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Abstract

Titanium alloys, due to their exceptional mechanical properties and biocompatibility, are commonly used to produce
medical implants nowadays. However, the presence of such elements as aluminium and vanadium can be harmful to human
health. One of the possible solutions could be replacing the titanium alloys with ultrafine-grained commercially pure tita-
nium (cpTi). The yield and also the ultimate strength of cpTi can exceed 1000 MPa. One of the most promising methods in
manufacturing medical implants with improved biological fixation is laser cladding in which bioactive glass coatings are
imposed on metallic substrates. The aim of this work is development of a 3D numerical model of the above mentioned
additive manufacturing process. The obtained model is able to predict the stress-strain and temperature distributions during
the processing. A sequentially coupled finite element (FE) model of laser cladding has been developed by applying element
birth and death technique to calculate the transient temperature fields used in the stress analysis. The concentrated volumet-
ric heat source from the laser beam moving along the metal surface has been represented by the Gaussian distribution in the
radial and exponential decay in the depth direction. The developed FE based numerical model is capable to support the
optimal design of such advanced multi-layered structural materials using the laser cladding technique.

Key words: Laser cladding, Ultrafine-grained materials, Finite element analysis, Bioactive glass.

1. INTRODUCTION

Biomaterial, according to American National In-
stitute of Health, is defined as “any substance or com-
bination of substances, other than drugs, synthetic or
natural in origin, which can be used for any period of
time, which augments or replaces partially or totally
any tissue, organ or function of the body, in order to
maintain or improve the quality of life of the individ-
ual” (Bergmann & Stumpf, 2013; Kar, 2016).

The main feature obligatory for a biomaterial is
its biocompatibility, i.e. the capability to interact with
the human organism by not being toxic, injurious and
without causing immune response. Additionally, bio-
materials can be divided according to their reaction
with the body tissue into “bioinert”, “bioactive” and
“bioresorbable” materials (Sola et al., 2011).
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The introduction of bioinert materials into the
body will not cause chemical or biological bond at the
implant/tissue interface resulting in relative move-
ments between them, which can initiate inflammatory
reactions (Hench, 1991). Hence, their potential appli-
cations can only be successful when the prosthesis is
implanted with a tight mechanical fit and loaded in
compression. With this purpose in mind, some meth-
ods like cementation have been developed in order to
create adhesion between a bio-inert material and the
attached bone (Schlegel et al., 2014). Another ap-
proach is utilization of natural adhesive phenomena
by morphological, mechanical interlock, and biologi-
cal fixation, such as tissue ingrowth into porous im-
plant (Cao & Hench, 1996; Hench, 1998). However,
there are still many problems relevant to adhesion in
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both cases, motivating the search for alternative fixa-
tion methods.

Bioactive materials attracted the world-wide at-
tention at the beginning of the 1970s, when Professor
Larry Hench discovered special glass, called Bio-
glass®, capable of forming interfacial bonding with
the attached bone (Hench & Paschall, 1973). It has
been proven by numerous studies both in vivo and in
vitro that they create hydroxyapatite (HA) surface
layer, very similar to the mineral component of bones,
which allow them to form a biological bond with both
hard and soft tissues instead of being rejected by the
body (Hench & Wilson, 1993). Such bonding mech-
anism has been called “bioactive fixation”. Its main
advantage is that a bioactive connection to bone may
reach strength even greater than bone after 3-6
months (Hench, 1998).

Bioresorbable materials are characterized by the
ability to gradually degrade in body environment and
to be replaced by a newly formed host tissue (Madeo,
2015). Their degradation rate should match the natu-
ral tissue formation rate. Furthermore, bioresorbable
implants should be able to provide proper mechanical
support during the replacement process (Vallet-Regi,
2010).

Titanium alloys, which are bioinert materials, are
most widely used to produce medical implants due to
their exceptional mechanical properties, corrosion re-
sistance and biocompatibility (Liu et al., 2004). How-
ever, they are two main problems with their applica-
tion for orthopaedic implants: i) they contain alloying
elements, such as aluminium and vanadium, which
may be potentially toxic when released into human
system (Elias et al., 2013), ii) their bonding to bone is
not strong enough due to interfacial stability problems
with the host tissues (Ramaswamy et al., 2009; Shi et
al., 2007).

First issue may be resolved by replacing titanium
alloys with commercially pure titanium (cpTi) having
ultrafine-grained structure free of potentially toxic el-
ements. The yield and also the ultimate strength
(UTS) of cpTi can exceed 1000 MPa, which is even
higher to those of titanium alloys (Elias et al., 2013;
Stolyarov et al., 2003).

The bonding to bone of the titanium implant may
be greatly enhanced by covering the titanium surface
with some bioactive material able to form a biological
bond with host tissue. One of the most important bio-
active and bioresorbable materials are bioactive
glasses and ceramics. Glasses (generally based on
mixtures of SiO02, CaO, MgO, Na20, K20 and

P205), due to their high bioactivity, osteoconduction
and osteostimulation, are commonly used as a bone
filling materials, small bone implants and for dental
applications (Miguez-Pacheco et al., 2015). Calcium
phosphates, the most popular bioactive ceramics, are
applied e.g. in orthopaedic and trauma surgery, peri-
apical surgery and dentistry (Dorozhkin, 2016). Ce-
ramics and glasses are excellent bioactive or biore-
sorbable materials, but cannot be used alone due to
intrinsic brittleness and relatively poor mechanical
properties limiting their clinical applications to non-
load bearing implants. Hence, they can be imposed as
a coatings on a mechanically tough non-bioactive me-
tallic substrates to improve fixation and osteointegra-
tion of the whole implant device (Comesafia et al.,
2010; Pou et al., 2010). Furthermore, a bioactive
glass/ceramic coating protects the substrate from cor-
rosion and, as a consequence, protects host tissues
from corrosion products that could cause some ad-
verse reactions in human organism (Baino & Verné,
2017; Verné, 2012).

One of the most promising techniques that has
been successfully applied for deposition of the bioac-
tive glass on titanium alloy substrate is laser cladding
(Comesana et al., 2010; Krzyzanowski et al., 2016).
In laser cladding (figure 1), a laser beam is focused
onto the metallic substrate in order to form a melt
pool, and simultaneously bioactive glass (in pow-
dered form) is delivered onto it by an inert gas. As the
laser beam moves, rapid quenching of the molten pool
takes place and as a result a bioactive glass coating is
formed on the metallic substrate. Examples of using
laser cladding technique for obtaining bioactive glass
coatings are given in (Comesaiia et al., 2010; Del Val
et al., 2016; Kongsuwan et al., 2015).

Laser head
Gas and powder jet
/ Attenuation volume

Fig. 1. Schematic representation of the laser cladding process
(Krzyzanowski et al., 2016).
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The aim of this work is development of the 3D
numerical model capable to simulate the laser clad-
ding of bioactive glass coatings on ultrafine-grained
metallic substrates. Model can predict the stress-
strain and temperature distributions during the pro-
cessing.

2. NUMERICAL MODEL

3D FE based model of the laser cladding of bio-
active glass coatings on ultrafine-grained cpTi Grade
4 has been developed and applied for the analysis us-
ing Abaqus/Standard software (figure 2). A sequen-
tially coupled approach has been used, which means
that the results from the thermal analysis have been
transferred to the followed stress analysis in order to
perform the thermal stress calculations. The heat
transfer resulting from the thermal load of the moving
laser beam has been calculated in a fully transient heat
transfer analysis. Next, the temperature results, as the
loading with the objective to determine transient
strains and stresses induced in the heat affected zone
(HAZ), have been used in the structural analysis.

The model consists of two sets of 3D elements.
The first set represents the ultrafine-grained cpTi sub-
strate while the second one the 45S5 bioactive glass
material accumulated on the base plate surface. In the
experiential laser cladding process, the bioactive ma-
terial is cladded gradually along with the laser beam
movement as it is shown in figure 1. In the numerical
modelling, increase of the amount of cladded bioac-
tive material has been taken into account using a time-
dependent activation of the finite elements (also
known as the birth and death technique). Initially, the
cladded layers have been meshed during the model
configuration. Then, at the beginning of the numeri-
cal analysis, they have been deactivated. Next, the
cladded chunks have been selectively activated de-
pending on the cladding speed as has been shown in
figure 2.

The metallic substrate has been assumed 10 mm
long, 10 mm wide and 2 mm thick, consisting of 3620
8-node linear heat transfer brick elements. Three con-
secutive cladded layers of 45S5 bioactive glass have
been considered in the numerical simulation. Each
layer has been built from chunks, where each chunk
is 1 mm long, 1 mm wide and 0.5 mm thick consisting
of 48 elements of the same type as the metallic sub-
strate. The nodes situated at the substrate corners (in-
dicated by letter A, B and C in figure 2) have been

constrained to prevent rigid body motion in the fol-
lowing way:

¢ node A has been fully constrained,
e node B has been constrained in directions Y and Z,
e node C has been constrained in directions X and Y.

bioactive glass

cladding

direction
metallic

substrate

z X A

Fig. 2. FE model set-up showing the constrained metallic
substrate with cladded layers of bioactive glass (letters A, B and
C indicate constrained nodes).

The thermal and mechanical properties of materi-
als used in the modelling are presented in table 1. In
case of lack of some material data for ultrafine-
grained cpTi Grade 4, the parameters as for conven-
tional cpTi Grade 4 have been assumed or they have
been estimated based on available data for similar
materials. The properties with indications “after”
have been estimated.

Due to lack of temperature dependent stress-
strain curves data for the ultrafine-grained cpTi Grade
4 material, its temperature dependent constitutive be-
haviour has been determined in the following way:

1. the stress-strain data for the ultrafine-grained cpTi
Grade 4 at room temperature are known (figure 3b
—curve UFG) and have been used as a basis for the
determination of the stress-strain curves at higher
temperatures,

2. it has been proved, that the ultrafine-grained struc-
ture of cpTi Grade 4 is stable up to about 450°C
(Zhanal et al., 2016), hence, above that tempera-
ture, the stress-strain data for the coarse-grained
cpTi Grade 4 at room temperature (figure 3b —
curve CG) have been used as a basis for determi-
nation of the stress-strain curves at temperatures
above 450°C,
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Table 1. Thermal and mechanical properties of the metallic substrate and bioactive glass used in the numerical analysis.

ultrafine-grained cpTi, t(°C)

4585 bioactive glass

Density, kg/m?

4534 (Smirnov, 2019)

2700 (Grasso et al., 2013)

Young’s modulus, GPa after

E =-0.0001t? - 0.017t + 104.68
(Matsumoto
Rangaswamy et al., 2000)

et al, 2007

35 (Thompson & Hench, 1998)

Poisson’s coefficient

0.37 (Boyer et al., 1994)

0.261 (Srivastava et al., 2012)

Yield stress, MPa

see figure 3a

35 (Krzyzanowski et al., 2016)

Ultimate tensile strength, MPa

UTS = —1.137t + 1152.2 (viable up to
1000°C), calculated in a similar way as
temperature dependent stress-strain
curves (figure 3a)

42 (Gerhardt & Boccaccini, 2010)

Linear expansion coefficient, 1/K

CTE = 1x10%2 t2 + 5x10° t + 9x10°®
after (Rangaswamy et al., 2000)

15.1x10% (Bellucci et al., 2011)

Heat capacity, J/kgK

for: 25°C <950°C

¢ =-0.0001t2 + 0.2997t + 532.1
for: 950°C < t 950°C < 1650°C
¢ = 0.0002t2 - 0.3444t + 822.39
after (Yang et al., 2010)

500 after (Zotov, 2002)

Latent heat, J/g

360 (Chassaing et al., 2015) -

Melting temperature, °C

1668 (Koizumi et al., 2019)

1183 (Comesaiia et al., 2010)

Effective thermal conductivity, W/mK

k = 9x10°%t? — 0.0054t +21.173
after (““WWW source no. 1,”)

50-90 after (Pilon et al., 2014)

Convection coefficient, W/m2K

50 (Yang et al., 2010)

50 (Yang et al., 2010)

Stefan-Boltzmann constant,
W/m2K#4

5.67x108

5.67x108

Emissivity coefficient

0.708 (Coppa & Consorti, 2005)

0.92 (“WWW source no. 2,”)

3. the relationship between the stress-strain curves for
various temperatures with the stress-strain curve
for room temperature has been established using
available data for popular titanium alloy Ti-6Al-
4V. The data have been presented graphically in
figure 3c-d. Additionally, data obtained by (Kim et
al., 2011) has also been used,

4. the relationship has been determined by defining
the dependency ratio coefficients (DRC), where
each DRC is a number in the range (0 + 1) deter-
mined by dividing the mean plastic stress at the
given temperature by the mean plastic stress at
room temperature,

5. DRC have been then used to transform the stress-
strain data for the ultrafine-grained and coarse-
grained cpTi Grade 4 at the room temperature to
stress-strain data at higher temperatures.

During the calculations, equations (1) and (2)
have been used to convert the engineering stress-
strain curves into their true form. The true strain er
has been obtained as given below:

& =|n(1+6‘) (D)
where: ¢ - engineering strain.

The true stress ot has been obtained using the fol-
lowing equation:
o, =oexp(e;) )
where: o - engineering stress.

The true stresses have been implemented into the
Abaqus software as a function of true plastic strain
defined as:

& _y =oexp(&;) (3)

The developed temperature dependent stress-
strain curves implemented into numerical model are
presented in figure 3a.
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Fig. 3. Stress-strain curves of cpTi Grade 4 and Ti—6Al-4V alloy: a) temperature dependent true stress vs. true plastic strain curves
developed for ultrafine-grained cpTi Grade 4 and used in numerical modelling, b) stress-strain curves of cpTi Grade 4 at room temperature
(CG - coarse-grained, UFG — ultrafine-grained) (Smirnov, 2019), c-d) stress-strain curves of Ti-6Al-4V alloy under different
temperatures (Kumar et al., 2014; Quan et al., 2015)
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2.1. Laser beam heat source

The laser radiation has been considered as a vol-
umetric heat source to be absorbed in a volume of a
green body as has been described by (Kongsuwan et
al., 2015). Laser energy has been defined by a Gauss-
ian distribution in the radial direction and exponential
decay in the depth direction using the following equa-
tion:

-2r?
Q(r,z)=Q, exp (?] exp(-az) (4)

0

where: Q(r,z) - heat flux at point (r,z), r — radial coor-
dinate, z — vertical coordinate, Qo — peak flux, Ro —
radius of the laser beam on the top surface, a — ab-
sorption coefficient of the green body.

The peak flux Qo is defined as follows:

_Q ;
Q= 7Rl ©)

where: Q. - laser power, d — heat penetration depth.

The heat source defined by equation 4 has been
implemented into the model using DFLUX subrou-
tine. The laser power, the radius of the laser spot and
the scanning speed have been changed as follows: 76
— 140 W, 0.6 mm and 4 — 6 mm/s, respectively. The
initial temperatures of the metallic substrate for the
non-preheated and preheated cases have been corre-
spondingly assumed as 20 and 300°C. The preheating
of the base material allows for decreasing of the laser
power and lowers the cooling speed between the con-
secutive temperature peaks contributing which in
consequence results in achievement of lower cracking
susceptibility (Krzyzanowski et al., 2016). The initial
temperature of the elements representing the cladded
material at the moment of their activation has been
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assumed to 1100°C as the bioactive powder is heated
up by the laser beam also before it gets on the sub-
strate.

3. RESULTS AND DISCUSSION

Temperatures, stress and strain distributions, var-
ying over time, have been calculated for different la-
ser cladding process parameters.

3.1. Temperature distribution

Figure 4 shows the temperature distribution
within the cladded bioactive glass and ultrafine-
grained cpTi Grade 4 substrate during the laser clad-
ding process for different scanning speeds: 4, 5 and 6
mm/s. The laser power has been assumed to 140, 115
and 95 W during cladding of the first, second and
third layer, respectively. For the lowest scanning
speed only two layers have been cladded (figure 4a),
as the relatively low movement speed of the laser
beam caused a significant increase in temperature. A
conclusion can be drawn, that the lower laser power
can be used to obtain similar temperatures at reduced
scanning speed.

a)4 mm/s

b) 5 mm/s

c) 6 mm/s

The temperature distribution for preheated to
300°C metallic substrate in comparison with not pre-
heated substrate for 5 mm/s scanning speed has been
shown in figure 5. In order to obtain similar tempera-
ture values in laser beam spot, different laser powers
have been used. For the not preheated case the laser
power has been the same (i.e. 140, 115 and 95 W de-
pending on the layer cladded), while for the preheated
case the laser power has been decreased by 20% (to
112,92 and 76 W, respectively).

Despite the reduction in laser power, the temper-
atures obtained in the center of the laser beam spot are
comparable. However, the area of such high temper-
ature values is larger for the preheated case, which
can result from the slower heat dissipation from the
center of the laser spot due to higher temperatures in
its neighbourhood than in the case of the not pre-
heated substrate. During cladding of the second layer,
the temperature reaches about 400°C for the not pre-
heated substrate and about 600°C for the preheated
one.

Fig. 4. Temperature distribution within the cladded material and the substrate predicted for different time moments of the laser cladding

process for various scanning speeds, i.e. 4 (a), 5 (b) and 6 mm/s (c).
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a) not preheated: 140, 115 and 95W

b) preheated: 112,92 and 76 W

Y

A

z X

Fig. 5. Temperature distribution within the cladded material and
the substrate predicted for not preheated (a) and preheated (b)
substrates using different laser powers for the subsequent layers.

It can be seen in figure 6, that the moment the la-
ser beam passes through the node (or next to it — in
the case of node B and C), the highest temperature has
been achieved at node A, lower at node B and the low-
est at node C for both not preheated and preheated
cases. During the cladding of the second and third
layer, the temperatures have been similar for all cho-
sen nodes. It can be concluded that the temperatures
in the areas over which the laser beam passes and in
the vicinity of them are similar for both not preheated
and preheated substrate. In other areas, the calculated
temperatures are about 100°C higher for the preheated
substrate.

3.2. Stress distribution

The stress distribution in the bioactive material
and ultrafine-grained cpTi after the laser cladding
process is shown in figure 7a. In the first case, the
metallic substrate has not been preheated, whereas
preheating to 300°C has been applied in the second
case. It can be seen that the preheating operation al-
lowed for reduction of stresses both in the substrate

and in the bioactive material. There is a risk that
cracking in the cladded bioactive glass can occur in
both cases as the stresses reach UTS limit in some re-
gions.

a)

1200 ¢ node A
1000
& 800
2 600
5
& 400 —— A -not preheated
200 —— A - preheated
0 : ' '
0 2 . 4 6 8
Time, s
)
1200 ¢ node B
1000
O oo
2 600
5
& 400 ——B - not preheated
200 ——B - preheated
0 ' : '
0 2 4 6 8
d) Time, s
1200 node C
1000
O 800
2 600 |
5
= 400 C- not preheated
200 ——C - preheated
0 . : ' '
0 2 4 6 8
Time, s

Fig. 6. a) Surface area of the substrate affected by the laser beam
with marked trajectory and nodes A, B and C, b-d) the variation
of temperature with time at nodes A, B and C on the substrate
surface predicted during laser cladding of bioactive glass for
different initial temperatures of the substrate and using different
laser powers for the subsequent layers, namely: 140, 115 and 95
W for the not preheated case and 112, 92 and 76 W for the
preheated one.
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In order to analyse the stress distribution in ul-
trafine-grained cpTi substrate during the laser clad-
ding process, the elements representing bioactive
glass have been hidden as presented in figure 7b,
which shows the effective stress distribution during
the cladding of the first bioactive layer. The laser
beam transmitted through the elements of the first
layer has been affecting the surface areas of the sub-
strate (marked as ‘laser beam spot’ in figure 7b). It is
clearly visible, that the effective stress developed in
these areas of the highest temperature is lower than
the stress developed closer to the periphery zone,
where the temperature is lower. It results from the
thermal expansion of the material and can affect
neighbouring areas during cladding of multi tracks.

The transient effective stress developed on the
substrate surface at the chosen nodes A, B and C (fig-
ure 6a) during the bioactive glass laser cladding pro-
cess have been presented in figure 8. The mark
“UTS” in the legend of the charts denotes the temper-
ature dependent ultimate tensile strength, which has
been calculated using equation from table 1. As the
equation is viable up to 1000°C, the fixed value of 20
MPa has been assumed above that temperature.

It can be seen, that for node A, located directly on
the path of the moving laser beam, the equivalent
stress exceeds the UTS limit when the laser beam
passes through it for the not preheated metallic sub-
strate (figure 8a). For the preheated substrate, the
transient stresses for node A are significantly smaller,
however still above the UTS limit. For node B, which
is located 1 mm away from the laser path, the stresses
are lower than for node A, however they exceed the
UTS limit when the laser beam passes next to it in the
not preheated case (figure 8b). For the preheated case,
the stresses are also lower, slightly above the UTS
limit. For node C, which is located 2 mm away from
two paths, the stresses exceed slightly UTS limit
when the laser beam passes next to it through the first
path. During passing through the second path, the
UTS limit is not reached for the not preheated sub-
strate (figure 8c). For the preheated case, the stresses
are a little lower but their relation with the UTS limit
is similar as for the not preheated substrate. It can be
concluded, that preheating of the substrate allows for
stress reduction and therefore for decrease of the
cracking susceptibility of the ultrafine-grained cpTi
metallic substrates.

Fig. 7. Effective stress distribution within the cladded material and the substrate after the laser cladding process (a) and within the

substrate during cladding of the first layer (b).
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Fig. 8. Transient effective stress predicted during laser cladding from nodes A (a), B (b) and C (c) localized on the substrate surface for
different initial temperatures of the substrate and different laser powers for the subsequent layers: 140, 115 and 95 W for the not preheated

case and 112, 92 and 76 W for the preheated one.

It has been shown experimentally (Krzyzanowski
et al., 2016), that laser cladding of a single layer bio-
active glass (nominal composition: 56.5% SiO2,
11.0% Na20, 3.0% K20, 15.0% CaO, 8.5% MgO,
and 6.0% P205) on the coarse-grained Ti-6Al-4V
substrate caused cracking in the not preheated base
plate directly on the path of the moving laser beam
(figure 9), which is in agreement with the results of
the numerical analysis (figure 8a). Parameters of the
laser cladding process have been similar to applied in
the numerical modelling, i.e. 5 mm/s scanning speed,
0.6 mm radius of the laser spot and 120 W laser
power. Although the applied bioactive glass and me-
tallic substrate are somewhat different, the vyield
stressand UTS of Ti-6Al-4V used in the experimental
studies has only been slightly lower than for the ul-
trafine-grained cpTi Grade 4 applied in the numerical
modelling.

Figure 10 shows the transient temperature and
equivalent stress predicted at node A during the laser
cladding process for the same laser power and differ-

ent velocity of the laser beam: 5 and 6 mm/s. The ob-
tained temperatures are close to each other for both
cases being slightly lower for higher laser speed (fig-
ure 10a). The calculated transient stresses are also
similar to each other (figure 10b).

Bioactive glass
Single layer
coating

’ Ti-BAI-4V

500um

Fig. 9. SEM image of the cross-section of the single bioactive
glass coating on the not preheated Ti-6Al-4V substrate showing
a crack formed in the metallic substrate located in directly on the
path of the moving laser beam (Krzyzanowski et al., 2016).
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node A - temperature

300 - node A - stress

250 i . ——5mm/s

Time, s

Fig. 10. The transient temperature (a) and effective stress (b)
predicted during laser cladding at node A localized on the
substrate surface using different scanning speeds: 5 and 6 mm/s.

4. CONCLUSIONS

A 3D numerical model of the laser cladding pro-
cess has been developed considering multiple bioac-
tive glass coatings on the ultrafine-grained cpTi sub-
strate. The model is able to predict the transient
stress-strain and temperature distributions. The simu-
lations of laser cladding of three layers of 45S5 bio-
active glass have been performed and the following
conclusions have been drawn:

1. Lower laser power can be used to obtain desired
temperatures at reduced scanning speed.

2. Preheating of the metallic substrate allows for laser
power reduction.

3. In addition, the preheating operation allowed for
reduction of stresses in both the substrate and bio-
active glass.

4. The predicted stresses in the metallic substrate ex-
ceeded the UTS limit in the areas under the laser
beam passes for the not preheated and also for the
preheated case

The developed numerical model is able to support
the optimal design of advanced multi-layered struc-
tural materials obtained using the laser cladding tech-
nique. The next step of the work is further validation
of the developed model through additional experi-
mental studies and extension of the model in order to
predict the crystallization and porosity distributions.
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ANALIZA NUMERYCZNA PROCESU
NAPAWANIA LASEROWEGO POWLOK SZKLA
BIOAKTYWNEGO NA
ULTRADROBNOZIARNISTE PODLOZA
TYTANOWE

Streszczenie

Stopy tytanu sg obecnie powszechnie stosowane do produkcji im-
plantéw medycznych ze wzgledu na wyjatkowe whasnosci me-
chaniczne i1 biokompatybilnos¢. Jednakze obecnos¢ takich pier-
wiastkow jak aluminium i wanad moze by¢ szkodliwa dla zdro-
wia ludzkiego. Jednym z mozliwych rozwigzan tego problemu
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moze by¢ zastapienie stopoéw tytanu ultradrobnoziarnistym ko-
mercyjnie czystym tytanem (cpTi), ktdrego granica plastyczno$ci
1 wytrzymato$¢ na rozciaganie cpTi moze przekracza¢ nawet
1000 MPa. Jedna z najbardziej obiecujacych metod produkcji im-
plantow medycznych jest napawanie laserowe, w ktorym powloki
szkta bioaktywnego sa nakladane na podtoza metaliczne. Celem
pracy bylo opracowanie modelu numerycznego 3D w/w procesu
wytwarzania przyrostowego. Otrzymany model jest w stanie
przewidywac rozktady naprezen, odksztalcen i temperatur wyste-
pujacych w trakcie procesu. Opracowano model sekwencyjny na-
pawania laserowego wykorzystujac metod¢ elementow skonczo-
nych (MES) i technike dezaktywacji i aktywacji elementow skon-
czonych, co pozwolito obliczy¢ przejsciowe pola temperatury,
ktore wykorzystano nastgpnie do analizy naprezen. Skoncentro-
wane objetosciowe zrodto ciepla wigzki laserowej przemieszcza-
jacej si¢ wzdhuz powierzchni metalu byto opisane za pomoca roz-
ktadu Gaussa. Opracowany model numeryczny moze wspomoc
projektowanie i wytwarzanie zaawansowanych wielowarstwo-
wych materialéw z wykorzystaniem techniki napawania lasero-
wego
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