
BIULETYN INSTYTUTU SPAWALNICTWANo. 5/2016 67

Michał Hudycz, Tomasz Chmielewski, Dariusz Golański

Analysis of Distribution of Temperature and Stresses during 
the Friction Metallisation of AlN Ceramics with Titanium

Abstract: The article presents the results of the numerical analysis of an AlN-Ti 
joint obtained during friction welding, where a titanium probe was rubbed fron-
tally into the base of nitride ceramics. The process aimed to create a thin metallic 
(titanium) coating on the ceramic base enabling its further joining with metals. 
Until today, the metallisation of ceramics through friction has not been used for 
the metallisation of ceramics and, as initial tests have proven, this solution can 
constitute an advantageous alternative to currently used expensive processes of 
ceramics metallisation. The numerical modelling of the friction of AlN ceram-
ics with titanium enabled the obtainment of information concerning the distri-
bution of temperature fields and stresses on the contact surfaces of the AlN-Ti 
system during friction. The obtained results will be useful when analysing the 
mechanism related to the formation of the interpass of the joint connecting the 
AlN ceramics with z titanium. 
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Introduction
The growing demand for ceramic-metallic joints 
has inspired the search for new efficient meth-
ods enabling the joining of various grades of 
ceramics with metals. Metallic-ceramic joints 
make it possible to combine various proper-
ties of components into a specific feature of 
a finished product [1]. Metallisation is one of 
the methods aimed to obtain ceramic-metallic 
joints; its purpose is to change the property of 
the surface layer of ceramics (usually by form-
ing a thin metallic coating), making it possible 
to wet the surface using ceramic-inert metal. 

At the subsequent stage, the metallised coat-
ing enables the formation of a joint between a 
solid ceramic material and metal, e.g. through 
brazing or welding [2-4]. The metallisation of 
surfaces of ceramic materials is essentially re-
lated to their use and constitutes a vital stage 
of the technological formation of ceramic-me-
tallic joints.

This article is concerned with a specific case 
of metallisation, constituting a stage in making 
ceramic-metallic joints and resulting from the 
search for a technologically new method ena-
bling the metallisation of technically advanced 
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ceramics. The obtainment of a joint connect-
ing ceramic and metallic surfaces required the 
metallisation of the ceramic surface by the fric-
tion-based application of a titanium coating on 
an AlN ceramic base. During friction metallisa-
tion, the formation of a joint takes place in con-
ditions, where the metallic component quickly 
reaches a temperature close to its melting point 
followed by cooling to ambient temperature. 
The presented method of the metallisation of 
ceramics using kinetic friction energy has a 
great application potential in the near future 
constituting a favourable alternative to pres-
ently used expensive and technologically com-
plex methods of the metallisation of ceramics.

Regardless of joining methods, ceramic-me-
tallic joints are exposed to the risk of high in-
ternal stress generation, primarily because of 
significantly different physical properties of 
materials being joined and high temperatures 
necessary for the formation of joints. Therefore, 
an issue of vital importance is the assessment 
of stresses in structures combining ceramics 
and metals [5].

The objective of the study was to determine 
and analyse the distribution of temperature 
and stresses during the friction-based metal-
lisation of the AlN ceramics with titanium. 
The determination of the fields of temperature 
and those of stresses involved the use of the 
Finite Element Method (FEM) and two FEM-
based software programmes, i.e. ADINA THER-
MAL and ADINA STRUCTURE (version 8.6.1), at 
the same time, as the problem was solved as 
unilaterally conjugated. The numerical sim-
ulation was performed in accordance with 
technological process conditions. The mod-
elling of mechanical fields involved the con-
tact of the butting faces of elements being 
welded. In turn, the modelling of the fields of 
temperature involved the assumption of the 
same temperature on the butting surfaces of 
both elements being joined. The physical and 
mechanical properties of the materials were 
linked to temperature. The problem, treated 

as non-linear, was solved for the axisymmet-
ric model. The performed calculations enabled 
the tracking of thermomechanical phenome-
na taking place at the friction stage during the 
process of friction welding. The calculations 
provided information useful when analysing 
the mechanism related to the formation of the 
interpass of the AlN-titanium joint.  

Test Specimens
Friction involved the butting faces of two ele-
ments, i.e. a titanium shape having an internal 
diameter of 3 mm, external diameter of 9 mm 
and a height of 60 mm as well as a 4 mm thick 
AlN ceramic plate having a diameter of 20 mm 
(Fig. 1a). The objective of the friction process 
was to obtain a uniform metallised titanium 
coating on the ceramic surface. The process 
of metallisation was presented in publications 
[6,7], whereas the effect of energy supply dur-
ing the formation of dissimilar joints was ex-
tensively discussed in works [8-12]. The process 
of friction-based metallisation consisted of the 
friction-induced heating of the titanium shape 
under a load of 13.4 MPa; the titanium shape ro-
tated in the probe at a rate of 2550 rev/min, rub-
bing against the ceramic surface at a constant 
(independent of temperature) friction coeffi-
cient of 0.42. The heating time amounted to 14 s, 
afterwards the tool started to move, rubbing its 
mass on the surface subjected to metallisation 
(not included in the presented modelling).

Fig. 1. System: titanium tool – ceramic base: 
a) scheme, b) in operation
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Computational Model
The numerical simulation of the friction pro-
cess was performed in the cylindrical coordi-
nate system (r, θ, z). The adoption of symmetry 
in relation to the axes of elements being welded 
resulted in the disappearance of coordinate θ in 
the description of the phenomena taking place 
during the process of friction. The simulation 
involved the use of axisymmetric, quadrangu-
lar, quadrinodal conductive 2D elements and 
bimodal convective and radiation elements de-
scribing heat exchange at the edge of elements. 
The mesh of the model was composed of 1689 
elements spread on 1787 nodes. The mesh was 
consolidated on the interface surface. Figure 
2 presents the model geometry used for solv-
ing the thermal problem against the FEM mesh 
background with marked boundary conditions: 
the loading with the stream of heat q on the 
interface surface as well as convection and ra-
diation-based exchange of heat with the en-
vironment on the lateral cylindrical surfaces 

of the ceramic and titanium shapes. It was as-
sumed that the temperature on the surfaces be-
ing in contact was the same.

The stream of heat q on the interface surface 
changed in a linear manner in accordance with 
the following dependence:

where:
μ – friction coefficient,
pn – load affecting the friction surface,
ω – rate of rotation,
r – radius. 

The value of the heat stream calculated on inter-
nal radius r₁=1.5 mm amounted to q₁=2,46 W/
mm², whereas on titanium tool internal radius 
r₂=4.5 mm amounted to q₂=6.76 W/mm². The 
calculations involved the adoption of the coef-
ficient of convection on rotating surfaces αk=40 
W/m², on remaining surfaces αk=10 W/m² and 
surface emissivity ε =0.7.
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Fig. 2. FEM mesh of the AlN-Ti thermal model with boundary conditions

Fig. 3. FEM mesh of the AlN-Ti mechanical model with designated boundary conditions
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For the purpose of simplifying the phenom-
ena taking place during the process, the math-
ematical modelling of thermo-mechanical 
effects assumed that thermal and mechanical 
deformations considered for a given time in-
crement would be treated as quasi-stationary. 
Figure 3 presents the geometry of the mechan-
ical model with boundary conditions. The me-
chanical model geometry was composed of the 
FEM mesh arranged in the same manner as in 
the thermal model.

The modelling of the field of stresses during 
the process of welding involves the superimpos-
ing of a known field of temperature obtained 
by solving a thermal process in subsequent 
time increments onto a mechanical load (pre-
set pressure pi during the friction phase for the 
same iterative increments). The titanium ma-
terial was described using the “plastic-biline-
ar” material model, whereas the ceramic model 

was described as an elastic material. The me-
chanical and thermal properties of both mate-
rials were linked to temperature.

Calculation Results

Distributions of Temperature
Figure 4 presents temperature field distribu-
tions during friction in subsequent times fol-
lowing the commencement of the welding of 
the AlN ceramics with titanium. It is possible 
to notice an increase in temperature in the 
boundary area, on the sides of both materi-
als. The highest temperature reached approx-
imately 1300°C after 14 s.

Figure 5 presents radial distributions of tem-
perature on the AlN ceramics side and on the ti-
tanium side in relation to selected heating times. 
It is easy to notice an increase in temperature 
in the friction line is the ceramics and higher 

values of temperature in the area ad-
jacent to the titanium sleeve opening.

Distributions of Stresses
The mechanical analysis enabled the 
obtainment of distributions of all 
stress state constituents. The figures 
presented below contain maps of ra-
dial stresses σyy (Fig. 6, 7) at the final 
stage of friction as well as after releas-
ing the load in the form of pressure af-
fecting the specimens. As can be seen, 

Fig. 4. Maps of temperature distribution for selected times of the 
friction-induced heating of the AlN ceramics with titanium
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Fig. 5. Radial distributions of temperature on the AlN-Ti joint boundary: a) on the AlN ceramics side, b) on the titanium side

a) b)
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the friction zone of the AlN ce-
ramics was affected by high 
compressive stresses (up to 800 
MPa) and not excessively high 
tensile stresses in titanium (up 
to 60 MPa), partly limited by the 
plastic strain of the metal. After 
releasing the load, radial stress-
es in the ceramics decreased by 
approximately 150 MPa.

The distributions of axial 
stresses σzz are presented in Fig-
ure 8 and Figure 9, whereas that 
of circumferential stresses σyz in 
Figure 10 and Figure 11. Neither 
of these constituents reaches 
high values (up to -100 MPa) at 
the finals stage of friction or af-
ter releasing the load.

In the process of a ceram-
ics–metal joint formation, an 
important role is played by 
the interpass. The time of fric-
tion-induced heating amounts 
to 14 s, whereas, at the final stage, 
the temperature on the interface 
surface reaches approximately 
1300°C. In addition to temper-
ature and time, the mechanism 
of joint formation is affected 
by stresses. Changes in volume 
depend on the stress axiator. 
Changes in volume triggered 
by octahedral (mean) stresses 
are expressed by the following 
dependence:

σśr=1/3(σ₁+σ₂+σ₃),

where σ₁, σ₂, σ₃ – principal 
stresses.

Distributions of means stress-
es in the joint are presented in 
Figure 12 and in Figure 13 after 
releasing the load. In addition to 
the distribution of temperature, 

Fig. 9. Distribution of axial stresses σzz near the interface surface after releas-
ing the load and heat stream from friction (0.32 s)

Fig. 8. Distribution of axial stresses σzz near the interface surface at the final 
stage of friction-induced heating

Fig. 7. Distribution of radial stresses σyy near the interface surface after re-
leasing the load and heat stream from friction (0.32 s)

Fig. 6. Distribution of radial stresses σyy near the interface surface at the final 
stage of friction-induced heating
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the distribution of stresses sig-
nificantly affects the mechanism 
of joint formation during the 
process of welding. The butting 
faces of elements being welded 
must be sufficiently close to each 
other so that the joint could be 
formed. Axial stresses near the 
ceramics-titanium interface sur-
face should have the negative 
sign, thus allowing appropriate 
adherence. The distributions of 
axial stresses on the titanium 
side and on the AlN ceramics 
side are presented, for selected 
welding times, in Figure 14. As 
can be seen, the areas furthest 
from the axis, near the area des-
ignated b radius r=3 mm, are 
characterised by low compres-
sive axial stresses of approxi-
mately -6 MPa. This results from 
the significant deformations of 
the titanium shape in these are-
as and could affect the quality of 
the joint in these areas. On the 
AlN ceramics side, the stresses 
are restricted within the range 
of -40 to -100 MPa in the finale 
phase of friction.

The distributions of stresses 
in the boundary area, separately 
on the AlN side and on the tita-
nium side are presented in Fig-
ure 15 and 16. Attention should 
be paid to high compressive 
stresses in the ceramics and to 
the similar (in nature) distribu-
tion of mean stresses.

Summary
The numerical simulation of 
the friction metallisation of the 
AlN using titanium enabled the 
determination of temperature 

Fig. 13. Distribution of mean stresses σśr near the interface surface after 
releasing the load and heat stream from friction (0.32 s)

Fig.12. Distribution of mean stresses σśr near the interface surface at the final 
stage of friction-induced heating

Fig. 11. Distribution of circumferential stresses σyz near the interface surface 
after releasing the load and heat stream from friction (0.32 s)

Fig.10. Distribution of circumferential stresses σyz near the interface surface 
at the final stage of friction-induced heating
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fields and distributions of stresses during the 
process of welding. The calculations were lim-
ited to the friction zone; the solidification zone 
was ignored as it affected the generation of in-
ternal stresses and not the mechanism of joint 
formation. The performed calculations justified 
the following concluding remarks:
 – Distribution of temperature was non-uni-
form on the interface surface during the entire 
welding process; temperature in areas close 
to the axis was by approximately 200°C low-
er than the maximum temperature amount-
ing to 1300°C.

 – Highest temperature was present on the in-
terface surface and near it, i.e. within a radius 
of approximately 4 mm of the titanium cyl-
inder-AlN base system.

 – Non-uniform distribution of axial compres-
sive stresses near the interface surface, and in-
creasing along with the time of friction, was 
caused by the significant deformation of the 
titanium tool material and could negatively 
affect the quality of coating.

 – Mean stresses (decisive for changes in vol-
ume) near the boundary surface, both on the 
ceramic and titanium side had negative val-
ues throughout the process of friction.

 – Releasing the load (0.05 s after the comple-
tion of welding) changed the value of mean 
stresses near the ceramics-titanium interface 
surface into positive.

It should be noted that the above-presented cal-
culations were approximate in nature because 
of many simplifications adopted during the 
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Fig. 14. Radial distributions of axial stresses in the joint: a) on the AlN ceramics side, b) on the titanium side

Fig. 15. Distributions of stress constituents (radial, axial 
and circumferential) and of mean stress along the radius 

of the AlN specimen

Fig. 16. Distributions of stress constituents (radial, axial 
and circumferential) and of mean stress along the radius 

of the titanium specimen
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process of modelling, e.g. the lack of scientific 
references concerning the properties of titani-
um for the temperature range of 700-1400ºC, or 
the adopted friction coefficient on the ceram-
ic-titanium interface surface (constant and in-
dependent of temperature). In addition, the 
simulation was performed using the constant 
stream of heat generated from friction heat re-
sulting from the assumed constant pressure on 
the interface surface. As a matter of fact, due 
to significant deformations of areas near the 
boundary surface, the pressure was variable in 
time. The performance of simulations with the 
stream of heat variable in time requires numer-
ous restarts of calculations, which, taking into 
consideration the considerably long heating 
time (14 s) could translate to time-consuming 
calculations and technical difficulties.

This research work was financed from 
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Department at Warsaw University 
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