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Abstract

Pure, alloy and composite metal powders are used for facing by resistance sintering (based on resistance welding
principles). Facings produced in this way are characterized by unique properties which are difficult to obtain by tradi-
tional methods. This kind of facing process has no limitations as to the type of base and facing material. The quality of the
facing depends on the facing process parameters. The process was modelled using the finite element method (FEM). The
simulation covered coupled complex electrical, thermal, mechanical, metallurgical and surface phenomena. The compres-
sion of nickel powder subjected to resistance heating on a steel base between two copper electrodes was simulated. The
base was made of 3 mm thick low-carbon steel sheet S235JR. The mechanical and physical material properties and their
change with temperature were investigated. Although the phenomena which occur during facing by resistance sintering
have a three-dimensional character, a two-dimensional model was adopted to simplify the analysis. The FEM calculations
were performed using the MSC.Marc&Mentat 2005 software with an additional Marc-Electrical module. The numerical
simulations were run for a coupled electrical-thermal-mechanical analysis. The aim of the mathematical modelling of the
facing process was to identify the parameters which for the physical properties of the materials used for the facing and the
base allow one to obtain a high quality facing continuous with the base. The numerical simulation results are compared

with experimental results.
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1. INTRODUCTION

The durability of constructions is limited by the
operating wear of their components. An increase in
durability is commonly achieved by weld surfacing
the components both while they are manufactured
and regenerated. Attempts have also been made to
face such components by resistance sintering using
fusion welding equipment (Bartnik, 1999; Bart-
nik&Derlukiewicz, 2004; Liidorff, et al., 1991). The
facing produced in this way preserves the properties
of the facing material and the method is environ-
mentally friendly since there are no harmful gas or
smoke emissions and the noise level is low.

The facing material can have the form of a strip,
a wire or a metal powder. The metal powders can be
pure metal powders, alloy powders and powder mix-
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tures (composites). Exemplary facings produced by
resistance sintering of alloy powders are shown in
figure 1. Figure 2 shows powder grains and hardness
distribution in the facing-base zone.

Facings should be characterized by metallic con-
tinuity with the base and preserve the properties of
the facing material. In order to obtain a high quality
facing one must take into account several data about
both the facing material and the base when setting
the facing process parameters. An FEM model of the
facing process would allow one to determine the
proper process parameters for each type of material.

The aim of this research was to develop a pre-
liminary calculation model for facing by resistance
sintering. A nickel powder with purposefully enlarged
grains was used for the analysis. Furthermore, a long
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heating current flow time was adopted to increase the
accuracy of thermovision measurements.

Fig. 1. Facing produced by resistance sintering on steel base (a)
and on aluminium base (b).
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Fig. 2. Alloy powder grains and variation in hardness along line
passing through facing and base.

2. EXPERIMENTAL

Nickel powder grains about 3mm in diameter
were used to produce a facing on a steel base (3 mm
thick steel sheet S235JR) using a ZPa-80 spot
welder. The facing process was conducted on a test
stand (figure 3) with a THV 550 thermal camera, a
Pp-10 microprocessor instrument for measuring
electrical parameters and an electrode movement
registering system.

The data recorded by the camera were transmit-
ted to a PC equipped with a card allowing image
recording and play back at a rate of 60 Hz. Thanks
to the measuring card’s frequency several thermo-
grams of the heating of the materials used in the
experiment were obtained.

The Pp-10 instrument made it possible to con-
tinuously acquire full information about the facing
process electrical parameters. The processed data
were sent to the PC. The parameters were measured
by the noncontact method using a measuring toroid.

Facing process parameters: current intensity —
about 1.3 kA and current flow time — 1.7 s were
adopted. The top electrode diameter was 9 mm and
the powder layer height was 33 mm. An experimen-
tal graph showing changes in powder layer height
(top electrode movement) during facing are shown
in figure 4.

a) 3
L CI
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Pp-10

L1

b) electrode
powder \
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Fig. 3. Stand for facing by resistance sintering of powder grains
(a), arrangement of elements (b).

1 — thermovision camera, 2 — microprocessor instrument, 3 —
electrode movement registering system, 4 — PC.
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Fig. 4. Movement of top electrode during facing.

The experimental data were used to verify the
FEM calculation results for the modelled facing of
steel by sintering nickel grains.

3. FEM MODELLING OF FACING BY
RESISTANCE SINTERING

Facing by resistance sintering of metal powders
was modelled by the finite element method. The
simulation covered coupled complex electrical,
thermal, mechanical, metallurgical and surface phe-
nomena. The compression of nickel powder sub-
jected to resistance heating on a steel base between
two copper electrodes was simulated. The mechani-
cal and physical material properties and their
changes with temperature were investigated. Al-
though the phenomena which occur during facing by
resistance sintering are three-dimensional, a two-
dimensional model was adopted to simplify the
analysis (figure 5).

The FEM calculations were performed using the
MSC.Marc&Mentat 2005 software with an additional
Marc-Electrical module. The numerical simulations
covered an electrical-thermal-mechanical analysis, i.e.
an electric-thermal analysis (Joule heating) combined
with a thermal-mechanical analysis, handled using a
staggered solution procedure. In this approach, first
the electrical problem is solved to determine the nodal
voltages. Then the thermal problem is solved to ob-
tain the nodal temperatures. Finally, the mechanical
problem is solved to determine the nodal displace-
ments. The electrical problem and the thermal prob-
lem are coupled through heat generation caused by
electric flow (Joule heating). The thermal problem
and the mechanical problem are coupled through
thermal strain loads and heat generation caused by
inelastic deformation and friction. The mechanical
problem may involve geometric and material nonlin-
earities. If contact occurs between deformable bodies
or deformable and rigid bodies in the mechanical
problem, the boundary conditions of the electrical
problem and those of the thermal problem are updated
to reflect the new contact conditions (figure 6). The
relevant matrix equations can be expressed as:

K5(TW =1 )
C'(T+K" (T =0+0" +0"' +0" (2)
Mii+Du+ K" (T,u,t\u=F+F"  (3)

where V' is a nodal voltage vec-
tor, T is a nodal temperature

vector, u is a nodal displacement

vector, KE(T) is a temperature-

dependent electrical conductiv-

ity matrix, / is a nodal current
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matrix, F is an externally ap-

plied force vector and F' is a

Fig. 5. FEM calculation model of facing by resistance sintering.

force due to the thermal strain
vector.
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Fig. 6. Coupled electrical-thermal-mechanical analysis.

Through FEM simulations of facing by resis-
tance sintering, performed using the above men-
tioned software, one can analyse the effect of: spe-
cific heat, thermal conductivity, specific resistance,
current intensity and current flow time on the facing
process. The solid-liquid transition was taken into
account through the latent heat of fusion. The aim of
the mathematical modelling of the facing process
was to determine the parameters which for the
physical properties of the facing and base materials
allow one to obtain a high quality facing which is
continuous with the base.

The discrete model of facing by resistant sinter-
ing (figure 5) consisted of 13272 elements and
15072 nodes. The contact resistances between nickel
grains themselves and between nickel grains, the
base and the top electrode are very difficult to define
and practically impossible to estimate accurately. In
the literature on the subject one can find only the
dynamic resistances of the whole joint or the resis-
tances of the whole contact area. The contact resis-
tances and the nickel and steel base material data
found in the literature were used in the simulations.

The results of the FEM simulations are shown in
figures 7-8. Figure 7 shows the temperature distribu-
tion, after a current flow time of 0.1 s, in resistively
heated nickel powder grains. One can see that the
places of contact between grains are the hottest. For
longer heating times a temperature increase extend-
ing over the powder layer’s entire height is ob-
served. Another simulation result (figure 8), also for
a current flow time of 0.1 s, shows the distribution
of effective strains within the area of nickel grains.
One can see that the largest strains occur in the cen-
tral area of the heated grains. In order to verify the
calculation results they were compared with the
results obtained by the thermal imaging method.

4. COMPARISON OF RESULTS

In figures 9-10 the FEM results and the heating
isotherms recorded by the thermovision camera are
shown respectively on the left and on the right. In
figure 9 the calculated temperatures slightly differ
from the recorded thermal images.

This applies to images observed in the thermovi-
sion camera’s measurement window. Proper size of

o' 0"

A Ay s window made i
FT K"

possible to simultane-

Mechanical

ously conduct the facing
process and the ther-
movision recording.
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Fig. 7. Temperature distribution in contact areas between
grains (current flow time 0.10 s).
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Fig. 8. Distribution of effective strains in facing (0.10 s).

The theoretical and experimental results for a
longer heating time of 0.25 s are compared in figure
10. In this case, the temperature distribution is more
uniform and the contact surface area is much larger.
The theoretical temperatures are comparable to the
thermal images.
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Fig. 10. Calculated temperature distribution (current flow time 0.25 s) compared with

thermal image.

5. CONCLUSIONS

The main aim of the numerical calculations was
to explore the possibility of determining in this way
the parameters of facing by resistance sintering, in
particular current intensity and current flow time.
The preliminary FEM analysis of the 2D model
(with purposefully increased grain size) showed that
the above objective is achievable. The calculated
temperature distributions show satisfactory agree-
ment with the real process. Through such calcula-
tions one can select proper facing process parame-
ters for a wide range of facing and base materials in
order to obtain a high quality facing continuous with
the base.

In order to simulate such proc-
esses more materials tests need to be
carried out. Therefore in further re-
ss0  search the properties of the materials

used in facing by resistance sintering,

as a function of temperature, will be
s0  more accurately (experimentally)
determined. Special attention will be
paid to the facing material. As a re-
sult, the accuracy of the simulation
s process will increase. In each case of
facing by resistance sintering one
must also determine the actual
s changes in facing height as a function

of process duration.

For the real powder grain size
(20-300 pum) it is necessary to make it
technically possible to perform meas-
urements by the thermovision

590

570

540

520

9% method. In future calculation models
the density of the finite element mesh
will be increased whereby grains

loso heating temperatures will be deter-

mined with a higher accuracy.
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KOMPUTEROWE MODELOWANIE PROCESU
NAPAWANIA ZA POMOCA REZYSTANCYJNEGO
ZGRZEWANIA PROSZKOW METALI

Streszczenie

Napawanie metoda rezystancyjna (oparta o zasady zgrzewa-
nia oporowego) pozwala stosowaé na warstwy proszki czystych
metali, stopowe i kompozytowe. Uzyskiwane warstwy moga
odznacza¢ si¢ unikalnymi wlasciwosciami trudnymi do uzyska-
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nia tradycyjnymi metodami. Istotnym elementem tego procesu
wydaje si¢ by¢ brak jednoznacznych ograniczen dotyczacych
tak rodzaju podtoza jak i rodzaju materiatu uzytego na warstwe.
Jakos$¢ warstwy napawanej zalezy w duzej mierze od zastoso-
wanych parametréw procesu. Do modelowania procesu napa-
wania zastosowano metod¢ elementow skonczonych (MES).
Przeprowadzona symulacja procesu napawania rezystancyjnego
uwzgledniata wzajemnie sprz¢zone ztozone zjawiska elektrycz-
ne, cieplne, mechaniczne, metalurgiczne i powierzchniowe.
Przedmiotem symulacji byto nagrzewanie proszku niklu znajdu-
jacego si¢ na podtozu stalowym, umieszczonego migdzy dwoma
elektrodami miedzianymi. Podloze stanowila blacha ze stali
niskowgglowej S235JR o grubosci 3 mm. Wprowadzane do
modelu dane wejSciowe materiatow uwzglednialy wlasciwosci
mechaniczne i fizyczne oraz ich zmiang wraz z temperatura.

Podczas napawania oporowego zachodzace zjawiska sa trojwy-
miarowe, do analizy przyjeto uproszczony dwuwymiarowy
model. Obliczenia MES przeprowadzono za pomoca programu
MSC.Marc 2005 z dodatkowym modutem Marc-Electical. Nu-
meryczne obliczenia wykonano dla pelnej analizy elektryczno-
termiczno-mechanicznej. Celem modelowania matematycznego
procesu napawania bylo wskazanie parametrow, ktore przy
uwzglednieniu wilasciwosci fizycznych materialow uzytych na
warstwg 1 podloze pozwola uzyskaé wysoka jako$¢ warstwy
napawanej przy rownoczesnym zachowaniu jej ciaglosci meta-
licznej z podtozem. Przeprowadzono pordwnanie otrzymanych
wynikdw numerycznych z uzyskanymi wynikami badan do-
$wiadczalnych.
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