SCIENTIFIC AND TECHNICAL

doi.org/10.15407/tpwj2018.01.03

CALCULATION-EXPERIMENTAL INVESTIGATION
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In the work theoretical and experimental methods were used to investigate temperature fields in the conditions of sol-
dering the metal plates, contacting with a heated body. To determine thermal conditions, necessary to provide soldering
(melting of solder in the joint zone), calculation of temperature distribution with time in the joint zone was carried
out, depending on characteristics of «heater-plate-solder-plate» system and thermal resistance in contacts between the
system elements. It is shown that by comparing the theoretically calculated and experimentally measured thermograms,
it is possible to determine thermal resistance in the contact zones. On the basis of the obtained values of thermal re-
sistance in the contacts, the modeling of thermal fields in the systems with the arbitrary dimensions of elements was

carried out. 13 Ref., 7 Figures.
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Brazing is widely used for production of permanent
joints of parts [1, 2]. This process lies in heating of
parts being joined in a furnace till brazing alloy melt-
ing (stationary conditions) or local heating of a joint
zone with the help, for example, of a contact with ear-
lier heated body or under effect on it of source of con-
centrated heat radiation (infrared [3], laser [4] etc.)
[5]. Distribution of temperature fields in the joint zone
under conditions of its local heating till brazing alloy
melting temperature will have non-stationary nature,
since heating will be accompanied by heat removal
to cold areas of the parts being joined. If there is no
limitation of power of concentrated heat sources, real-
ization of this brazing process will not cause difficul-
ties even under conditions of repair on large-size part
surface, for example, in patching a shell of material
with high heat conductivity (aluminum alloys).

In the case of absence of the concentrated heat
sources and large area of the joint the heaters can be
used for its heating. They generate heat energy as a
result of initiation of exothermal reaction in them.
Powder mixtures, components of which react with
heat emission, can be used as such heaters. It is known
that intensity of exothermal reactions significantly
increases at transfer from powder mixtures to com-
pact materials with composite structure on their basis.
Thus, works [6, 7] show that multilayer foils can be

used as such composite materials. They consists of
layers based on intermetallic forming elements such,
for example, as Ni and Al or Ti and Al, received by
PVD [8]. Initiation of self-propagating high-tempera-
ture synthesis (SHS) reaction in such systems results
in heat emission intensity reaching the value of around
5-6 kW/cm? [9] that can provide local heating of the
joint zone under intensive heat removal conditions.
Schematically such a soldering process of the
same size plates can be presented as it is shown on
Figure 1 (laboratory system). In such a system heater
characteristics, necessary for soldering process, can
be determined in experimental way, varying the mass
of reaction material. However, if such an approach to
determination of the heater characteristics is applica-
ble to the plates of one size then in the case, for ex-
ample, of joining the plate of small (finite) size to the
plate of larger (unlimited) size will cause difficulties.
Mainly, it is related with the necessity to take into ac-
count heat removal from the joint zone into the large
size plate using the results received on the finite size
samples. It is clear that heater parameters should be
increased in order to compensate this heat removal.
Still, considering that the plates are made of alumi-
num alloys, increase of heater mass can results in their
significant overheating. This will result in a degrada-
tion of mechanical properties of the plates. From this
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point of view selection of heater characteristics is the
key for change of dimensions of the system elements
being joined. Determination of the heater optimum
characteristics, necessary for reaction soldering of the
plates of random dimensions under conditions of lo-
cal heating of the joint zone, could be fulfilled based
on calculation of thermal fields.

At the same time, complexity of realization of this
approach is caused by the fact that thermal processes
in the joint zone depend on many parameters, some
of them are known (for example, heat conductivity of
materials being joined) or present themselves geom-
etry and mass characteristics of the system elements,
other have undetermined value, as, for example, a
value of thermal resistance at contact boundary of
the system elements. To eliminate this ambiguity in
selection of the parameters for thermal field model-
ling in real systems the work proposes a method for
calculation of coefficients of thermal resistance of
the contacts, based on performance of comparison of
experimentally measured and calculated change of
temperature in finite dimension system (laboratory
system). Satisfactory correspondence of the experi-
mental and calculation data was received by means
of variation of the parameters describing thermal re-
sistance at elements’ interface. This allows carrying
modelling of the thermal fields under nonstationary
conditions of soldering of limited size plate on the
surface of unlimited size part.

Experimental and calculation methods. For de-
scription of a nonstationary process of heat distribu-
tion in 3D sample let’s write down a heat conductivity
equation in the following form:

Cp%:div(xgradT), @

where ¢ is the heat capacity of the material; p is the
density; « is the heat conductivity coefficient.
Considering that the system consists of different
materials, which have different nature of heat ex-
change between the separate areas, it is convenient to
divide it on finite elements. A finite-difference method
[10, 11] is used in the work to solve this equation. It
allows determining temperature values in a finite ele-
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where a2 =x«/(cp) is the coefficient of temperature

conduction; T, is the temperature of finite element
in point x;, .

This finite difference scheme (2) can be used for all
non-boundary areas of the system. The neighbor points
in boundary elements will be characterized with signifi-
cantly different heat conductivities or geometry/mass
parameters. Therefore, record of a density of heat flow
for boundary areas is more convenient in form of tem-
perature differences instead of temperature gradients
using at that some «heat transfer coefficient» p rather
than heat conductivity «. For example, J = -, AT for
cellsiand (i + 1) with heat conductivity coefficients ;,
K, and cell size h, h. ..
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Figure 2. Scheme of division of system consisting of heater, first plate, solder and second plate on finite size plates (scheme corre-

sponds to one-dimensional approximation)
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Then for cells, having neighbor cells with other
coefficients of heat conductivity or size, equation (2)
is changed. In one-dimensional form it is written as

_Ti—l) tHia (Ti+1 _Ti ))dt' 4

Figure 2 shows three contact zones, for which
equation (4) is used:

I — between the heater and first plate (imperfect
contact);

II — between the first plate and solder (ideal con-
tact formed by means of vacuum phase deposition);

111 — between the solder and the second plate (im-
perfect contact).

We would like to remind that imperfection of
contact | means growth of thermal resistance and de-
crease of heat flow between the heater (cell N, — 1)
and the first plate (N ). Contact I is described by heat
transfer coefficient p,, which in general case is un-
certain quantity. Imperfection of contact 111 supposes
thermal resistance between solder (cell N,) and the
second plate (N, +1) (Figure 2) and is described by
heat transfer coefficient p,,, which is also uncertain
parameter of the system. Since, as it was mentioned,
contact Il is an ideal, then for it the heat transfer coef-
ficient is determined following the equation (3):

= 2KplateleoIder / (KplatelL + Ksolderdx)
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Change of the temperature from the left and right
of the contact | is described by equations:
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Contacts Il and 111 refer to the solder, which is in
solid state at low temperatures T < T_, liquid at T >
> T, and preserve constant temperature T_ at rising
portion of liquid phase n in process of melting. There-
fore, it is convenient to enter temporary variables T, ,
T, for the left and right boundary of the solder. Using
a condition of continuity of the heat flows the follow-
ing can be found in these boundaries:
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Then the heat flows to solder and from it:

Ty ik -Ty —l,j,k)
J =2k« e L .
in platel “solder | i +K dx
platel solder
solder (7)
_ i L T
out K N, +L .k Nl,j,k)’
solder
M L
where J. , J, are the input and output heat flows for

solder cell (we describe it using only one cell, which at
low temperatures correspond to solid state, at high to
liquid ones, and in intermediate period to double phase
system solid body-liquid with eutectic temperature).

When solder temperature is lower than the eutectic
temperature (solid solder) or higher (liquid), it is de-
termined by equation

T =T

Njk Njk dx.

~J )dt/c

out solderpsolder (8)
Then the heat flow into the solder as well as from
it will be described in the following way:

"™ =n+Q,, - J,,)dt/Alp 9)

out

where L, A, p are the thickness of solder layer, specific
heat of melting and density, respectively.

Solder heat conductivity coefficient _, Vvaries
as k. =koein+xP (1-m) in accordance with
change of content of liquid and solid phase. More-
over, we suppose that after complete melting of sol-
der thermal resistance between it and the second plate
is significantly reduced (i.e. heat transfer coefficient
urﬁw rises) due to increase of area of a contact surface
of liquid solder with a surface of the second plate.
Taking this in account, change of p, coefficient after

melting beginning can be presented in form of

[ SO|Id (1 T]) M ]' (10)
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where p_ ., is the coefficient of heat transfer between
solid phase of solder and second plate. In a limiting
case n = 0 equation (10) comes to ™ =p . . In the
other limiting case it is simplified into

liquid
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i.e. matches with the general equation (3). As a con-
sequence, equation (3) can be written for the final
boundary cells of the system, if consider that exis-
tence of imperfect contacts between the different ele-
ments leads to appearance of thermal resistance, and
solder melting takes place at some temperature. This
approach is described in more details in work [12].
Its application allows calculating temperature distri-
bution at each moment of time depending on system
parameters and in such a way trace change of tem-
perature in a set point of the system.
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It is necessary to compare calculated values of tem-
perature with experimentally measured for checking this
approach used in description of the thermal fields in a
nonstationary soldering mode. A system consisting of a
heater and two plates of AMg6 alloy of 5 mm thickness
and 50x50 mm size, divided by solder (eutectic alloy Al-
Si) layer (100 pum) deposited on the first plate, was inves-
tigated for this purpose. A multilayer Al/Ni foil was used
as a heater. It was located over the first plate and pressed
with set force (about 1000 N). After that SHS reaction
accompanied by intensive heat emission was initiated
in a nanofoil using current pulse. Redistribution of heat
from the heater to the plates resulted in system heating
to necessary temperature. Temperature was measured
using two thin thermal couples established in the plate
center (Figure 1). The thermocouples were connected to
computer by ADC with sampling frequency 1 kHz. Re-
ceived data were used to determine model parameters.

Results and discussion. Calculations of thermal
fields of the system were carried out to determine
solder melting conditions. They were based on char-
acteristics of used materials and their thickness, at
variation of heater thickness d . Figure 3 presents the
calculated variations of the temperature in the first
plate, received taking into account an assumption
that rate of SHS reaction in the heater is significantly
larger than heat distribution. This assumption is based
on the fact that time of «burning» of 5 mm thick foil
makes 0.05 s [13] at 100 cm/s rate of front distribu-
tion in SHS reaction. In this case characterization of
the heater was grounded on its geometry and tempera-
ture, which it reaches as a result of SHS reaction. The
time of its heating to maximum temperature was ne-
glected at that. It can be seen that increase of heater
thickness promoted rise of the maximum heating tem-
perature of the first plate and all system in whole (the
calculations were carried out in adiabatic conditions).
If solder melting temperature is set then the system
can be heated to necessary level by increase of heater
thickness d . For example, 3 mm thick heater provides
melting of solder with 700 K melting temperature
(Figure 3) that effects the dependence of tempera-
ture in the center of first plate on time of contact with
heater (calculation data) in form of «shelf». It should
be noted that temperature of the «shelf» is somewhat
higher than temperature of solder melting, moreover,
this difference rises at increase of heater thickness (its
heating value) as a consequence of temperature gradi-
ent present in the first plate, which is increased normal
to heating rate.

It can be supposed that the heating rate of the first
plate will significantly depend on thermal resistance
of the contact between the heater and the first plate.
Figure 4 presents calculation data at similar thickness
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Figure 3. Effect of heater thickness on kinetics of temperature
change in the center of first plate: 1 — dn =5mm;2—4;3—3;
4—2

of heater (3 mm), but with different value of thermal
resistance in the contact between the heater and the
first plate. It can be seen that change of the thermal
resistance value significantly varies heating rate that
is reflected in solder melting time, i.e. time till com-
plete melting of solder rises from 5 to 30 s at thermal
resistance increase by order.

Since solder temperature and level of its melting
are the result of heat balance between a heat flow from
the heater into the first plate and heat flow from the
solder into the second plate, it can be supposed that
thermal resistance at the interface between the solder
and the second plate will also effect the change of sol-
der temperature. In fact, as can be seen from Figure 5,
rise of heat conductivity in the contact zone between
the solder and the second plate leads to delay of heat-
ing of the first plate, and, respectively, solder. Howev-
er, regardless the fact that decrease of heat conductiv-
ity at the boundary between the solder and the second

I K

800

600

400

40 60 s

0 20

Figure 4. Dependence of temperature of first plate on time at dif-
ferent characteristics of heat resistance at heater — first plate inter-
face: 1 — p, =5-10* W(m*K); 2 — 1-10*% 3 — 7-10%, 4 — 5-10°
Characteristics of heat conductivity of solder and second plate
contact are constant (arrows indicate peculiarities of temperature
change promoted by solder melting (its completion))
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Figure 5. Dependence of temperature in the middle of plates on
time at different characteristics of heat resistance at solder —
second plate interface: p, = 5-107 (solid line); 5-10 W/(m*K)
(dashed). Characteristics of heat conductivity of contact of heater
and first plate are constant (designation of arrows is the same as
in Figure 4)

plate results in earlier solder melting, time till its end
rises. It can be observed from temperature to time de-
pendence in a middle of the second plate (Figure 5)
that solder melting is finished when its temperature
reaches solder melting temperature.

Proceeding from the fact that soldering process
takes place under condition of complete melting of
solder, the results of calculations indicate that the
value of heat conductivity of the contact between the
solder and the second plate does not have significant
effect on time of this process completion.

Figure 6 presents the calculation and experimental
data in the system described above, measured with the
help of thermal couples, fixed in the middle of first
and second plates. It can be seen that temperature of
the first plate, contacting with the heater dramatically
rises from the moment of SHS reaction start in the
heater. However, in 8-9 s heating rate of the first plate

T.K

First plate

600
Second plate

1 1 1

0 10 20 30 40 A

Figure 6. Experimentally measured (dashed line) and calculation
(solid line) temperature in the middle of first and second plates
in soldering at their local heating with the help of heater being in
contact with first plate
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dramatically changes. During this time temperature of
the first plate and attached to it solder reaches solder
melting temperature (around 700 K). Based on this it
can be supposed that a delay of temperature growth in
the first plate is caused by solder melting.

In favor of this is the evidence of a point of start of
temperature increase in the second plate. Such a delay
in heating time of the second plate can be explained
by high thermal resistance in the contact between
solder and second plate. After solder melting a heat
contact between it and the second plate is improved
that promotes redistribution of heat from solder to the
second plate and its heating to the temperature level
of the first plate.

Change of temperature in the system in process of
its heating, qualitatively similar to that is observed ex-
perimentally (Figure 6), was calculated by means of
variation of parameters of heat resistance in the con-
tacts. At that it was supposed that heat resistance at
the interface between the solder and the second plate
will disappear in the moment of solder melting.

Based on this it was assumed that the calculated
parameters of heat resistance in the contacts under
these conditions of soldering process can be used for
calculation of temperature fields in the case when the
first plate is connected to the second plate, size of
which is significantly larger, i.e. for 3D case.

Figure 7 represents the temperature distribution in
a cross-section of the system, consisting of heater, first
plate with deposited solder and second plate of larger
size in the moment when solder temperature reaches
the temperature of its melting (condition necessary for
soldering). It can be seen that heat exchange between
the system elements results in heat distribution from
the heater to the first plate and then through the solder
to the second plate. In contrast to laboratory assembly
in this case heat is distributed along the second plate
outside the dimensions of the first plate. However, as
can be seen from Figure 7, such a «spread» of heat in
a volume of the second plate is not critical from point
of view of achievement of temperature conditions for
soldering in the contact between the first and second

T=900K

300 g

Figure 7. Distribution of temperature in cross-section of system
(1/4 of its part is shown) at its local heating in the moment of
solder melting. Length and width of second plate 3 times exceed
length and width of first plate
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plates. The calculations showed that only 10-20 %
increase of heater thickness is enough to compensate
these heat losses in the case of joining the plates of
equal thickness.

Conclusions

1. The calculation of thermal fields in soldering un-
der nonstationary heating conditions with the help of
local heat source of limited energy capacity showed
that there is principal possibility to achieve melting
of solder in form of thin interlayer between two plates
with high heat conductivity.

2. It is shown that under adiabatic conditions the
soldering time, necessary for melting of solder be-
tween the plates, significantly depends on parameters
of heat contact between the heater and the first plate,
but almost does not depend on parameters of heat
contact between the solder and the second plate.

3. Their values can be determined based on exper-
imentally measured thermograms for laboratory sys-
tem, consisting of the elements with similar contact
areas by means of self-consistent calculation includ-
ing variation of parameters, characterizing heat resis-
tance in the contacts.

4. Obtained parameters of heat resistance can be
used in modelling of thermal fields in the systems
for soldering of parts with random dimensions. It is
shown that 10-20 % increase of energy capacity and,
thus, thickness of heater, is necessary to achieve sol-
der melting at transfer from laboratory to «real» sys-
tem with «endless» second plate.
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