Dimensionless correlation to estimate peak
temperature during friction stir welding

G. G. Roy, R. Nandan and T. DebRoy*

A dimensionless correlation has been developed based on Buckingham’s n-theorem to estimate
the peak temperature during friction stir welding (FSW). A relationship is proposed between
dimensionless peak temperature and dimensionless heat input. Apart from the estimation of peak
temperature, it can also be used for the selection of welding conditions to prevent melting of the
workpiece during FSW. The correlation includes thermal properties of the material and the tool,
the area of the tool shoulder and the rotational and translation speeds of the tool. The peak
temperatures reported in the literature during FSW of various materials and welding conditions

were found to be in fair agreement with the proposed correlation.
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Introduction

Friction stir welding (FSW) is a solid state welding
process where a rotating tool with a large diameter
shoulder and a much smaller cylindrical threaded pin
passes through the interface of the two plates to be
joined.! Heat is generated by friction between the tool
and the workpiece as well as by plastic deformation of the
alloy. The rotational and translational speeds of the tool,
the tool design and the properties of the workpiece and
the tool affect the temperature and plastic flow fields. The
peak temperature and the temperature field in FSW have
been widely studied both experimentally and theoretically
because they affect both the welding process as well as the
welded alloys significantly. However, currently there is no
simple method to estimate the peak temperature during
FSW without comprehensive numerical modelling of heat
transfer and plastic flow.

Most of the initial quantitative studies of temperature
fields and peak temperature were based on heat
conduction theory.>® These models ignored important
physical processes such as the plastic flow of the
workpiece material near the tool and had been replaced
by more accurate and computationally more intensive
process models. Seidel and Reynolds’ developed a model
to study the effect of weld pitch on the material flow.
Colegrove and Shercliff®® used a material flow model
and found that different tool designs did not result in
any significant changes in heat generation. Ulysse!'”
modelled FSW of thick aluminium plates, based on a
three-dimensional viscoplastic model. Two-dimensional
steady state heat transfer and fluid flow for FSW of 304
steel was modelled by Cho er al'' Most recently,
Nandan et al. reported fully coupled model of three-
dimensional material flow and heat transfer during
FSW of aluminium alloy,'? 304 stainless steel'* and 1018
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C-Mn steel.'* They considered spatially variable heat
generation rates, non-Newtonian viscosity as a function
of local strain rate and temperature, temperature
dependent thermal conductivity, specific heat and yield
stress. The computed temperature fields and TMAZ
agreed well with the corresponding independent experi-
mental data. Although the comprehensive three-dimen-
sional models have been developed to describe the
temperatures and material flow during FSW, they are
computationally very intensive because they involve
solution of complex three-dimensional equations of
conservation of mass, momentum and energy. Here
the authors present a dimensionless correlation that may
be used to estimate peak temperature for a wide range of
welding parameters and different tool workpiece combi-
nations without any time consuming and expensive
comprehensive numerical modelling.

Dimensional analysis

Buckingham’s n-theorem is used to develop a dimen-
sionless correlation for the calculation of peak tempera-
ture during FSW of different engineering alloys. First,
the variables that influence the peak temperature 7p are
identified. They are:
(1) the heat input per unit length to the workpiece
f O'gA
(i) the rotational velocity of the tool @
(iii) the thermal property of the workpiece k/Cp
(iv) the translation velocity of the tool U and
(v) the initial or preheat temperature of the work-
piece T,
In these variables, og represents the yield stress of the
workpiece at a temperature of 0-875 where Tg is
the solidus temperature, A is the cross-section area of
the tool shoulder defined as

A=n(R;—R})

where R, and R; are the shoulder and pin radius
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respectively. The factor ‘" represents the ratio in which
heat generated at the tool shoulder/workpiece interface
is transported between the tool and the workpiece. Its
value can be calculated based on steady-state one
dimensional heat transfer from point heat source located
at the interface of dissimilar materials'’

f=[koCor]? /[thoCoyy] " 1)

where the subscripts W and T indicate the workpiece
and tool respectively, k is the thermal conductivity, Cp is
the specific heat and p is the density of the material.
Applicability of equation (1) has been established by
Lienert er al.'® based on experiments. The value for ‘f’
for FSW of aluminium alloy with steel tool is found to
be >90%, while it is only 60% for FSW of 1018 C-Mn
steel with tungsten tool and 40% for 304 stainless steel
with tungsten tool.'>"!#

During the FSW process, heat is generated by both
friction at the shoulder/workpiece interface and plastic
deformation of the workpiece.” Since the coefficient of
friction changes with temperature and its values at
different temperatures are scarce, frictional heat generation
is difficult to calculate accurately. Therefore, the heat
generation rate is often calculated from the yield stress.
Since the yield stress depends on temperature, its value at
0-8T is assumed for simplicity to estimate the maximum
shear stress for plastic deformation at the surface.'*'*
Since in many FSW systems, >80% of the heat is generated
at the shoulder/workpiece interface,'>'* the heat genera-
tion at the surface of the pin is neglected. The initial or
preheat temperature T;, is important because a given heat
input will yield higher peak temperatures for higher initial
temperatures. The thermal property of the material k/Cp is
an important parameter because it affects heat transfer and
peak temperature. Since thermal properties k and Cp are
temperature dependent, their values have been calculated
at the mean temperature 7y by

Table 1 shows all six pertinent variables including peak
temperature for dimensional analysis with their dimen-
sions in MLTO system, where M, L, T, 0 represent
mass, length, time and temperature. The total non-
dimensional numbers according to Buckingham =-
theorem will be (6-4)=2; one for peak temperature
and the other for heat input into the workpiece.

The non-dimensional peak temperature is obtained as

T"=Tp/Tin

or more appropriately in terms of temperature ranges, as
follows

T*=(Tp—Tin)/(Ts—Tin) (@)

where Ts has not been treated as separate variable
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1 Linear relationship between dimensionless temperature
and log of dimensionless heat input to workpiece

because its effect has already been embodied in the
variable ag.
The non-dimensional heat input is obtained as

0" =(fosAdoCp) [ (kU?) 3)

Results

Figure 1 shows a plot of dimensionless temperature
versus dimensionless heat input. Data for peak tem-
peratures at different rotational speeds, translational
velocities, tool geometries and for three different
materials, namely 6061 aluminium alloy,'” 1018 C-Mn
steel'* and 304L austenitic stainless steel'®> have been
obtained from a comprehensive three-dimensional
mathematical model of FSW process. These peak
temperatures in dimensionless form have been plotted
against the dimensionless heat input. Some of the
reported experimental data, depicted by filled symbols,
are also superimposed and those are found to be in good
agreement with the developed correlation. As can be
seen from the figure, the data can be fitted with in the
following relation with a standard deviation of 0-055

T*=0-1311n(Q*) +0-196 @)

The above relation is valid for values of Q* between
5x10% and 5x 10°. This range of Q* is typical for the
operation of the FSW systems reported in the literature.
Unlike the values of 7%, the values of Q* vary by two
orders of magnitude. As a result, it is convenient
to correlate 7% as a function of log(Q*). The above
relation may be used to estimate the peak temperature

Table 1 Pertinent variables for dimensional analysis with their dimensions in MLT0 system
Variable Dimension
Peak temperature Tp 0

Heat input per unit length that transmit towards the workpiece fogA ML/T?
Thermal property k/Cp MILT
Angular velocity of the tool @ 1T
Translational velocity of the tool U LT

Initial temperature T, 0
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reasonably well during FSW process for a given material
tool combination, tool geometry and welding and
rotational speeds without any comprehensive modelling.
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