficient (A-COF), which means that the adhesion between the deposited thin layer
and the polymeric material is better than in the case of the other two coatings due to the
presence of chromium oxide. The other two tests have a good scratching behavior, but the
P3–143–9 passes test (blue curve), recorded higher A-COF values than in the case of the
P9–136–9 passes test.
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The more peaks that appear in the variation of the apparent friction coefficient, the
better the adhesion between the deposited layer and the polymeric material is.

For the P6–6420–9 passes sample, a high amplitude peak of A-COF is registered
at the beginning of the test; the explanation for this would be related to the deposition
granulation. It is very possible that the tip of the cutting tool (pin) has hung an area of
deposited material with a larger granulation.

The samples injected from Arboblend V2 Nature and coated with ceramic microp-
owders showed the following behavior during the 60 s of testing (Figure 9): For sample
P3–143–9 passes, blue curve, an increase in A-COF is observed in the first 4 s, after which
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its value begins to decrease sharply until the 16 s when it registers an increase followed
quickly by a decrease. Starting with at 19 s, the average value of A-COF increases and
begins to stabilize, reaching a maximum value of 0.53 at 50 s. The mean value of A-COF
was 0.29 ± 0.16. The behavior of the sample coated with Zirconia–Titania–Yttria composite
powder is a typical one, and the coatings in the first part of the test register variations
of A-COF in order to later stabilize. Sample P6–6420–9 passes, green curve, reflects a
completely different behavior from the first test. In the first part of scratching, the first 3 s,
it reaches the maximum value of A-COF at 1.62, followed by a sudden decrease until 6 s.
Next, the sample registers two fluctuations, and starting at 40 s, the A-COF value begins
to increase, at the end of the 60 s reaching the value of 1.37. These fluctuations can be
attributed to the variable dimensions (9–30 µm) of the microparticles that constitute the
ceramic powder. The progressive increase recorded in the last 20 s of testing reflects the fact
that the test pin detached ceramic microparticles from the sample surface, thus gradually
becoming more and more rough. The mean value of A-COF for this sample, 0.56 ± 0.42, is
the highest compared to the other two tested samples. The last test subjected to tribological
determination, P9–136–9 passes, red curve, as well as the previous test, records fluctuations
throughout the test with the A-COF value at the end of the test reaching a maximum of 0.37.
The average value of A-COF for this sample is the lowest, 0.18 ± 0.08. The value registered
is very close to that of the injected samples and not covered with ceramic layer, 0.16 for
rotational determinations and 0.13 for oscillation ones [60]. This similarity comes from the
fact that the coverage of the sample was not uniform, the adhesion and incorporation of
Chromia–Silica composite powder, as it could be observed in the SEM images being very
low, had a very high percentage both in the P6–6420–9 passes test and in the P9–136–9
passes test. This lack of deposition is due to the thermal behavior of chromium oxide,
which is found in a very high percentage both in the P6–6420–9 passes and P9–136–9
passes samples.
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Table 5 shows the results of scratch testing in the case of the three samples covered
with ceramic micropowders.
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Table 5. Values of A-COF recorded by samples covered with ceramic layers.

Sample A-COF
Medium Value

A-COF
Maximum

Time of A-COF
Maximum[s]

P3–143–9 passes 0.29 ± 0.16 0.53 50

P6–6420–9 passes 0.56 ± 0.42 1.62/1.37 3.0/60

P9–136–9 passes 0.18 ± 0.08 0.37 60

3.5. Microindentation Test

To conduct the microindentation test, three samples were tested for each type of
ceramic powder used to coat the Arboblend V2 Nature biopolymeric material. Repeated
testing was to confirm the experimental stability. Figure 10 shows the evolution of the
force as a function of the depth of penetration for all three samples subjected to analysis.
The software package used (UMT Test Viewer, 2.16) allowed the reading of both the
microhardness values and the Young’s modulus. These values are presented in Table 6.
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The force applied to the indenter increases constantly during the charging phase and
is maintained at the maximum value of 10 N. This phase is called creep, after which there
is a decrease to zero in the discharge phase.
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Table 6. Results obtained by microindenting the samples coated with ceramic micropowders.

Sample Test Max Load
(N)

Max Depth
(µm)

Young’s Modulus
(GPa)

Micro Hardness
(GPa)

P3–143–9 passes

1 8.99 73.55 1.52 0.11

2 8.7 72.78 1.69 0.11

3 8.98 73.02 1.48 0.11

Average 8.98 ± 0.01 73.12 ± 0.4 1.56 ± 0.11 0.11 ± 0.00

P6–6420–9 passes

1 8.99 66.64 1.69 0.13

2 8.98 71.70 1.91 0.11

3 8.98 71.02 2.53 0.10

Average 8.99 ± 0.01 69.79 ± 2.75 2.04 ± 0.44 0.12 ± 0.01

P9–136–9 passes

1 8.99 53.77 2.92 0.16

2 8.99 53.08 3 0.16

3 8.97 50.42 2.9 0.17

Average 8.99 ± 0.01 52.42 ± 1.77 2.94 ± 0.05 0.17 ± 0.01

According to the data obtained from the micro-indentation, the P9–136–9 passes
sample, although it does not have a uniform coating, presents the best values of microdurity,
(0.17 ± 0.01 GPa), the maximum indentation depth being 52.42 ± 1.77 µm. Compared to
the zirconium-based ceramic coating (P3–143–9 passes), the chromium oxide coatings have
a higher hardness (P6–6420–9 passes, P9–136–9 passes) [35]. Another justification of the
results comes from the reduced layer thickness due to the small dimension of microparticles
(P3–143–9 passes) than in the case of the other two types of ceramic micropowders.

The lowest dispersion of the results was obtained in the case of the P3–143–9 passes
sample, most likely due to the fact that the deposited ceramic layer was uniform. In
addition, the other samples tested did not show large differences.

4. Conclusions

The coating of bio-based polymers has gained the attention of researchers worldwide.
The purpose of coatings with various layers, be they ceramic, metal, etc., as well as
in the case of reinforcements, is to increase the characteristics of the base material so
that it responds better to certain industrial applications and can even replace a certain
material, such as metal. The coatings have been realized in order to increase the mechanical,
tribological and thermal characteristics of the samples (wear, hardness and increase in
thermal resistance), thus becoming suitable in applications that require harsh working
conditions, especially in the automotive industry. The coating of sample with ceramic
microlayers led to the following results:

- A slight increase in the melting point, from 172 ◦C (base material [35,61]) up to 174 ◦C,
varying depending on the thickness of the deposited layer. The thickness value is closely
influenced by the microparticles size that constitute the ceramic powder. Thus, the larger
the size of the microparticles, the higher the thermal resistance of the coated material is.

- No significant changes were visible both in terms of temperature range and the
amount of mass lost during the thermal degradation, and the differences were also
attributed in this situation to the size of the ceramic microparticles.

- Regarding the coatings’ uniformity, the SEM surface analysis indicated a good and
uniform incorporation of microparticles in the case of composite powder based on
zirconium oxide. The other two ceramic micropowders in contact with the polymer
matrix did not reveal a good adhesion due to the lower working temperature than the
melting point (2435 ◦C).

- XRD and EDX analyses highlighted the presence of microceramic layers. Their
crystalline/semi-crystalline structure confers hardness; thus, they are suitable for
applications that require this feature. The coating with Cr2O3-xSiO2-yTiO2 (sample



Polymers 2021, 13, 3765 18 of 21

9) formed the hardest layer (0.17 ± 0.01 GPa), which was demonstrated during the
microindentation test. Analyzing the obtained results from the SEM and scratch
analyses point of view, it can be concluded that the deposition was not uniform due to
the fact that the adhesion between the microparticles of chromium oxide, silicon oxide
and titanium oxide is lower than in the case of the other two samples, the average
value of the apparent friction coefficient (A-COF) being 0.18 ± 0.08.

According to the obtained results regarding the adhesion of the ceramic layers on the
polymer surface, it can be stated that the samples showed strong chemical bonds at the
interface between the thin layers and Arboblend V2 Nature bio-based polymer. Thus, these
coated materials can be used in industrial applications that require high surface hardness
and thermal resistance. They can also successfully replace various non-biodegradable
polymeric materials used in various applications such as those in the automotive and
electronics industry (telephone covers, housings, worm wheels, car wiper system, etc.).
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Nomenclature

TPS Titanium Plasma Spraying
APS Atmospheric Plasma Spray
PDMS Polydimethylsiloxane
PDC biodegradable multiblock copolymer
TFX Polyetherurethane
PLA polylactic acid
NLPM normal litre per minute
DC Direct Current
DSC Differential scanning calorimetry
RT room temperature
TG Thermogravimetric curves
DTG derived thermogravimetric curves
DTA differential thermal analyzes
Tonset starting temperature
Tpeak middle temperature
Tend finish temperature
SEM Scanning Electron Microscopy
LFD Large Field Detector
EDX Energy-dispersive X-ray spectroscopy
XRD X-ray diffraction analysis
W% percentage mass loss at each stage
A-COF apparent friction coefficient
Y testing distance (mm)
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Abstract. Heating ventilating and air-conditioning systems which equip our
buildings/rooms represent noise sources unfavorable affecting the people decent
living and working conditions. Usually, silencers are used to reduce the annoying
sound from these systems. They are lined with different materials and they have
various geometries in order to satisfy the consumer needs, in terms of acoustic
comfort. Sound absorption and sound transmission loss characterize the materials
acoustic properties, but it is not mandatory that a good absorbent material to be
also an efficient one from transmission loss (attenuation) point of view. Our paper
is focused on an acoustic study of different materials lining three commercial
silencers of same geometry and size. We have recorded the sound data accord-
ing to standards: ISO 10534-1:1998 for the sound absorption coefficient and ISO
7235:2009 for the transmission loss rating. Third octave analysis with LabView
soft is used to process the sound information and then the two parameters values
are calculated. The acoustic characteristics of the tested materials are discussed
and features that recommend them to be used as lining materials for silencers are
highlighted.

Keywords: Dissipative silencer · Sound absorption · Sound transmission loss

1 Introduction

The continuum industrial development promotes more and more powerful equipments,
but their benefits are also accompanied by issues related to the human comfort. It’s
about the environmental pollution under all its forms: NOx, thermal, acoustic. Acoustic
protection is strong linked to the sound absorption concept which quantifies the energy
dissipated within the material and the transmission through it. The sound reaching the
material releases an energy which can be absorbed and reflected, in relation to the mate-
rial sound absorption performance. The materials acoustic behaviors are very different,
depending on the configurations in which they are included and also, on the material
properties [1–4].

Comfort is required in our buildings/rooms and heating ventilating and air-
conditioning (HVAC) systems are important equipments for that, ensuring the proper
conditions for the air quality and temperature. On the other hand, they constitute noise
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sources affecting not only the people comfort, but also the human health. To reduce
this noise, it is usually used a silencer. Common silencers are in-duct installed on the
intake and/or discharge side of the air handler. Also, they can be located on the receiver
side of other noise generators (terminal boxes, valves, dampers). Literature describes
the silencers types used in the sound attenuation as: reactive, active and dissipative
[5]. Dissipative silencers are recommended to attenuate broadband noise [6]. Plenum
boxes are dissipative ones, most widely used in ducts realizing minimal pressure drop
along the silencer. They are available in various shapes and geometries according to the
duct design and commonly lined with different materials in order to realize the sound
attenuation. These materials are usually porous. The sound absorption performances are
predicted through theoretical approaches which lead to the materials structural design
from this point of view [7, 8]. The sound absorption/transmission theory is often mod-
eled by Johnson-Champoux-Allard (JCA) approach which calculates the sound absorp-
tion coefficient taking into account of some material physical parameters such as flow
resistivity, open porosity, tortuosity, and the viscous/thermal characteristic lengths [9].
Another approaches, such as Johnson-Champoux-Allard-Lafarge model and Johnson-
Champoux-Allard-Pride-Lafarge modify the JCA model, introducing more parameters
difficult to be analytical calculated [10]. Therefore, the theoretical models are not suffi-
cient to predict the materials acoustic performances and the experimental investigations
are needed to complete their accuracy. Our paper focuses on the acoustic performances,
experimental determined, of somedifferent lined plenumboxes in terms of sound absorp-
tion and transmission loss. These two parameters must be corroborated in order to obtain
an optimized acoustic behavior, beneficial for people comfort and health.

2 Theoretical Considerations

The absorption coefficient of amaterial is linked to the sound frequency and also depends
on the angle at which the sound wave reaches the material. Figure 1 depicts the sound
wave behavior according to the energy conservation:

Ei = Er + Ee (1)

The energy Ee represents the sum of the transmitted and absorbed sound energy of
the tested material.

The absorption coefficient,α, is classical defined as the ratio of all energynot reflected
to incident energy [11]:

α = 1− Er

Ei
(2)

Absorption coefficient values are settled using various standardized methods. Mea-
surements can be made in a reverberant room, according to the ISO 354:2003 standard.
Another method uses the standing wave tube technique (ISO 10534-1:1998 standard)
and the impedance tube method (ISO 10534-2:1998 standard). The last method is often
mentioned as the transfer-function method.
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Fig. 1. Sound energy conservation [12].

ISO 354:2003 standard promotes a methodology to evaluate the reverberation time
delay in diffuse sound field (reverberation room) for a tested sample placed in this room.
The standard refers to the Sabine absorption coefficient.

Sabine equation is used to extract the Sabine absorption coefficient, αsab.

αsab = 0.9210
V

cS
(d2 − d1) + α1 (3)

V is the room volume; c is the sound speed; S is the sample surface area; α1 is the
absorption coefficient of covered surface; d1 and d2 are sound decay rates (dB/s) with
andwithout the sample. Applying this standard leads to somemeasurement inaccuracies,
reported by literature, due to the sample room location influence and also due to its edge
effects [7, 13].

ISO 10534:1998 standard presents two methods for the sound absorption coefficient
determination in a normal incident sound field [14].

The standard first part describes the method for calculating the peak to minimum
amplitude ratio in a standing wave tube. Thus, it is determined the magnitude and phase
of the pressure reflection coefficient, and then the sound absorption coefficient α.

α = I1
I2

= |pi|2 − |pr|2
|pi|2

= 1−
(
n− 1

n+ 1

)2

where n = pmax
pmin

(4)

where I1 and I2 are the intensities of incident and reflected waves, respectively; pi and
pr are the sound pressures of incident and reflected waves, respectively; n is the standing
wave ratio; pmax and pmin are the maximum and minimum values of the sound pressure,
respectively.

The second part of the standard uses the transfer function H concept, between two
spaced microphones, and also spaced from sample. The method considers that the sound
reflection coefficient, r, can be evaluated from themeasured transfer functionH between
the two microphones. So, the pressure reflection coefficient r, then the sound absorption
coefficient α, are obtained.

H = p1
p2

and r = |r|ejϕr = rr + jri = H − e−jks

ejks + H
e−j2k(l+s), α = 1− r2 (5)

p1 and p2 are the sound pressure measured by the microphones positioned behind the
sample in the tube; rr is the real component; ri is the imaginary component; ϕr is the
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phase angle of the normal incidence reflection coefficient; k is the wave number; l is
the distance from the sample to the first microphone; s is the distance between the
microphones.

To facilitate the comparison between materials, usually a single number is chosen to
evaluate the sound absorption coefficients of each material [15]. Therefore, an indicator
has been introduced, Noise Reduction Coefficient (NRC), with the value equal to the
arithmetic average of the sound absorption coefficients related to frequency.

Another important parameter to characterize the silencers acoustic performance is
represented by the sound transmission loss Tl. This evaluates the attenuation of the sound
power level in the duct behind the silencer (as test object). It can be expressed as [16]:

Tl = SWLI − SWLII [dB] (6)

where: SWLI - the sound power level in certain frequency band, with in-duct silencer;
SWLII – the sound power level in the same frequency band, without in-duct mounted
silencer. The transmission loss Tl is usually measured using sound pressure levels at
identical points or paths [16].

Sound absorption coefficient together with sound transmission loss values provide
more complete indications of the system’s performance regarding the noise sources.

3 Experimental Methodology

3.1 Method

Our method for sound absorption coefficient evaluation follows ISO 10534-1:1998 stan-
dard. We have used the acoustic interferometer technique, taking into account that in the
impedance tube the sound waves are reflected from the sample, and then received by a
microphone movable along the tube. So, it can be measured and recorded the incident
and reflecting sound pressure. Our experimental work was conducted in an anechoic
room, but it uses a modified impedance tube [2] adapted to our work space. This means
that the anechoic termination of themodified impedance tube is the anechoic room itself.
The whole procedure and explanations are detailed in [12, 15].

As result, the real absorption coefficient determined in the modified tube has lower
values than those obtained by standard measurements (with rigid support at the end of
the tube) [15].

Brief, in order to realize these measurements, our experimental setup includes a
special sound-source equipment (consists of a white noise generator B&K, an amplifier
and a broad band loudspeaker), impedance duct, special receiving-sound equipment
including a movable microphone B&K and a soundmeter B&K connected with the
microphone and NIDAQ board, data acquisition board type-NIDAQPad and laptop with
LabVIEW soft.
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On the other hand, the transmission loss measurements were realized according to
the procedure from ISO 7235:2009, which describes, among others, the methods for
determining the transmission loss, in frequency bands, of ducted silencers with and
without airflow [16].

Ranging different airflows is supplied by a centrifugal fan (0 V ÷ 10 V with 1 V
ratio) over which it overlaps white noise coming from the sound-source equipment.
In this case the experimental setup is modified and additionally contains the above
mentioned centrifugal fan, device for the flow rate (flow meter), device for the pressure
drop (pressure meter), test object (the dissipative silencers); transition elements on either
side of the test object. The procedure is detailed in [17].

Third-octave band analyses of recorded sound data collected, according to the above
procedures (ISO 10534-1:1998 and ISO 7235:2009), were performed. The next step is to
use relations (4) and (6) to calculate the sound absorption coefficient and the transmission
loss (attenuation) values, respectively.

3.2 Test Samples

We have tested, from absorption point of view, three materials types lining some
commercial plenum boxes.

They are denoted with “green” (glass based), “blue” (mineral based), “black” (nylon
based). The lining materials thickness and porosity are the same, as specified by the
manufacturer. Then we have tested, from transmission loss point of view, the three
plenum boxes. They have the same width, height and length, with �100 mm inlet/outlet
diameter for in-duct placement.

Figures 2, 3 and 4 present both the experimental stands, adapted for the anechoic
room and according to standards.

Fig. 2. Sound absorption coefficient experimental setup (according to ISO 10534-1:1998).
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Fig. 3. Transmission loss experimental setup (outside the anechoic room).

Fig. 4. Transmission loss experimental setup (inside the anechoic room).

4 Results and Discussion

As we have above explained, first, we present the sound absorption coefficients values
for the three materials lining three commercial plenum boxes (Fig. 5).

An obvious increasing tendency of the absorption coefficient can be observed at
frequencies higher than 1450 Hz (Fig. 5), values over 0.6 and greater for the green
lining. For frequencies lower than 1450 Hz the absorption coefficient presents values
under 0.6 and higher for the blue lining. Using the average absorption coefficient (NRC)
concept, as absorption performance indicator, the following values were obtained: 0.50
for the green lining, 0.56 for the blue lining and 0.44 for the black lining. Obvious, the
blue lining can be considered the better sound absorbent material.
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Fig. 5. Sound absorption coefficients for materials lining commercial plenum boxes.

Figures 6, 7 and 8 present the sound attenuation (transmission loss) values, recorded
on the plenum boxes and then calculated, as we have above described in paragraph 2.
The figures are selected for variable airflow provided by the centrifugal fan (a supply of
3 V, 7 V, 10 V). They show that the attenuation of the silencers is also influenced by the
airflow in the HVAC systems, supplied by the centrifugal fan. It is observed an increasing
tendency for frequencies higher than 500 Hz, with values lower than 40 dB for small
airflows and maximum 15 dB for higher airflows. For small airflows, over 1450 Hz in
frequencies domain of interest, the green lining has a greater attenuation compared to
the others materials.

Fig. 6. Attenuation versus frequency for low airflow.
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Fig. 7. Attenuation versus frequency for medium airflow.

Fig. 8. Attenuation versus frequency for high airflow.

However, in the explored third octave band, at different airflows from low to high
values provided by the centrifugal fan, the blue lining presents the best attenuation
despite the fact that the silencer lined with this material creates a greater pressure drop
in the duct’s airflow path, as Fig. 9 depicts.
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Fig. 9. Pressure versus airflow.

5 Conclusions

Materials acoustic properties are linked to their sound absorption and transmission loss
characteristics. Theblue liningmaterial presents better acoustic properties under 1450Hz
frequencies according to the absorption coefficient evolution and average value, also,
according to attenuation evolution. The attenuation has higher values as the air flow
through the silencer is lower, because the dynamic flow of air negatively influences the
noise.

Themain conclusion is that the acoustical architecture takes into account of both con-
cepts. Sound absorption, usually represented by NRC (ranging from 0 to 1), is expressed
by the sound dissipation inside the material. Sound transmission loss (attenuation) is
related to the sound insulation, therefore it is expressed by the reflecting sound energy.
It is obvious that there is difficult to select a material and also, it’s mounting system, to
realize absorption and insulation at the same time.
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Abstract. Microtopography of the working surfaces subjected on rolling con-
tact can be realized by various manufacturing technologies (lapping, polishing,
turning, grinding, etc.). The aim of this work is to point out the impact of the
initial surface asperities on running-in phenomenon, geometry of active surface
and rolling contacts durability. At first, the article exhibit the experimental tests
carried out by using the two discs AMSLERmachine with proper samples for pure
rolling motion. Themicrotopography of the working surfaces have beenmeasured
before and after tests. Secondly, a numerical study is presented for the samples
used on the two discs AMSLER machine, where the measured topography data
and loading conditions are used as input data in the analysis model. The last part of
the article exhibit a numerical investigation for the rolling bearing CARB C2318
where the modified rating life have been computed with methodology given by
ISO 16281.

Keywords: Surface rugosity · Running-in process · Plastic displacement ·
Modified rating life

1 Introduction

When the working surfaces of two bodies are loaded for the first time the microtopog-
raphy of both surfaces generally suffer. The microtopography modifies that occur from
starting to stable condition are related with the running-in process [1–3] and affect the
contact pressures repartitions, and stress state, especially in the shallow surface layers,
and consequently the various wear types involved in the durability of contacting bodies
[4–6]. Recently studies on running-in [7–10] show that changes in the surface asperities
likewise alter the chemistry of surface, remanent stresses and microstructure close to the
active surfaces.

The numericalmodels used to describe themicrotopography changes [11, 12] require
the input of a 3D rough surface. Because the experimental acquirement of such data does
not grant enough samples of profile to be used, a main necessity for any micronumerical
analysis is to produce random rough surfaces with identical or similar characteristics as
the effective surfaces [13, 14].
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The running-in and steady-state experimental investigation were conducted on two
rollers [15] and was observed the evolution of wear depth/weight and surface rugosity
during the experiment. It was evidenced that the slope of wear depth and worn weight
decreases as the asperities are smoothed and the number of plastically deformed asperi-
ties is reduced. In the assessment of rugosity parameters of hardened steel surfaces [16]
it was pointed out that in the running-in process the most prominent asperity heights
suffer plastic strain through the primary loading period.

The impact of the relative slidingmovement on rolling contact fatigue life of surfaces
with sinusoidal rugosity in mixed lubrication was investigated in [17] without consid-
ering the surface modification due to wear. A model for the rising of rolling contact
fatigue (RCF) cracks initiated from the surface in the material of rolling bearings was
presented in [18]. In this study the greatest value of the von Mises subsurface stress was
considered as the critical stress for the RCF developed in the number of stress cycles
which carry, finally, to critical damage.

Recently, in [19] was pointed out that in the running-in process of rolling bearings,
the microgeometry of the working surfaces has two major effects: i) an increase in the
regional clearances due to elastic deflection and, ii) the initiation of pressure fluctuations
affect the rolling bearing life. Also, in the evaluation of the bearing life was considered
the lubricate quality parameter κ as a function of the lubricate parameter λ whichever
depends on the film thickness and the surface rugosity. Furthermore, in recent studies
[20, 21], to compute the rolling bearing life was used Ioannides and Harris model, taking
into account the surface and subsurface stress.

Tomodel the non-linear strain rate under deformation of materials stressed in elastic-
plastic field, an analysis model was build [22, 23]. The model is developed in the frame-
work of incremental hypothesis of plasticity using the von Mises plastic flow principle
and Prandtl-Reuss equations. Take into account the nonlinear kinematic and isotropic
hardening laws of Lemaitre-Chaboche [24, 25] the model considers the cyclic hardening
phenomenon.

The microtopography of working surfaces generate sharp peaks in pressure reparti-
tions which disturb the von Mises equivalent stress repartition with a negative influence
on fatigue life of rolling contact [26].

2 Material and Methods

2.1 Experiment

Experimental tests on the two discs machine (AMSLER), Fig. 1, have been carried out
to evaluate the surface rugosity modification during the running-in process.

The two discs are rolling one versus other with constant rotating velocity rate k =
n2/n1 =0.906,wheren2 andn1 are rotating speedof the upper and lower disc respectively.

Twodiscswith size dimensions of59mmand53.5mmmanufactured from42CrMo4
steel were used. The upper disc with size dimension of 59 mmwas crowned with radius
of 300 mm and the lower disc with size dimension of 53.5 mm was cylindrical. The
discs had 10 mm in width and were hardened and tempered resulting a hardness of 425
HB.
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Trying conditions: rotating velocity n1 = 181 rpm, normal loading F = 140 N,
running time 10 min, SAE46 (H46) lubricant, working temperature 25 °C.

Fig. 1. Two discs machine (AMSLER).

2.2 Methods

Rough Surface Simulation. All surfaces have some form of structuremicrotopography
that change according to its textures and the way it have been made. Corresponding to
[5] there are three types of parameters for the rugosity contour: magnitude parameters
(the normal characteristics of the surface deflections), array parameters (the straight
characteristics of the surface deflections) and composite parameters.

Rugosity Amplitude Parameters. The experimental acquirement of the rugosity contours
is time overwhelming, so that, the various characters of the rough surfaces have to be
established analytically or numerically, in order to study their role upon the evolution of
a particular rolling contact. Majority of the statistical properties of a rough surface can
be defined from knowledge of two statistical functions, the autocorrelation function and
the frequency density function.

The probability function is used to point out the spatial characteristics. Some real
surfaces, particularly recently grinded surfaces, expose a height repartition close to the
normal Gaussian probability function:

p(z) = σ√
2 · π

· exp
(−z2

2σ 2

)
(1)

where σ is standard deviation (r.m.s.) from the average height.
However if the grinded surface is subsequently polished its rugosity is no longer

Gaussian. A mathematical representation of the probability function shape can be
achieved by using the central moments, defined as:

μk =
∫ +∞

−∞
zk · p(z) · dz (2)

or in discrete form:

μk = 1

n
·

n∑
i=1

zki (3)
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Any spatial rugosity parameter presented in the specialized literature can be mathe-
matically established utilizing the first fourmoments. However, because the firstmoment
equals to zero the arithmetic mean rugosity Ra is defined instead:

Ra = 1

n
·

n∑
i=1

|zi| (4)

The second moment is the rugosity peaks variance, signifying the root mean square
Rq (r.m.s.), or the standard deviation σ , of the surface peaks:

Rq = σ = √
μ2 (5)

The relation from σ and Ra rely, to certain measure, on the surface nature; for a
regularly sinusoidal contour σ = π /(2 · 21/2) · Ra ≈ 1.11 · Ra, and for a Gaussian
contour σ = (π /2)1/2·Ra ≈ 1.25 · Ra.

Rugosity Spectral Characterization. The Autocorrelation Function (ACF). The ACF,
R(x, y) is the supposed valuables of the multiplication: z(x, y) · z(x + λx, y + λy) of the
surface peak at point (x, y) and at the point (x + λx, y + λy), and λx, λy are the delay
lengths. Under the stationarity assumption this expectation is independent:

R
(
λx, λy

) = E
〈
z(x, y) · z(x + λx, y + λy

)〉
,R(0, 0) = σ 2. (6)

For majority of the fabrication processes theACF attend a negative exponential func-
tion. In this presumption the required parameters to provide an ACF are the dissolution
length in two directions that are normal one to other. These lengths are well-known as
the autocorrelation lengths λx , λy, and are fully described as the length in the x and y
directions where the autocorrelation length falls to 10% from its initial value.

Archard and Whitehouse considered the shape of an arbitrary surface as an arbitrary
signal depicted by a peak distribution and an ACF and revealed that all characteristics
of a surface with Gaussian dispersion of peaks and a negative exponential ACF can be
depicted by two parameters: σ and λ [27].

Gaussian Surfaces with a Prescribed ACF. A numerical method has been developed to
generate a random 3D rough surface, [14]. The surface rugosity peaks were generated
corresponding to the next equation:

zij =
n∑

k=1

m∑
l=1

αkl · ηi+k,j+l (7)

where αkl are parameters that give the ACF needed and ηi+k,j+l are individual arbitrarily
values that have the variance unit, [13, 14], the following equations are valid:

E(ηijηkl) =
{
1 if i = k, j = 1
0 if i �= k, j �= 1

(8)

Using Eqs. (8) the ACF is obtained as:

Rpq =
n−p∑
k=1

m−q∑
l=1

αkl · αk+p,l+q
p = 0, 1, 2 . . . , n − 1
q = 0, 1, 2, . . . , m − 1

(9)
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Equations (9) it is a non-linear system with the unknowns parameters αkl, [13]. An
iterative method has been applied to resolve the non-linear system (9) and its solutions
were introduced in Eq. (7) to achieve the rugosity peaks with the prescribed ACF.

For two coarse surfaces considered in contact an equivalent surface [28] can be
defined by adding corresponding values of the rugosity heights:

z = z1 + z2 (10)

Elastic-Plastic Model. An elastic-plastic analytical model has been made to estimate
the plastic displacement of the surfaces in rolling contact, that take into account the
material cyclical strengthening particularity as depicted by a nonlinear kinematic and
an isotropic strengthening law [24, 25]. The plastic flow surface is depicted by the von
Mises plastic flow principle:

F = f (σ − α) − σ 0
Y = 0 (11)

where σ 0
Y is the plastic flow stress and f (σ − α) is the von Mises equivalent stress.

The isotropic strengthening part of the model describes the yielding stresses σ Y0 as
a relationship of the equivalent plastic deformation εp:

σ 0
Y = σY0 + Q∞ ·

(
1 − e−b∞·εp) (12)

where Q∞ is the limit modifies in the plastic flow surface dimension on the deviatoric
level and b∞ present how fast the limit dimension is achieved [29].

The Ramberg-Osgood’s equation has been applied to consider the connection
between the strain tensor intensity εe and the stress tensor intensity σ e:

εe = σ e

E
+

(
σ e

B

)N

(13)

where N is the plastic strengthening index and B is the plastic strengthening parameter
[22].

The surfaces plastic displacement up was computed by the plastic deformations εp

gathered in the subsurface stratum:

up(x, y) =
∫ z

0
εp(x, y, z) · dz (14)

3 Experimental vs. Numerical Results and Discussion

3.1 Experimental Results

The rugosity contours for two discs studied on AMSLERmachine are depicted in Fig. 2,
before and after the running-in experiment. The original discs rugosity were Rq1 =
610 nm and Rq2 = 280 nm, respectively Ra1 = 460 nm and Ra2 = 220 nm.

The evaluation of discs rugosity before and after experiments revealed modifications
for the bottom disc, with a coarser rugosity, for the estimate length of 1mm in themiddle.
After the running-in experiment the root mean square of the bottom disc decreases to
Rq1 = 550 nm and the arithmetic mean rugosity peaks to Ra1 = 390 nm.
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Fig. 2. 2D rugosity contours before and after running-in experiment.

3.2 Experimental vs. Numerical Results Provided by Elastic-Plastic Model

The plastic changes of the surface rugosity are due to the raised peaks in the pressure
repartition on the two discs contact area, Fig. 4. These pressure peaks can induce a state
stress above the plastic flow limit resulting plastic displacement of the rugosity peaks.

Fig. 3. 2D rugosity contours ahead and further 300 run-in cycles (numerical).

The elastic-plastic running-in model presented in [1, 2] provided numerical results
in good agreement with those obtained experimentally. In Fig. 3 are comparatively
exemplified the experimental and numerical results obtained after 300 running cycles.

Fig. 4. Pressure distribution on discs width (hypothetic full elastic range).
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3.3 Rolling Bearing Application. Numerical Results

The CARB C2318 rolling bearing has been considered for the numerical investigation.
The geometry of rolling bearing, Fig. 5a, is depicted by the following parameters: the
diameter of outer ring dce = 165 mm, the diameter of inner ring dci = 115 mm, the
diameter of roller dw = 25 mm, the length of roller Lw = 54 mm, roller crown radius
R1 = 7000 mm, inner/outer ring crown radius R2 = 7210 mm, rollers number Z =
14, [30]. The measured roughness for rollers, inner and outer raceways are presented in
Fig. 5b.

Fig. 5. (a) Toroidal roller bearing geometry [30] and (b) Rugosity of bearing elements.

A moderate radial charging FR = .185·C = 112.5 kN has been considered in the
numerical investigation of the running-in process. Three sizes of the surface rugosity
characteristics have been chosen: i) a small rugosity with Rqw1 = 40 nm for roller
surface and Rqi1 = 70 nm for the raceway surface of the inner ring, like the surface
rugosity characteristics determined on Taylor Hobson equipment, Fig. 5b; ii) a moderate
rugosity with Rqw2 = 80 nm and Rqi2 = 140 nm, and iii) a coarse rugosity with Rqw3

= 120 nm and Rqi3 = 210 nm.
For the roller bearing steel loaded in the elastic-plastic field the following parameters

were used: the plastic flow stress σ Y0 = 1650 MPa, the coefficient of Poisson ν = 0.27,
themodulus ofYoungE = 203 GPa, b∞ = 120 that shows how fast the limit dimension is
achieved andQ∞ = −100 MPa, the limit modifies in the plastic flow surface dimension
on the deviatoric level [28], the plastic strengthening index N = 12.6 and the plastic
strengthening parameter B = 4320 MPa [22, 23].
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The 2D rugosity contours of roller/inner ring ahead and further 300 run-in cycles are
presented in Fig. 6. It may be remarked so the running-in process is more pronounced
for the inner ring and the rugosity peaks are plastic flattened in the middle: a length of
10 mm for Rqi1 = 70 nm, a length of 20 mm for Rqi2 = 140 nm and a length of
40 mm for Rqi3 = 210 nm.

Fig. 6. 2D rugosity contours of roller/inner ring ahead and further 300 run-in cycles.

The higher is the rugosity peaks the larger is the plastic deformation.
The 2D pressures repartitions on roller generatrix for the heavy charged roller/inner

ring contact are depicted in Fig. 7. In the center of the contact area the maximum peak
pressure for the smooth surface is2250MPa.The existence of the rugosity on theworking
surfaces causes high peaks in pressures repartition. The higher are pressure peaks as the
rugosity it is coarser and have the highest magnitude of 2700MPa for the small rugosity,
3200 MPa for the moderate rugosity and 4000 MPa for the coarse rugosity.

It may be noticed that after 300 run-in cycles the pressure peaks are a little attenuated
in the center of the contact area for the small and moderate rugosity and are much
attenuated on all contact region for the coarse rugosity.
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Fig. 7. Pressures repartitions for the heavy charged roller/inner ring contact.

4 Bearing Lives Comparisons

The generally evaluation of the rolling bearings basic rating life take into account just
the dynamic capacity charge C, the equivalent charge on the bearing P and an exponent
p relying on the shape of rolling element:

L10 =
[
C

P

]p
(15)

where p = 10/3 for rollers and p = 3 for balls [31, 33].
To consider the changes of microtopography on the active surfaces as result of the

running-in process, the basic reference rating life and modified rating life as described
in [26, 31, 34] have been evaluated in this article.
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4.1 Modified Bearing Life

The κ Parameter Approach. Viscosity Rate and Film Parameter Approach. The
magnitude of the dynamic capacity charge C given by the rolling bearing manufacturers
and the calculation method depicted in [31] are often utilized for general estimation of
the modified rating life, L10m:

L10m = aISO · L10 = aISO ·
[
C

P

]p
(16)

The modification factor, aISO, is given by the subsequent relation:

aISO = f

(
ηc · Pu

P
, κ

)
(17)

where: f is a function described by ISO 281:2007, (Eqs. (34)–(37) [31]), ηc is the
contamination index, and Pu is the fatigue charge threshold.

Corresponding to [31], for lubrication with mineral oil and raceway surfaces of
rolling bearing processed with quality of good manufacture, the state of lubrication is
depicted by a complex lubricate parameter κ , described as the relation between the
current kinematic viscosity ν and the reference kinematic viscosity ν1, [32]:

κ = ν
/
ν1 (18)

The lubricate parameter λ just rely on two factors: the thickness of lubricating layer
and rugosity, although κ, it is just associated to the thickness of lubricating layer, and
permits for more manageability the consideration of another specific life of rolling
bearing associated to safety factors as inlet shear heating effects and starvation.

In [19] it is remarked that the actual meaning of κ (ISO 281:2007 [31]) still fails to
consider important effects as: an actual film height equation and rugosity deformation.

4.2 Rolling Bearing Durability

To evaluate the roller bearing durability with the methodology given by standards ISO
281:2007 [31] and ISO 16281:2008 [26] two levels of loading have been considered: a
medium radial loading (for running-in process presented previously) and a light radial
loading (for normal operating condition).

Table 1 presents the modified reference rating lives L10m for a medium load (FR

= 112.5 kN), smooth and three values of the surface rugosity parameters. The same
running conditions have been considered in all three simulations: working temperature
t = 50 °C, level of contamination ηc = 0.8, rotation speed n = 1000 rpm.

The modified reference rating life has lower values for rough surfaces like smooth
surface, and more lower as the rugosity is coarser. Further the running-in process the
modified reference rating life increase with approximate 1000 h for the smaller and
moderate rough surfaces and with more than 1250 h for the coarser rough surface.
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Table 1. Modified reference rating life for a medium load (FR = 0.185 · C = 112.5 kN).

Rugosity of roller Rugosity of inner
ring

Basic rating life,
L10 , hours

Modified reference rating life,
L10m, hours

Rqw [nm] Rqi [nm] Before Run-in

Smooth Smooth 4668 10796

40 70 5997 6915

80 140 1567 2561

120 210 246 1505

Table 2. Modified reference rating life for a light load (FR = 0.055 · C = 33.5 kN).

Rugosity of roller Rugosity of inner
ring

Basic rating life,
L10 , hours

Modified reference rating life,
L10m, hours

Rqw [nm] Rqi [nm] Before Run-in

Smooth Smooth 264700 688750

40 70 218660 324140

80 140 28205 74993

120 210 2297 38602

Themodified reference rating livesL10m for a light load (FR = 33.5 kN) are presented
in Table 2. As in the previous table, the modified reference rating life has lower values
for rough surfaces like smooth surface. For the modified surfaces subjected to a medium
load further 300 run-in cycles, the modified reference rating life increase, seemingly a
greater enhancement for the coarser rugosity, approximately 16 times higher like ahead
run-in, however a importantly enhancement for the smaller rugosity, almost 105500 h
furthermore like ahead run-in.

5 Conclusions

Themicrotopography of the working surfaces subjected on rolling contact rely primarily
on the surface machining technologies and secondly on the evolution of the running-in
process.

To simulate the running-in phenomenon, random three-dimensional rough surfaces
have been generated numerically and further considered into an elastic-plastic numerical
model. For the case of CARB rolling bearing the values for modified reference rating
life have been considered to estimate the effect of the run-in.

The experimental data, of running-in process, acquired onAMSLERmachine present
a very good agreement with the numerical data for two discs test and with numerical
data obtained with the running-in model exhibited in [1, 35].
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The asperities presence on working surfaces in rolling contact causes high peaks in
pressure repartitions, and as the rough surfaces are coarser the higher are the pressure
peaks.

The modified rating life is seriously reduced for the coarse rough surface, by two
size order, right further running-in process, by one size order, like for the fine rough
surface or smooth surface.
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700050 Iasi, Romania
* Correspondence: cercel.msimona@yahoo.com (M.S.B.); marcelin.benchea@tuiasi.ro (M.B.)

Abstract: The performance of the field and the condition of success in oral implantology today
require the review and reevaluation of the means that contribute essentially to ensuring the stability
and durability of the implant, starting from the nature of the biomaterial and continuing with the
characteristics of the optimally designed biosurface. This paper proposes a comparative analysis
of three commercial alloys, VeraBond, Kera N, and VeraSoft, compared to a modified dental alloy,
with the aim of improving some mechanical properties. They have been studied structurally and
mechanically. The microstructural structure shows that the alloys crystallize in the face-centered cube
system, and the cast alloy has a dendritic structure with large grains. XRD diffractograms highlight
that alloys exhibit three compounds Cr156.00 Al596.00: 9013031, Ni4.00, and Cr30.00Al48.00. The
hardness measurements showed values between 203 HV and 430 HV. As the percentage of silicon
increases, the hardness decreases. The modulus of elasticity obtained by the indentation method for
the dental alloys was in the range of 46–153 GPa. The results showed that the hardness and elastic
modulus of the new alloy was significantly minimized compared to the classical alloys used.

Keywords: Ni-Cr; properties; cast samples; dental alloys

1. Introduction

The dental implant, with all its forms, can be defined as a body foreign to the body
(alloplastic material), which is surgically inserted at the level of the jawbone, with the main
purpose of supporting the prosthetic elements used in the treatment of edentulousness.
Unlike other types of medical implants, the dental implant is considered “open” due to the
communication between it and the oral cavity, which is a septic environment with many
potential factors of aggression [1,2].

Current research regarding the modification and control of the biomaterial–tissue interac-
tion to improve the osseointegration process of the implant is oriented towards capitalizing
on the progress made in regenerative medicine [3–5], using tissue engineering techniques and
developing the field of biomimetic materials (so-called smart biomaterials) [6–9].

The applications of biomaterials in the field of medicine are primarily due to the
requirements imposed by medical practice [10,11] but also by the continuous evolution of
science. A permanent correlation of research in the fields of chemistry, biology, engineering,
and medicine leads the science of biomaterials to obtain new materials that can solve the
multiple existing medical problems to the current requirements [12].

The physical, chemical and mechanical properties of dental materials are of particular
importance to support the desire to forecast and design new devices and material assem-
blies. Thus, the review of these properties has the aim of creating a specific framework for
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starting the complete study of dental materials; without the knowledge of these data, new
designs will be stuck or simply deviate from the expected results [13,14].

It has been proven that the general properties and the surface properties of the metals
that have been used for implants directly influence and, in some cases, even control the
dynamics at the tissue interface from the time of initial placement on the live to the final
removal. It is admitted that compatibility is a two-way process between the biomaterials
incorporated in the device and the implant host environment [15,16].

Remarkable advances have been made in dentistry. In the last 25 years, the rapid
progress of discoveries regarding biomaterials and implants has only been possible through
close collaboration between doctors, biologists, and engineers. Both the improvement in
the types of implants and the discovery of new materials that are best tolerated by the body
were pursued [17–19].

Ni-Cr alloys have appeared as an alternative to Co-Cr alloys that present a low ductility,
increase shrinkage upon solidification, and have a tendency to oxidize. In the industry, these
alloys are known as NIMONIC and are used in the construction of reaction engines [20–22].

Ni-Cr alloys contain up to 70% nickel. Several types of alloys containing Ni are used
in dentistry:

• Ni-Cr-Fe alloys (wipla type, classic) with a percentage of 48–66%Ni;
• Ni-Cr alloys also contain small percentages of Mo, Al, Mn, Be, Cu, Co, Ga, and Fe to

improve certain properties of the alloy.
• Co-Cr-Ni alloys are used in skeletal prosthesis technology [23–25].

Biocompatibility is a very important aspect of alloys that have medical applications.
The release of metal ions from these alloys is determined by the percentage of chromium
and must be above 20% for proper passivation of the alloy. Chromium, as an element in
the composition of an alloy, changes the melting temperature and increases the mechanical
properties, and by forming oxides, it increases the corrosion resistance and the bond
with ceramics.

Nickel is an essential element for the human body, containing about 10 mg of Ni.
The daily intake is recommended to be 100 µg per day, mainly through food. Nickel
compounds are generally very water-soluble, and therefore, in the case of corrosion, they
are quickly entrained by saliva in the intestinal tract. For this reason, the contact time with
the Langerhans cells present in the oral mucosa and acting as receptors is very short. Due
to its nature and chemical structure, the oral mucosa allows for faster diffusion of Ni ions
than the skin, and the risk of sensitization in the oral cavity is extremely low. There is
currently no description of Ni accumulations in the body. Despite the relatively frequent
allergies to skin contact with Ni, it has been clinically observed that the use of Ni-Cr alloys
in the oral cavity does not systematically cause allergic reactions [26–28].

If we were to consider only the initial corrosion in the oral environment of the stable
Ni-Cr alloy (e.g., Wiron88/Bego), in order to reach the recommended daily level of Ni
absorption of 100 µg, it would result in 25 cm2 of this alloy. It should also be taken into
account that the initial corrosion phenomenon, namely the release of ions, decreases rapidly
in the first hours and days, and after a few days, much fewer ions are released. We can
conclude that a possible sensitization occurs only in very sensitive people. Given the small
amounts released and the short biological half-life of Ni, a systemic toxic attack must be
excluded. However, we cannot exclude a local toxic action, which can also occur for other
metals. Such a phenomenon can occur in the case of incorrect finishing by the technician of
the prosthetic piece.

The use of metallic biomaterials in the human body is dependent on certain specific
characteristics of the material, as well as on the specific function it has to perform.

Subsequently, through improvements to the materials and design, the success rate
increased. The concurrent development of asepsis and antisepsis protocols and anesthetic
techniques also contribute greatly to this good outcome. After 1980, implantology aroused
more and more interest in doctors from many corners of the world, and various congresses
have been organized on this topic (important to mention the one in Toronto in 1982 where
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Brånemark published the results of his research for more than 15 years in the field of
osseointegration). From this moment, implantology begins to make unexpected progress.
The number of dental implants applied worldwide is still increasing year by year [29,30].

We carried out a preliminary study in order to follow the opportunity of introducing a
new type of dental implant. The new alloy was designed so that, by eliminating the harmful
effects present in the dental alloys frequently used today in oral implantology, we could
control the intrinsic biocompatibility of the material: a character with a defining influence
on the osseointegration process of the implant by adding silicon. We choose the solution of
alloying with an element such as silicon to improve the mechanical properties [31].

The aim of this work was to change the percentage of the metallic silicon of the
VeraSoft-type dental alloy from the percentage of 1.60% to 4.32% in order to study and
obtain mechanical properties suitable for further uses. For comparison, three commercial
alloys, VeraBond, Kera N, and VeraSoft, were used, with the properties taken from the
specialized literature. They have been studied structurally and mechanically.

2. Materials and Methods
2.1. Materials Preparation

In this article, four alloys were used for testing and comparison. They were bought
and are classic alloys that are currently used, while one alloy was modified to improve the
properties: one Verabond alloy, one Kera N alloy, two VeraSoft alloys, and a VeraSoft alloy
to which metallic silicon was added to.

The metal charge for making the alloy must be of high quality and purity, degreased,
and properly prepared. A commercially purchased dental alloy of the VeraSoft type and
high-purity metallic silicon, 99.6%, provided by Alfa Aesar from Thermo Fisher Scientific,
were used as raw materials. In order to obtain the new VeraSoft alloy with a modified
percentage, the use of an indirect heating furnace was chosen.

Two semi-finished products from the new alloy were obtained: a sufficient quantity
for taking the samples needed for the laboratory tests that had in mind the proposed charac-
terization. Figure 1 highlights the technological flow of developing the new VeraSoft alloy.
The developed alloy was analyzed by structural and mechanical characterization methods.
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In order to prepare the metallographic samples, a sequence of stages was completed
as follows:
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â The sanding process was performed with sanding papers. This was achieved by
successive sanding operations on large-grained papers to small-grained papers.

â The polishing process with the help of felt. This was performed using aluminum
oxide abrasive suspension of different grain sizes with the final goal of obtaining a
mirror-gloss surface.

â The metallographic attack aimed to highlight the structural constituents. According
to the ASM Handbook: 2 mL FeCl3, 48 mL H2O, and 50 mL HCL for 15 s at room
temperature should be used.

VeraBond alloy (Figure 2a) is formulated for “Ceramco II” and other types of ceramics:
Excelco, Spectrum, Noritake, Synspar, Shofu-Crystar, as well as with other medium-grained
porcelains. The analyzed alloy has applications as a support for porcelain, and it is applied
from a single element to full bridges, Maryland bridge, support for acrylate and composites
from single elements to full bridge, all-metal crowns, and superstructures for implants.
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The KeraN alloy (Figure 2b) is an alloy of non-precious metals Nickel–Chromium,
without Beryllium for ceramic work at high temperatures. It is suitable for open-fire
processing and for dissociated working methods. An oxidizer is not required.

The VeraSoft (Figure 2c) alloy is a Ni-Cr casting alloy for metal crowns and bridges,
pivots, restorations, and substructures for metal-acrylic crowns and bridges.

It is very important to recognize that synthetic materials have general and specific
surface characteristics that depend on their properties. These characteristics must be known
before any medical application, but they must also be known in relation to the changes
that may occur over time in the body. In other words, any change in properties over time
must be anticipated from the start and motivated by the choice of biomaterials and/or
the device design.

The use of materials for tissue reconstruction in the human body dates back several
thousand years, but clinically important advances have been achieved in the last century.
The first interventions to replace some affected tissues date back more than 2000 years and
are related to the Aztec, Chinese, and Roman civilizations [32,33].

2.2. Microstructural Characterization Methods

In order to obtain the most accurate determination, ten EDX determinations were
performed in different areas of the semi-finished product to verify the concentrations
obtained. To determine the chemical composition of the newly obtained alloy, the Vega
Tescan LMH II equipment was used, using the Bruker EDAX detector attached to the
SEM equipment.

The metallographic analysis provides information on the micrographic structure of
the alloy, its nature, shape, dimensions, and distribution mode. A microscope Zeiss Axio
Imager A1, was used for the optical analysis of high-precision optical images.

X-Ray diffractions (XRD, Panalytical, Almelo, The Netherlands) were conducted utiliz-
ing an Xpert PRO MPD 3060 facility from Panalytical (Almelo, The Netherlands) equipped
with a Cu X-ray tube (Kα = 1.54051), 2 theta: 10–70◦, step size: 0.13◦, time/step: 51 s, and a
scan speed of 0.065651◦/s in the reflection mode. Highscore Plus 3.0 software was used to
analyze the data in order to determine the phase components and their parameters.
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2.3. Mechanical Properties

The determination of the hardness of the commercial Ni-Cr alloys analyzed was
carried out on a PMT3 model durometer by the Vickers method, using a pressing weight of
100 gf and a pyramidal diamond indenter.

Indentation is a test method based on the principles used to determine the modu-
lus of elasticity, stiffness, etc. The indentation tests were performed using a device for
tribological and mechanical determinations Universal Micro-Tribometer CETR UMT-2.
For a more precise determination, three determinations were made for each individual
alloy. After completing the working stages and recording them through the software of
the UMT 2 device, the imprint curves (depth vs. force) of the new alloy obtained by the
VIEWER program were plotted.

3. Results
3.1. Microstructural Analysis

Figure 3 shows the Spectrum EDX obtained and the new composition obtained
after elaboration.
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The chemical composition of the alloys is presented in Table 1 with average val-
ues for the three tests (±standard deviation) that were obtained regarding the chemical
composition measurements results.

Table 1. The chemical composition of the alloys studied.

Ni
[%]

Cr
[%]

Mo
[%]

Al
[%]

Be
[%]

Co
[%]

Ti
[%]

Si
[%]

Mn
[%]

VeraBond 76.75 ± 0.20 12.60 ± 0.10 5.00 ± 0.10 2.90 ± 0.10 1.95 ± 0.10 0.45 ± 0.10 0.35 ± 0.10 -
Kera N 61.60 ± 0.30 25.50 ± 0.10 11.00 ± 0.10 0.40 ± 0.10 - - - 1.50 ± 0.10

VeraSoft 62.80 ± 0.10 14.50 ± 0.10 - 1.60 ± 0.10 - - - 1.60 ± 0.10 19.50 ± 0.10
VeraSoft modified 62.65 ± 0.20 14.38 ± 0.10 - 1.60 ± 0.10 - - - 4.32 ± 0.10 17.05 ± 0.10

The microstructure depends to a large extent on the alloying components but also on
the processing conditions (melting, casting, and heat treatment).

Figure 4 presents the optical microstructure of the VeraBond, Kera N, VeraSoft, and
the modified VeraSoft. Micrographs of the dental alloys are highlighted homogeneous
dendritic structures.

VeraSoft and the modified VeraSoft have a dendritic structure, typical of cast al-
loys, which are solidified after medium to high-speed cooling. For the modified Verasoft
(Figure 4d,h), the influence of the addition of the silicon element is very well observed;
in this, it has refined the structure and contains, along with the dendritic phase, eutectic
separations that are observable in the interdendritic space.



Appl. Sci. 2022, 12, 12814 6 of 11

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 12 
 

 

Table 1. The chemical composition of the alloys studied. 

 
Ni 

[%] 

Cr 

[%] 

Mo 

[%] 

Al 

[%] 

Be 

[%] 

Co 

[%] 

Ti 

[%] 

Si 

[%] 

Mn 

[%] 

VeraBond 76.75 ± 0.20 12.60 ± 0.10 5.00 ± 0.10 2.90 ± 0.10 1.95 ± 0.10 0.45 ± 0.10 0.35 ± 0.10 -  

Kera N 61.60 ± 0.30 25.50 ± 0.10 11.00 ± 0.10 0.40 ± 0.10 - - - 1.50 ± 0.10  

VeraSoft 62.80 ± 0.10 14.50 ± 0.10 - 1.60 ± 0.10 - - - 1.60 ± 0.10 19.50 ± 0.10 

VeraSoft 

modified 
62.65 ± 0.20 14.38 ± 0.10 - 1.60 ± 0.10 - - - 4.32 ± 0.10 17.05 ± 0.10 

The microstructure depends to a large extent on the alloying components but also on 

the processing conditions (melting, casting, and heat treatment). 

Figure 4 presents the optical microstructure of the VeraBond, Kera N, VeraSoft, and 

the modified VeraSoft. Micrographs of the dental alloys are highlighted homogeneous 

dendritic structures. 

 

Figure 4. Microstructure analysis of experimental alloys: (a) VeraBond (200×), (b) Keran N (200×), 

(c) VeraSoft (200×), (d) VeraSoft modified (200×) (e) VeraBond (500×), (f) Kera N (500×), (g) VeraSoft 

(500×), (h) VeraSoft modified (500×). 

VeraSoft and the modified VeraSoft have a dendritic structure, typical of cast alloys, 

which are solidified after medium to high-speed cooling. For the modified Verasoft (Fig-

ure 4d,h), the influence of the addition of the silicon element is very well observed; in this, 

it has refined the structure and contains, along with the dendritic phase, eutectic separa-

tions that are observable in the interdendritic space. 

The microstructure of dental alloys shows a homogeneous cellular structure with cel-

lular boundaries. Similar findings were also reported by some previous reports [5,6]. This 

was due to the rapid solidification and strong temperature gradients of the melt during 

the melting process. 

Usually, Ni-Cr alloys also contain, in smaller concentrations, Al, Co (hardening elements) 

and B, Si (deoxidizing elements). These alloys constitute a support for fused porcelain. 

The alloys crystallize in the face-centered cube system, and the cast alloy has a den-

dritic structure with large grains. 

Figure 4. Microstructure analysis of experimental alloys: (a) VeraBond (200×), (b) Keran N (200×),
(c) VeraSoft (200×), (d) VeraSoft modified (200×) (e) VeraBond (500×), (f) Kera N (500×), (g) VeraSoft
(500×), (h) VeraSoft modified (500×).

The microstructure of dental alloys shows a homogeneous cellular structure with
cellular boundaries. Similar findings were also reported by some previous reports [5,6].
This was due to the rapid solidification and strong temperature gradients of the melt during
the melting process.

Usually, Ni-Cr alloys also contain, in smaller concentrations, Al, Co (hardening elements)
and B, Si (deoxidizing elements). These alloys constitute a support for fused porcelain.

The alloys crystallize in the face-centered cube system, and the cast alloy has a dendritic
structure with large grains.

The hardening of the alloy involves the precipitation of the subsequent phase or
phases, particularly called the γ phase, consisting of (NiCo)3(AlTi). Carbs can form inter-
dendritically. The values of the modulus of elasticity and hardness are somewhat lower
than those presented by Co-Cr.

Solidification shrinkage is 1.5%, and the alloys are normally melted in induction
furnaces and cast into phosphate forms. Due to the low-temperature range, Ni-Cr alloys
offer a much more precise casting, which allows dental bridges and crowns to have minimal
deviations [34,35].

3.2. Structural Analysis

XRD is a useful technique to study phases in dental alloys and their transformations
as a function of temperature. Figure 5 presents the diffractograms of experimental alloys.

The phases revealed by XRD at the different analysis temperatures were in good
agreement with those found in previous optical microstructures of transformations in
these alloys. For the modified VeraSoft, new XRD peaks appear to result from the low-
temperature transformation in martensite, which the optical microstructure has shown.

XRD diffractograms highlight that alloys exhibit three compounds: 2100373, Reference
code: 96-210-0374, Chemical formula: Cr156.00 Al596.00; 9013031, Reference code: 96-901-
3032, Chemical formula: Ni4.00; 1100049, Reference code: 96-110-0050, Chemical formula:
Cr30.00Al48.00 [36].
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These compounds that were formed in alloys were identified by XRD analysis. The
main characteristics for Cr156.00 Al596.00 are as follows: crystal system: hexagonal, a (Å):
32.3000, b (Å): 32.3000, c (Å): 12.4000, alpha (◦): 90.00, beta (◦): 90.00, gamma (◦): 90.00,
calculated density (g/cm3): 3.59, and volume of the cell (106 pm3): 11203.59. The main
characteristics for Ni4.00 are as follows: crystal system: cubic, a (Å): 3.5870, b (Å): 3.5870, c
(Å): 3.5870, alpha (◦): 90.00, beta (◦): 90.00, gamma (◦): 90.00, calculated density (g/cm3):
8.45, and volume of the cell (106 pm3): 46.15. The main characteristics for Cr30.00Al48.00
are as follows: hexagonal, a (Å): 12.7184, b (Å): 12.7184, c (Å): 7.9367, alpha (◦): 90.0000,
beta (◦): 90.0000, gamma (◦): 120.0000, calculated density (g/cm3): 4.26, and volume of the
cell (106 pm3): 1111.8.

3.3. Hardness Results

For the dental alloys used in this study, Vickers hardness was determined by indenta-
tion tests. The samples were polished with 1 µm of alumina paste. After imprinting, the
surface of the samples was processed, and the results were obtained tangentially to the
surface with a Vickers indenter applied every 0.5 mm along the diameter of the sample.
A load of 50 (Kg/mm2) and contact times of 15 s were used. On this basis, the average
hardness, expressed in degrees Vickers (HV), was determined for each sample studied.

The Vickers hardness test involves a pyramid-shaped diamond indenter with a square
base and a penetration angle of 136◦; the load, in this case, is applied to the tested material
constantly. The length of the penetrato’s diagonals is used to determine the size of the
indentation that it leaves in the material. The significant advantage of this test is that very
small samples can be tested due to their small penetrator. Additionally, the ability of the
test to work with varied tasks leads to another advantage; namely, hardness determinations
can be made on both soft and hard materials. Vickers testing gives very good results in the
case of brittle materials, but also, the situations in which ductile materials are encountered
have been successfully solved.

Table 2 shows the average values for 10 tests (±Standard Deviation) obtained regarding
the hardness measurement results of the dental alloys. The measurements showed values
between 203 HV and 430 HV. As the percentage of silicon increases, the hardness decreases.

Modified VeraSoft has a lower hardness value compared to the classic VeraSoft alloy.
The addition of silicon was beneficial and decreased the hardness. For dental applications,
a very high hardness value is not necessary.
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Table 2. The hardness values for alloys studied.

Alloys VeraBond Kera N VeraSoft VeraSoft Modified

HV 429.5 ± 4.60 388.8 ± 5.10 251.5 ± 3.40 203.4 ± 5.70

3.4. Indentation Results

Metals and their alloys were the first materials used in human prosthetics, which,
together with other inorganic and organic materials, are still widely used today. The use
of metallic materials in one or another field of technology depends on the relationship
between their structure and properties.

Micro indentation is a hardness testing technique for measuring the physical prop-
erties of samples, such as film layers that are often too small for conventional physical
testing techniques.

The samples to be tested by micro indentation must be securely mounted and also
have a relatively flat test surface. Samples are often prepared using the same techniques as
the samples prepared for electron microscopy, requiring mounting in a hard matrix such as
epoxy and then planar polishing of the test surface.

Figure 6 shows the response of the alloys during the indentation tests in the form of
force-depth dependencies, and Table 3 presents the results of the indentation test with the
average values for the three tests (± standard deviation) performed.
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Figure 6. Indentation curves of the studied alloys: (a) VeraBond, (b) Kera N, (c) VeraSoft,
(d) VeraSoft modified.

Table 3. Indentation results.

Sample
Loading

Deformation
[N]

Release
Deformation

[µm]

Young Modulus
[GPa]

Stiffness
[N/µm]

Specimen
Poisson Ration

VeraBond 9.01 ± 0.20 5.12 ± 0.10 56.37 ± 0.50 3.314 ± 0.10 0.23
Kera N 9.01 ± 0.30 5.73 ± 0.20 152.95 ± 0.60 12.83 ± 0.30 0.23

VeraSoft 9.01 ± 0.10 6.84 ± 0.10 139.78 ± 0.90 13.05 ± 0.40 0.23
VeraSoft modified 9.02 ± 0.10 5.62 ± 0.30 46.79 ± 0.80 4.589 ± 0.10 0.23

The mean value ± standard deviation values of at least three independent specimens
were used to obtain all the results. The authors [37] stated that Young’s modulus could be
predicted using Equations (1) and for the Poisson ration Equation (2).
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Mechanical properties that characterize the behavior of metals and alloys under the
action of external forces are the basis of their most important applications.

Because the mechanical properties of metals and alloys are structure dependent, they
are very sensitive to the effects of manufacturing processes, and the same material can
produce different properties.

The modulus of elasticity obtained by the indentation method for the dental alloys is
in the range of 46–153 GPa. The lowest value is presented by the new-modified VeraSoft
(46.79 GPa). The addition of silicon had a beneficial effect on the mechanical properties,
reducing the modulus of elasticity

The biomaterials used in oral implantology must ensure the transmission of occlusal
forces to the supporting tissues. For this reason, they must present sufficient mechanical
resistance but also an elasticity adapted to the bone. The functional biocompatibility of
the implant material mainly concerns the modulus of elasticity and mechanical strength.
The elasticity mode is the characteristic with significant influence on the bone remodeling
process, causing the destruction of the tissue-implant assembly in the conditions of a major
difference between the components of the implant-bone assembly [38–40].

A difference between the elastic modulus causes a mechanical stress on the tissue
that is different from the physiologically normal one. The finite element analysis of the
behavior of the bone-implant assembly under mechanical stress indicated that a material
with a small modulus of elasticity could determine a distribution much closer to that of the
mechanical stresses in the surrounding bone tissue.

The newly developed alloy aims to be used in medical applications, with the role
of fulfilling the functional requirements and removing some disadvantages in the classic
alloys used as biomaterials in human tissue.

The superior valorization of metallic biomaterials requires knowledge of the chem-
ical, physical, mechanical, thermal, electrical, magnetic, optical, as well as technological
properties by means of the specific methods of these categories of materials.

4. Conclusions

The performance of the field and the condition of success in oral implantology require
today the review and reevaluation of the means that contribute essentially to ensure the
stability and durability of the implant, starting from the nature of the biomaterial and
continuing with the characteristics of the optimally designed biosurface.

Dental metal alloys have advantages such as a pleasant appearance, low price (the
non-precious ones), and good physical and mechanical properties (such as high modulus of
elasticity), which allow the use of smaller sections of the alloy, and therefore, less destruction
to the teeth during crown preparation, They also provide an adequate coefficient of thermal
expansion comparable to that of porcelain commonly used for veneering, which maintains
the metal and crown ceramics which are intimately bonded during casting and prevents
the cracking of the coating.

Precious and semi-precious dental alloys are generally recognized as inert and per-
fectly biocompatible. Some metals are already considered prohibited for organisms, such
as beryllium, nickel, and mercury.

All components of the prosthetic field undergo changes over time, and the reactions
of the oral mucosa are the result of mechanical irritation, plaque accumulation, as well as
the toxic and/or allergic action of the materials from which the implants are made. For this
reason, we must carefully choose the best materials so that once introduced into the human
body they do not affect its health.
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The aim of this paper consists of a comparative analysis of three commercial alloys,
VeraBond, Kera N, and VeraSoft, compared to a modified dental alloy, with the aim of
improving some mechanical properties.

Regarding the microstructural analyses, alloys show that the alloys crystallize in the
face-centered cube system, and the cast alloy has a dendritic structure with large grains. XRD
diffractograms highlight that alloys exhibit three compounds Cr156.00 Al596.00: 9013031, Ni4.00,
and Cr30.00Al48.00.

For the mechanical properties, hardness measurements show values between 203 HV
and 430 HV. As the percentage of silicon increases, the hardness decreases. The results
of the indentation test for the dental alloys were in the range of 46–153 GPa. The results
show that the hardness and elastic modulus of the new alloy was significantly minimized
compared to the classical alloys used.

The percentage of silicon increased the hardness value and decreased the modulus
of elasticity in the case of the new alloy obtained. The newly obtained alloy lends itself
to uses in the medical field; the examinations performed to reveal a suitable behavior for
prosthetic constructions.
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Abstract: Background: The aim of the study was to assess the protective effect of applying potassium
iodide (KI) over silver diamine fluoride (SDF) on demineralized root dentin in the case of a sustained
acidogenic attack. Methods: Forty caries-free third molars were used in the study. A diamond disc
was used to separate the roots and the tooth crowns from the roots. Each root fragment was randomly
distributed in one of the four study groups: C—samples were not demineralized; DD—demineralized
samples; RS1—demineralized samples covered with SDF+KI (RS-Riva Star product, SDI limited,
Bayswater, Australia); RS2—demineralized samples covered with SDF+KI and submersed to another
acidic challenge for 3 days. SEM and EDX were used for the morphological and elemental analysis.
Vickers hardness assessment was performed using a tribometer CETR UMT-2 (Bruker Corporation,
Berlin, Germany). One-way ANOVA and post hoc Bonferroni tests were used for the statistical
analysis with a significance level of p < 0.05. Results: Morphological and elemental changes were
observed on the surface of the study samples. Significant differences were observed between the
recorded hardness values of groups C and DD (p = 0.005), C and RS2 (p = 0.002), DD and RS1
(p = 0.011); RS1 and RS2 (p = 0.004). Conclusions: The application of SDF and KI (Riva Star product)
on root dentin caries resulted in the formation of a heterogeneous outer layer that sealed the dentin
and increased the microhardness of the treated surface. In the conditions of the present study, this
layer did not provide enough protection for root dentin exposed to continuous attacks.

Keywords: silver diamine fluoride SDF; hardness; root caries; remineralization; SEM; EDX

1. Introduction

Root caries is a pathology inevitably associated with periodontal disease [1]. With
the increase in life expectancy and the advances in dentistry, the number of teeth with
periodontal recessions and susceptibility to root caries has significantly increased [2,3]. The
treatment of carious root surfaces can be more difficult compared to coronal surfaces due
to the complexity of the local context (cementum/root dentin/marginal periodontium), as
well as the debilitating pathology associated with patients’ age.

For this reason, the therapeutic management of root caries is oriented towards mini-
mally invasive strategies and the promotion of arresting root lesions by controlling etiologi-
cal factors [4]. Non-restorative caries control is a recently proposed treatment alternative for
root caries [5]. This strategy aims at exposing the lesion to cleaning and self-cleaning agents
and applying varnishes that reduce carious activity and promote remineralization [6]. The
efficiency of the method in controlling the dental caries of primary teeth has been evaluated
by several studies [7,8], but the scientific evidence for the root caries treatment is relatively
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scarce. Treatment recommendations in active root lesions suggest the application of highly
concentrated fluoride varnishes (>20,000 ppm) and silver diamino fluoride (SDF > 30%),
although these recommendations are based on inconclusive evidence [4].

The presence of active root caries is associated with the existence of a highly cariogenic
oral environment. Elderly patients and those with debilitating systemic diseases, who
represent the main risk group, show a reduced capacity for radical changes in dietary
and oral hygiene habits [9]. The success of non-restorative therapy involves changing the
oral environment conditions in favor of remineralization phenomena. In the absence of
this change, it seems unlikely that non-operative treatment will be sufficient to stop the
lesions. The application of SDF is one of the proposed alternatives for preventing and
arresting root caries [9,10]. Combining SDF with potassium iodide (KI) was proposed to
prevent SDF-induced post-therapeutic staining [11,12], but the long-term effectiveness of
this combination has not been validated by sufficient clinical and laboratory studies. This
study aimed to analyze whether such a material protects the demineralized root dentin in
the case of a sustained acidogenic attack, characterized by prolonged periods in which the
pH drops below the critical value.

Therefore, the effects of treatment with SDF and KI root dentin hardness, chemical
composition, and morphology of the demineralized root surface were evaluated imme-
diately after the application of the material and after exposure to a prolonged cariogenic
attack. The null hypothesis was that SDF+KI application and the subsequent exposure to
cariogenic attack do not influence the physical and chemical properties of root dentin.

2. Materials and Methods
2.1. Sample Preparation

G*Power software (version 3.1.9.7., Heinrich Heine-Universität Düsseldorf, Düsseldorf,
Germany) was used for the sample size calculation. An effect size of 0.25 was used, which
is a medium effect according to Cohen’s classification. The alpha value was 0.05 with a
power of 95%. The results estimated a total number of 79 required samples.

For the present study, forty caries-free third molars were used, extracted in accordance
with a protocol (no. 89/07 June 2021) approved by the Research Ethics Committee of “Gr.
T. Popa”, University of Medicine and Pharmacy of Iasi, Romania. Collected teeth were
cleaned by manual scaling and brushing with polishing paste Universal Polishing Paste
(Ivoclar Vivadent, Schaan, Lichtenstein) and then stored in a 0.5% chloramine T solution at
4 ◦C until testing. A diamond disc (DFS-DIAMON GmbH, Riedenburg, Germany) activated
at 5000 rpm under running water was used to separate the roots and the tooth crowns
from the roots (Figure 1B). Each root fragment was distributed to one of the 4 study groups
described in Table 1.

Table 1. Distribution of the samples in groups.

Study Group Study Protocol

C (n = 20) Control group: Samples were submersed in distilled water

DD (n = 20) Samples were submersed in demineralizing solution for 3 days

RS 1 (n = 20) Samples were submersed in demineralizing solution for 3 days
Riva Star product (RS) (SDI limited, Bayswater, Australia) was then applied on the exposed dentin surface

RS 2 (n = 20)

Samples were submersed in demineralizing solution for 3 days
Riva Star product (RS) (SDI limited, Bayswater, Australia) was then applied on the exposed dentin surface
Samples were stored in distilled water for 24 h
Samples were submersed in demineralizing solution for 3 days
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Figure 1. Sample preparation steps. (A) caries-free third molar; (B) separation of crown and roots
with a diamond disc; (C) root fragments embedded in blocks of self-curing acrylic resin; (D) root
surfaces planed and polished with extra-thin abrasive discs; (E) samples in groups (DD,RS1,RS2)
stored in a 10 mL demineralizing solution.

The root fragments were then embedded in blocks of self-curing acrylic resin (Duracryl
Plus, Spofa Dental, Jičín, Czech Republic) so that only one root surface was exposed
(Figure 1C). The surfaces were then planed and polished with Sof-LexTM Extra-thin abrasive
discs (3M ESPE Dental Products, St. Paul, MN, USA) with decreasing grit (Figure 1D). The
samples were cleaned of detritus in an ultrasonic bath for 5 min. A layer of acid-resistant
nail varnish was applied to the prepared surfaces in order to obtain a 4 mm × 3 mm area of
exposed root dentin.

Samples in groups DD, RS1, and RS2 were stored in a 10 mL demineralizing solution
(Figure 1E) containing 0.2 M lactic acid, 3.0 mM CaCl2, and 1.8 mM KH2PO4 with a pH
of 4.5 for 3 days at 37 ◦C to simulate artificial root caries lesions [13,14]. The solution was
changed each 24 h in order to keep a constant pH. The pH was verified every 12 h with a
pH meter (Thermo Scientific Eutech pH 5+, Vernon Hills, IL, USA).

After the demineralization process, the samples were rinsed thoroughly with distilled
water and gently air-dried without desiccating the dentin. Then, each sample in groups
DD, RS1, and RS2 was subjected to one of the 3 experimental protocols on the exposed root
surface (Table 1), after which they were stored for 24 h in distilled water until evaluation by
scanning electron microscopy (SEM) and spectroscopy (EDX) or hardness evaluation.

The composition and the application protocol of the Riva Star product are presented
in Tables 2 and 3.

Table 2. Composition of the Riva Star product.

Product Composition Batch No.

Riva Star Capsule Kit
(SDI Limited Australia)

Riva Star Step 1: 38% silver diaminofluoride (SDF)
Riva Star Step 2: potassium iodide (KI) 1164696
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Table 3. Application protocol of Riva Star product.

Protocol

Riva Star Solution Step 1 was applied on the exposed dentin surface
Riva Star Solution Step 2 was immediately applied to the treated surface until the creamy-white
precipitate became clear.

2.2. SEM Evaluation

Three samples in each group were morphologically evaluated under a Scanning
Electron Microscope (Vega Tescan LMH II, Tescan, Brno, Czech Republic) with operating
conditions of 10–30 kV, 15.5 WD. Secondary electrons (SE) detector was used to obtain the
images. There were no phase differences in the material, and the variation in the chatode
power permitted the correct biological material evaluation.

2.3. EDX Evaluation

Elemental analysis was realized on three samples in each study group by X-ray
dispersive spectroscopy using an EDX X Flash 6L10 detector, Esprit 2.2 (Esprit, Bruker
Corporation, Berlin, Germany) soft wave in automatic mode/list of elements, and Line,
Point and Mapping sought to detect the presence and distribution of calcium, phospho-
rus, silver, potassium, iodine, and fluorine. Energy-dispersive spectroscopy experiments
(Automatic-Precise mode, PB-ZAF detection type with 0.01% detection limit) were realized
with repetition on different areas in order to obtain average values (five times). Esprit 2.2
software was used to evaluate the energies registered. Standard deviation of the elements’
percentages was established (from five determinations of chemical composition percentages
on the same area 0.25 mm2) for each chemical element. Absolute and relative errors of the
detector were presented in order to compare the results.

2.4. Microhardness Test

The surface microhardness of 10 samples in each group was assessed using a tribome-
ter CETR UMT-2 (Bruker Corporation, Berlin, Germany). A Vickers-type indenter was used
for the microindentation test (diamond cone with an angle of 120◦ and a tip with a radius
of 200 µm). The samples were fixed on the flat plate of the tribometer, and the indentations
were made by pressing the indenter with a vertical force of 5 N with an indentation speed
of 0.005 mm/s, a preload time of 15 s, a charging time of 30 s, a holding time of 15 s, and
a download time of 30 s. The software (Tribometer CETR UMT-2, Version 1.01 software,
Bruker Corporation, Berlin, Germany) performed the automatic test and recorded the
vertical load Fz, the time, and the vertical displacement distance C of the indenter (depth
of penetration). Hardness was automatically calculated from the discharge slope curve and
expressed in GPa.

2.5. Statistical Analysis

IBM SPSS 26.0.0. software (SPSS Inc., Chicago, IL, USA) was used for statistical
analysis. Levene’s test was used to assess the homogeneity of variances, and then statis-
tical analysis was performed using one-way analysis of variance (ANOVA) and post hoc
Bonferroni tests with a significance level of p < 0.05.

3. Results
3.1. SEM Evaluation Results

The morphological analysis of dentin subjected to demineralization (group DD) showed
the dentin surface with opened tubules and the absence of a smear layer (Figure 2c,d).

The morphological analysis of the samples in group RS1, consisting of demineralized
dentin samples treated with RS, revealed deposits with a heterogeneous appearance on
the dentin surface. Most images show areas of dentin completely covered with uniform
deposits with a granular appearance (Figure 2e,f). On all samples, including areas where
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inconsistent deposits were observed, the dentinal tubules appeared completely occluded
with a precipitate or crystalline-looking particles.

For the samples in group RS2, the images showed less consistent material deposition.
The deposits on the surface were uneven. The particles had variable sizes and were
more dispersed compared to the images of the samples treated with RS immediately after
application (Figure 2g,h).
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3.2. EDX Evaluation Results

For the samples in group C, EDX analysis showed the presence of calcium and phos-
phorus on the samples’ surface. The analysis confirmed high mass concentration and
normalized weight percent of oxygen, followed by carbon and calcium, and lower con-
centrations of phosphorous. An example of EDX elemental analysis on the surface of one
sample in group C is presented in Table 4.

Table 4. EDX elemental analysis on the surface of a study sample in group C.

Element Mass Norm.
(%)

Atom
(%)

abs. Error (%)
(1 Sigma)

Oxygen 46.12745 53.05732 7.906657
Calcium 24.93783 11.45097 0.931029
Carbon 19.5091 29.89149 4.159093

Phosphorus 9.425618 5.600225 0.495739
Sum 100 100

EDX analysis of the samples in group DD also showed high mass concentration and
normalized weight percentage of carbon and oxygen, followed by nitrogen. Calcium and
phosphorus were detected in lower concentrations than in group C. An example of EDX
elemental analysis on the surface of one sample in group DD is presented in Table 5.

Table 5. EDX elemental analysis on the surface of a study sample in group DD.

Element Mass Norm.
(%)

Atom
(%)

abs. Error (%)
(1 Sigma)

Carbon 46.2307 54.4655 6.85517
Oxygen 34.19054 30.23935 5.822515

Nitrogen 12.40779 12.53513 3.712765
Calcium 4.972625 1.755698 0.185945

Phosphorus 2.198341 1.004318 0.123339
Sum 100 100

For the samples in group RS 1, EDX analysis showed the presence of high concentra-
tions of iodine, followed by silver, and lower concentrations of potassium on the samples’
surfaces. In contrast, fluorine was almost undetectable (mass concentration and normalized
weight percent were lower than the values of absolute and relative errors of detection), and
calcium and phosphorus were undetectable. An example of EDX elemental analysis on the
surface of one sample in group RS1 is presented in Table 6.

Table 6. EDX elemental analysis on the surface of a study sample in group RS1.

Element Mass Norm. (%) Atom (%) abs. Error (%)
(1 Sigma)

Iodine 46.34 20.72 3.90
Silver 35.93 18.90 2.30

Oxygen 16.38 58.10 3.70
Potassium 1.13 1.64 0.57
Fluorine 0.22 0.64 0.73

Sum 100 100

For the samples in group RS2, EDX analysis confirmed the presence of iodine and
silver on the surfaces of samples with higher concentrations of iodine, followed by silver,
while potassium and fluorine were undetectable. Calcium and phosphorus were observed
in amounts close to the detection limit. An example of EDX elemental analysis on the
surface of one sample in group RS2 is presented in Table 7.
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Table 7. EDX elemental analysis on the surface of a study sample in group RS2.

Element Mass Norm. (%) Atom
(%)

abs. Error (%)
(1 Sigma)

Oxygen 59.03 90.55 3.012
Iodine 23.05 4.46 0.31
Silver 15.67 3.56 0.23

Calcium 1.96 1.20 0.10
Phosphorus 0.29 0.23 0.08

Sum 100 100

3.3. Microhardness Test Results

Hardness mean values and standard deviations for all the groups are presented
in Figure 3. It can be observed that control group C reached the peak with a value of
0.50 GPa, followed by groups RS1 with 0.48 GPa, DD with 0.28 GPa, and RS2 with 0.25 GPa.
Statistically significant differences were recorded between groups C and DD (p = 0.005); C
and RS2 (p = 0.002); DD and RS1 (p = 0.011); RS1 and RS2 (p = 0.004).

Diagnostics 2023, 13, x FOR PEER REVIEW 7 of 11 
 

 

Element Mass Norm. (%) Atom (%) abs. Error (%) 
(1 Sigma) 

Iodine 46.34 20.72 3.90 
Silver 35.93 18.90 2.30 

Oxygen 16.38 58.10 3.70 
Potassium 1.13 1.64 0.57 
Fluorine 0.22 0.64 0.73 

Sum 100 100  

For the samples in group RS2, EDX analysis confirmed the presence of iodine and 
silver on the surfaces of samples with higher concentrations of iodine, followed by silver, 
while potassium and fluorine were undetectable. Calcium and phosphorus were observed 
in amounts close to the detection limit. An example of EDX elemental analysis on the sur-
face of one sample in group RS2 is presented in Table 7. 

Table 7. EDX elemental analysis on the surface of a study sample in group RS2. 

Element Mass Norm. (%) 
Atom 

(%) 
abs. Error (%) 

(1 Sigma) 
Oxygen 59.03 90.55 3.012 
Iodine 23.05 4.46 0.31 
Silver 15.67 3.56 0.23 

Calcium 1.96 1.20 0.10 
Phosphorus 0.29 0.23 0.08 

Sum 100 100  

3.3. Microhardness Test Results 
Hardness mean values and standard deviations for all the groups are presented in 

Figure 3. It can be observed that control group C reached the peak with a value of 0.50 
GPa, followed by groups RS1 with 0.48 GPa, DD with 0.28 GPa, and RS2 with 0.25 GPa. 
Statistically significant differences were recorded between groups C and DD (p = 0.005); 
C and RS2 (p = 0.002); DD and RS1 (p = 0.011); RS1 and RS2 (p = 0.004). 

 
Figure 3. Mean values (Gpa) and standard deviations (SD) of hardness in each study group. Double
arrow lines (

Diagnostics 2023, 13, x FOR PEER REVIEW 8 of 11 
 

 

Figure 3. Mean values (Gpa) and standard deviations (SD) of hardness in each study group. Double 

arrow lines ( ) show statistical differences between groups. 

4. Discussion 
Ample evidence supports the efficacy of high-concentration fluoride in the manage-

ment of root caries [15]. In the presence of an organic dentinal matrix, the mechanism of 
remineralization is based on the absorption of remineralizing ions into the underlying 
demineralized tissue rather than precipitation on the surface [16]. When subjected to im-
mediate acid or mechanical attack, these materials can significantly diminish their effec-
tiveness. Therefore, this study aims to evaluate tooth behavior in a demineralizing envi-
ronment that simulates an intense and prolonged cariogenic attack immediately after the 
application of the remineralizing material. To simulate artificial root caries lesion and 
acidic attack after remineralization, we used a demineralization solution that had been 
also applied in other previous studies [12,17]. 

SDF promotes remineralization and increases the resistance of dental tissues to acid 
attack by forming calcium fluoride and hydroxyapatite deposits [18], inhibits microbial 
activity mainly due to silver ions [19], and prevents the degradation of dentinal collagen 
by inhibiting the activity of collagenases and cysteine-cathepsins [20]. The material tested 
in this study uses a combination of SDF with KI. Potassium iodide was introduced more 
recently to prevent the staining of dentin caused by unreacted silver ions after exposure 
to light. 

In our study, SEM images and EDX analyses revealed the presence of a heterogene-
ous layer with high concentrations of silver and iodine that covered demineralized dentin 
treated with RS immediately after application. The dentinal tubules were consistently oc-
cluded by granular deposits, regardless of the area examined. This aspect is consistent 
with the results of a previous study that showed the formation of dense, granular, clus-
tered structures after SDF treatment [21]. The EDX analysis did not provide sufficient data 
to determine the chemical composition of the layer, but it showed the presence of iodine, 
silver and potassium on the surface in proportions that varied depending on the morphol-
ogy of the examined areas. 

The surface morphology was modified after acid attack, with increased dispersion of 
the deposits on the dentin surface. Elemental EDX analysis confirmed the decrease in sil-
ver and iodine concentrations on the surface of RS-treated samples after the acid attack. 
Previous EDX studies suggest that the metal crystals precipitated on the surface of the 
specimen may be AgCl salts [15] with irregular shapes [22], but in our study, the areas 
with granular agglomerations showed high concentrations of silver and iodine while chlo-
rine proportions were below the detection limit. The explanation is probably related to 
the storage medium that had been used. In our study, EDX analysis revealed only high 
concentrations of silver and iodine in the crystalline particles, probably as a result of the 
RS mechanism combining SDF and KI during application, leading to AgI formation and 
reducing the silver ions available for reaction with dentin [23,24]. The low phosphorus 
concentrations found in this study suggest that if silver phosphate was formed during the 
reaction with hydroxyapatite, it was probably present in deeper subsurface areas. Another 
explanation could be related to the sensitivity of the detection method and especially to 
the time required for the silver phosphate crystals to become mature [25]. 

An unexpected result was the low amount of fluoride detected after RS application. 
Traces of fluoride were almost undetectable in the outer layers of both experimental 
groups. Normally, a 38% SDF solution contains 44,800 ppm of fluoride [26]; therefore, 
calcium fluoride-like compounds are expected to be formed after application [27]. How-
ever, a previous in vitro study also found that silver and fluoride were inconspicuous in 
active carious lesions treated with SDF [28], and other laboratory studies showed de-
creased fluoride content after water washing [29] or could not find calcium fluoride on 
demineralized dentin treated with SDF after pH-cycling [22,30]. 

) show statistical differences between groups.

4. Discussion

Ample evidence supports the efficacy of high-concentration fluoride in the manage-
ment of root caries [15]. In the presence of an organic dentinal matrix, the mechanism of
remineralization is based on the absorption of remineralizing ions into the underlying dem-
ineralized tissue rather than precipitation on the surface [16]. When subjected to immediate
acid or mechanical attack, these materials can significantly diminish their effectiveness.
Therefore, this study aims to evaluate tooth behavior in a demineralizing environment that
simulates an intense and prolonged cariogenic attack immediately after the application of
the remineralizing material. To simulate artificial root caries lesion and acidic attack after
remineralization, we used a demineralization solution that had been also applied in other
previous studies [12,17].

SDF promotes remineralization and increases the resistance of dental tissues to acid
attack by forming calcium fluoride and hydroxyapatite deposits [18], inhibits microbial
activity mainly due to silver ions [19], and prevents the degradation of dentinal collagen
by inhibiting the activity of collagenases and cysteine-cathepsins [20]. The material tested
in this study uses a combination of SDF with KI. Potassium iodide was introduced more
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recently to prevent the staining of dentin caused by unreacted silver ions after exposure
to light.

In our study, SEM images and EDX analyses revealed the presence of a heterogeneous
layer with high concentrations of silver and iodine that covered demineralized dentin
treated with RS immediately after application. The dentinal tubules were consistently
occluded by granular deposits, regardless of the area examined. This aspect is consistent
with the results of a previous study that showed the formation of dense, granular, clustered
structures after SDF treatment [21]. The EDX analysis did not provide sufficient data to
determine the chemical composition of the layer, but it showed the presence of iodine, silver
and potassium on the surface in proportions that varied depending on the morphology of
the examined areas.

The surface morphology was modified after acid attack, with increased dispersion
of the deposits on the dentin surface. Elemental EDX analysis confirmed the decrease
in silver and iodine concentrations on the surface of RS-treated samples after the acid
attack. Previous EDX studies suggest that the metal crystals precipitated on the surface
of the specimen may be AgCl salts [15] with irregular shapes [22], but in our study, the
areas with granular agglomerations showed high concentrations of silver and iodine while
chlorine proportions were below the detection limit. The explanation is probably related
to the storage medium that had been used. In our study, EDX analysis revealed only high
concentrations of silver and iodine in the crystalline particles, probably as a result of the
RS mechanism combining SDF and KI during application, leading to AgI formation and
reducing the silver ions available for reaction with dentin [23,24]. The low phosphorus
concentrations found in this study suggest that if silver phosphate was formed during the
reaction with hydroxyapatite, it was probably present in deeper subsurface areas. Another
explanation could be related to the sensitivity of the detection method and especially to the
time required for the silver phosphate crystals to become mature [25].

An unexpected result was the low amount of fluoride detected after RS application.
Traces of fluoride were almost undetectable in the outer layers of both experimental groups.
Normally, a 38% SDF solution contains 44,800 ppm of fluoride [26]; therefore, calcium
fluoride-like compounds are expected to be formed after application [27]. However, a
previous in vitro study also found that silver and fluoride were inconspicuous in active
carious lesions treated with SDF [28], and other laboratory studies showed decreased fluo-
ride content after water washing [29] or could not find calcium fluoride on demineralized
dentin treated with SDF after pH-cycling [22,30].

The lack of fluorine detection can be explained by a rapid washing effect caused by the
high fluidity of SDF solutions [29,31] or by the high detection limit of EDX [32]. Moreover,
the caries model with a continuous acid challenge without de-/remineralization cycles and
the short storage period could contribute to the accelerated dissolution of calcium fluoride
without the formation of fluorapatite crystals.

To validate the SEM and EDX analysis results, mechanical tests were performed.
Rehabilitation of mechanical properties is considered a good indicator of functional rem-
ineralization of damaged dentin [33–35].

In our study, the application of RS produced a significant increase in the hardness
values of demineralized dentin immediately after application. However, the treatment
was not able to increase the microhardness to values similar to those of sound dentin,
a conclusion that has been confirmed by a previous study performed on demineralized
bovine dentin [36]. Other previous studies confirmed the improvement in the mechanical
properties of the demineralized dentin after SDF+KI treatment [15,37]. Knoop hardness,
modulus of elasticity, and creep behavior improved after the application of SDF+KI on the
dentin demineralized by storage for five days in a similar solution [15]. Other studies also
concluded that SDF improved the properties of artificial demineralized dentin even when
compared to other fluoride varnishes [37,38].

In the present study, the remineralization effect was not fully maintained after subject-
ing the samples to a demineralization challenge. The surface microhardness significantly



Diagnostics 2023, 13, 530 9 of 11

decreased after the storage of the samples treated with RS in acid. In other in vitro studies
performed on dentin affected by caries, SDF treatment caused a significant increase in
the immediate dentin hardness, which the authors correlated with an increased surface
mineralization [21,39,40]. Contrary to our results, this effect persisted after repeated acid
attacks simulated by pH cycling for 8 days in de- and re-mineralization solutions [21,41].
These conflicting results can be explained by the pH cycling model allowing some rem-
ineralization to occur. In contrast, the continuous and sustained demineralizing attack
simulated in our study did not allow these reactions to take place, with the protecting layer
being corroded continuously by the acidic solution.

The results of the mechanical tests confirmed the images observed in the scanning
electron microscope and EDX analysis, which showed a deterioration of material deposited
on the demineralized dentin surface after storage in the demineralizing solution. However,
the microhardness values did not significantly decrease below the initial values of dem-
ineralized dentin (before the treatment with RS), supporting the hypothesis that RS had a
moderate protective effect on root dentin by slowing down its deterioration when acidic
challenge persists.

The limitations of our study are primarily related to the chemical model used for caries
simulation and the detection limits of SEM and EDX analysis. Within these limits, our
results support the effectiveness of SDF+KI in protecting demineralized root dentin against
cariogenic attack immediately after application and the drastic reduction in this effect
if pH conditions are maintained below the critical level after application of the material.
Further studies are needed to evaluate the effectiveness of SDF+KI application on root
dentin remineralization in caries models using pH cycling and longer observation periods.

Even with the limitations of the chemical caries model that we used, the results
support the hypothesis that this protection is limited under continuous cariogenic or
erosive environmental conditions. It seems likely that in the absence of oral allostasis, when
the control of risk factors is inefficient, only the application of such materials to root carious
surfaces would not stop the progression of root carious lesions. Further studies are needed
to evaluate the effect of repeated application of these materials on carious root dentin under
simulated conditions of a strongly cariogenic or erosive environment.

5. Conclusions

The application of silver diamine fluoride and potassium iodide on root dentin caries
resulted in the formation of an heterogeneous outer layer that sealed the dentin and
increased the microhardness of the treated surface.

In the conditions of the present study, this protective layer did not provide enough
protection for root dentin exposed to continuous attacks.
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