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Abstract

In this work, effects of different tool pin profiles of flat and tapered shoulder geometries on the peak
temperature in friction stir welding are investigated analytically. The developed models used for the analytical
investigations considered the welding process as a combination or mixture of the pure sliding and the pure
sticking. From the results, the amount of heat generation and the peak temperature are directly proportional to
the number of edges in the pin profiles in such a way that the heat generated and peak temperature in the
profiles increases from the triangular pin profile to hexagonal pin profile. Also, the rate of heat generation and
the peak temperature in flat shoulder are greater than in tapered/conical shoulder. The results in this work are
validated with experimental and the past theoretical results and good agreements are achieved.
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1. Introduction

The role of Friction stir welding (FSW) tool in the solid state welding process for the enhancement of weld quality
and process efficiency has been well established. The understanding of the thermomechanical interaction in the
welding is largely dependent on proper modeling of the heat generation and temperature history of the tool and
workpiece. Consequently, several practical methods have been adopted to calibrate heat flow and temperature but
none of these approaches enable the heat generation and weld temperature to be predicted without an experimental
measurement of some kind. A more accurate and predictive approach uses the 3-dimensional flow field to calculate
the heat generation from the material viscous dissipation. Even with these more sophisticated models, there is
conjecture over the best ways to describe the material behaviour. Previous works on modeling the FSW process for
heat generation from the FSW tool are based on assumptions regarding the interface condition, which led some
limitations and inaccuracies. The fraction of heat generated by the probe is estimated to be as high as 20%, which
leads to the conclusion that the analytical estimated probe heat generation contribution is not negligible. Also, the
real situation during the welding process is a combination of the pure sliding and the pure sticking.

In the model by Chao and Qi [1] developed heat generation model based on the assumption of sliding friction,
where Coulomb’s law is used to estimate the shear or friction force at the interface. Also, in their model, the pressure
at the tool interface is assumed to be constant, thereby enabling a radially dependent surface heat flux distribution as
a representation of the friction heat generated by the tool shoulder, but neglecting the heat generated by the probe
surface. Frigaard et al. [2] modeled the heat input from the tool shoulder and probe as fluxes on squared surfaces at
the top and sectional planes on a three-dimensional model and control the maximum allowed temperature by
adjustment of the friction coefficient at elevated temperatures. Russell and Shercliff [3] based the heat generation on
a constant friction stress at the interface, equal to the shear yield stress at elevated temperature, which is set to 5% of
the yield stress at room temperature. Gadash and Kumar [4] developed heat generation model for different pin
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profiles in friction stir welding considering only sliding condition while Colegrove [5] uses an advanced analytical
estimation of the heat generation for tools with a threaded probe to estimate the heat generation distribution.
Raouache et al. [6] developed finite element simulation for transient three-dimensional thermal analysis of different
tool geometries of the Friction stir welding using COSMOL MULTIPHYSICS while Emamikhah et al. [7],
Ramanjaneyulu [8], Juarez et al. [9] presented out experimental studies on the role of pin profile and temperature on
friction stir welding. Since the peak temperature attained during the welding process has direct effects on the
microstructure and the control of peak temperature can potentially avoid the need for post-weld heat treatment for the
welding of the material and to obtain defect-free joints. Therefore, the determination of the peak temperature is very
important. However, the measurement of temperature at the stir zone is difficult due to intense plastic deformation
and this pose a serious concern to researchers [10]. Therefore, Patil and Mastud [11] simulated the peak temperature
in friction stir welding process of aluminium plates using COSMOL MULTIPHYSISC while Patel and Patil [12]
simulated peak temperature and flow stress of aluminium alloy AA6061 for various tool pin profiles using finite
element analysis software (HyperXtrude solver). Also, due to the fact that experimental measurements of large
number of peak temperatures and cooling rates during FSW are time consuming and expensive [13].

A practical recourse has been based on the development of empirical model (an experimental data-based model)
as done by Hamilton et al. [14] and Essa et al. [15]. However, the classical way for determining the peak temperature
using mechanistic model is obviously still very important since it provides good insights into the significance of
various welding parameters affecting the process. Therefore, in this work, effects of different tool pin profiles of flat
and tapered shoulder geometries on the peak temperature in friction stir welding are investigated analytically. The
developed models take into considerations that the welding process as a combination or mixture of the pure sliding
and the pure sticking. The results in this work agreed with the conclusion of the past work. Therefore, the improved
models could be used to estimate the heat generation in FSW tool.

2. Heat generation Models for different Pin and Shoulder Profiles

The pin geometry plays a vital role for material flow, temperature history, grain size, and mechanical properties
in the FSW processes [4]. Therefore, heat generation models developed for different pin profiles with flat and
conical shoulder has been developed in our previous paper [16] and they are given as:
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(a) Triangular pin (b) Square pin (c) Pentagonal pin  (d) Hexagonal pin
Fig. 1. Different profiles pin used in FSW [4]

2.1Triangular pin profile
The energy per unit length of the weld for the straight/flat shoulder tool is developed as
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The energy per unit length of the weld for the tapered/conical shoulder tool is given as [16]:
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2.2 Square pin profile

The energy per unit length of the weld for the flat shoulder tool is
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The energy per unit length of the weld for the conical shoulder tool is
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2.3 Pentagonal pin profile
The energy per unit length of the weld for the flat shoulder tool is
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The energy per unit length of the weld for the conical shoulder tool is given
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2.4 Hexagonal pin profile
The energy per unit length of the weld for the flat shoulder tool is developed as
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The energy per unit length of the weld for the conical shoulder tool is given as
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Where in all the profile considered, the contact shear stress is given by
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)

{ Up for frictional heat generation (Coulumb's friction law)
cont

T,a  for deformational heat generation

where p is the frictional coefficients, p is the contact pressure, 7y is the yield strength of the workpiece.
Following Arora et al. [17], frictional coefficients can be calculated as

w R
/u = /’luexp (_é‘sﬁp ;R_pJ (10)

o K

where u, is the static friction coefficient and it is taken as 0.45 [18, 19]. J,, is the slipping factor, e is the rotating

lip
speed and the reference rotation speed w, is taken as 400 rpm. R, and Ry are the radii of the tool pin and the shoulder,
respectively. The parameter 77 represents the fraction of the mechanical energy that is converted to frictional heat
and deformational heat. Which could be as high as 0.99 based on the assumptions of previous work. The boundary
value of the yield shear stress from the von Misses yield criterion in uniaxial tension and pure shear is given by

r _ ayield (T > 8) (1 1)
vield — T
The yield strength of the workpiece’s material, o, (T,¢) is highly dependent on temperature, T and strain rate, &.

The analysis of the tangential stresses within FSW requires the full temperature and strain history in the workpiece
in a wide zone around the welding tool. Sheppard and Wright [20] elastic-plastic model may be used to evaluate the
temperature-strain dependent yield strength of the workpiece’s material, o,,, (T ,¢) .

1
00 T'2) = sinh™ (Mj (12)
a A

where 4, a, and n are material constants and Z(e,T) is the Zener-Hollomon parameter that represents the
temperature-compensated effective strain rate by

Z(eT)=ée xp(R%j (13)

where &,0,R,and T are strain rate, activation energy, universal gas constant and absolute temperature,
respectively. While Sheppard and Jackson [21] developed the elastic-plastic model for yield strength of the
workpiece’s material as
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It was stated that the lack of the detailed material constitutive information and other thermal and physical
properties at conditions such as very high strain rates and elevated temperatures seems to be the limiting factor
while modeling the FSW process [22]. Consequently, Colegrove and Sherchiff [23] and Wang et al., [24] pointed
out that Sheppard and Jackson’s elastic-plastic model is not applicable at the melting of the material. Although, Su
et al. [25] modified the Sheppard and Jackson’s elastic-plastic model as

1
2 |2

1
1 T —273 Z(T,e) Z(T,e)
Gl ,6)=0, + ;[1—,/T _273j[n [ (A )j + 1+[%j (15)
In this work, we adopt a developed generic model [26]:
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Where Tio0m is the room temperature and p is the model constant which ranges from1.8 < p <2.2, depending on the
material. o, is the yield stress beyond the melting point of the material. Alternatively, we have [26]
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On expanding Eq. (17), we have
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Another generic model developed by the author [26] is
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However, in the analysis of heat generation in FSW, the influence of strain on the decrease of yield strength can be
neglected and sufficient precision will still be maintained [27]. Neglecting strain effects on the yield strength is
possible since the maximal temperatures of the material reach about 80% of the melting temperature when the strain
has significant values due to near melting conditions in the material [17, 28]. Therefore, Eq. (13) becomes

_ indd (T )

Tpietd = 5 (21)
For Stainless steel, yield stress as developed in this work, we have
0d T)= B, +BT +BT>+ BT ++p T ++pT"° (22-a)
where
B, =240, B =7.3583x10", B, =-7.1333x107, B, =2.163x10", 22b)

B, =-2.7292x10" and 3, =1.1849x10°°

3. Modeling the peak temperature in friction stir welding

The published works in literature point to the fact that there is an optimum temperature range to obtain defect-
free joints and such a range has not been specified. However, a number of researchers as shown that there is a linear
regression of the temperature ratio Tpea/Ts (Where Tpeak is the peak/maximum temperature and Ts is the solidus
temperature) on 7y was derived: where this temperature range can be thought of as the optimum temperature range,
i.e. Tpeak = Topr. The correlation has a standard deviation of 0.024. The calculation results in a temperature range 7o,
= (0.8-0.9) T,. The rationality of this assumption was verified by experiments [28]. The linear relationship is given
by:

peak T opt

B )

s s

which gives
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Tpeak = (l//l +l//2Ts )Tv (24)

where v, and i, are to be determined from experiment e.g. for Aluminum alloy 1100-H14 and 2024-T3 rolled plates
8 and 3.2 mm in thick, y, =1.344and , =0.0005917 . Therefore, for the alloys

Tpeak Topt
——=——-=1.344+0.005917T (25)
T, T, ‘
Also, empirical model developed by Hamilton et al. [14] shown in Eq. (26) could be adopted
T,
;—’ =0.54+0.000156Q,,,. (26)
and Essa et al. [15]:
T eak
;— =0.5+0.0002Q,,, 27)
where
Qmax = ¢QEn@rgv (28)

@ is the ratio of the pin length L, to the workpiece thickness, ¢. In this work, our analysis establishes a non-linear
regression of the peak temperature and maximum heat generation, Quax

T =£Q,, Q7 (29)
Also, (_2 is the non-dimensional heat input, which is defined as [30]:
—~ o SaC
Q=221 (30)
kv

where, for conformity of calculation, the unit of @ changes from rpm to rad m/s and v from mm/min to m/s, o, is

the yield stress of the material at a temperature of 0.87s, S is the cross-sectional area of the tool shoulder, C is the
specific heat capacity of the workpiece material, k., is the thermal conductivity of the workpiece, and 1 is the ratio
according to which heat generated at the shoulder—workpiece interface is transported between the tool and the
workpiece, and is defined as:

G, o
(k pcp )T
also
v = Nr (32)
30nao (T &)
On substituting Eq. (32) into Eq. (30), we arrived
oS (ﬂNJC n
= 30
Q= z (33)
k ZNr
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Substituting Eq. (33) into Eq. (28) and (29), the peak temperature is developed as
r
oS LA Cn
, 130
T =619 Qe (34)

2
k 7Nr
" 30nao,,, (T ,¢)

4. Results and Discussion

Fig. 2 shows the effects of tool pin geometry on the total heat generation rate at the interfaces. From the results, it is
depicted that by increasing the number of edges, the amount of heat generation initially increases from the square
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pin to hexagonal pin profile and then decreases to the triangular pin profile. Furthermore, increasing the tool
rotational speed under constant weld speed, heat input increases, and increasing the weld speed under constant tool
rotational speed, heat input decreases. For the experimental conditions studied by Ramanjaneyulu ef al. [8], the
results show that the heat generation and the peak temperature is directly proportional to the number of edges on the
pin profile i.e. the heat generation and the peak temperature increase from pin with triangular profile (three edges)
to pin with hexagonal profile (six edges). The peak temperature at a given point is experienced by the point shortly
after it is passed by the heat source. It is useful for estimating the heat-affected zone size and also for showing the
effect of preheat on the HAZ size. It is evident from the equations that all parameters being constant, preheating
increases the size of the HAZ. Also, the size of the HAZ is proportional to the net energy input. Thus, the high-
intensity processes have a smaller HAZ. A high intensity energy source results in a lower total heat input because
the energy used in melting the metal is concentrated in a small region.

1400

—*— Flat/circular pin
Triangular pin

12004 —*— Square pin

y —+— Pentagonal pin

—&— Hexagonal pin

1000}

800} - .

400} ™ ]

2001 b

Q, Total heat heat generation rate at the shoulder (kW)

0 L I I I I L I I I
0 0.1 02 03 04 05 06 07 08 09 1

Dimensionless contact state variable

Fig. 2. Effects of pin shape on the total heat generation rate at the interfaces

Figs. 3-8 show the effects of welding speed, rotation speed and the efficiency of heating on the peak temperature of
the workpiece. Fig. 3 shows variation of peak temperature with welding rotational speed at different welding
velocities while Fig. 4 shows the variation of peak temperature with welding velocity at different power efficiency
factors. The figure indicates that the peak temperature decreases with increase in welding velocity while it increases
with rotational speed. This behavior originates from the fact that at higher welding velocity, the heat input per unit
length decreases and heat is dissipated over a wider region of the workpiece. It is also observed that peak
temperature becomes higher with higher power efficiency factors, as expected.

Also, peak temperature increases with increase in rotational velocity and power efficiency factor as shown in Fig. 4.
At high rotational speed, the relative velocity between the tool and workpiece is high, and consequently the heat
generation rate and the temperatures are also high. The spread in the data in this figure is due to the fact that the tool
rotational speed is not constant as the welding speed varies. It can be seen, however, that predicted maximum
temperatures tend to decrease as the translational speed increases. While increasing the welding speed tends to
decrease the maximum temperature, increasing the rotational speed has the opposite effect; and this can be observed
in Fig. 3. It may be noted here that the peak temperatures in four locations are in the range of about 790 to 807 K
depending on the welding velocity and rotational speed. The peak temperatures close to the centerline are similar
but decrease with distances away from the tool. The tool is like a heat source; thereby distances away from the tool
are expected to be at lower temperature.
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—#—V = 60 mm/min
800§ —+—V = 90 mm/min

780 g Wt
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A\
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760 o
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Rotational speed (rpm)
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Fig. 3. Effects of welding velocity on the peak temperature as variation of rotational speed
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Figs. 4 shows the variation of peak temperature with welding speed at different power efficiency factors of 0.85,
0.90 and 0.95. The figure indicates that the peak temperature decreases with increase in welding velocity. This is
because at higher welding velocity, the heat input per unit length decreases and heat is dissipated over a wider region
of the workpiece. Unsurprisingly, the peak temperature becomes higher with higher power efficiency factors. Also,
the figures show the effects of heat generation at the shoulder on the welding speed. As expected, as the welding
speed increases, the heat generation at the shoulder increases. This is because, the increase in the speed of the
welding tool causes more agitation in the workpiece, increases the random motion and collisions of the workpiece
particles and in consequent, more heat are generated.

800

—— Npeating = 0-85 /
e
780 Mheating ~ 0.90 "#/.WM’
Nheating = 0-85 /WW
g
760 m

(K)

o
i
740 ﬁaﬁﬁwﬁ
7

f/"fﬁ*"’
700 J;Jﬁﬁ
P

Peak temperature

6807

660
200 250 300 350 400 450 500 550 600
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Fig. 4. Effects of efficiency of heating on the peak temperature as variation of rotational speed
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Fig. 5. Effects of heat generation at the shoulder on the welding speed as variation of rotational speed
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Fig. 6. Effects of heat generation at the shoulder on the welding speed as variation of rotational speed
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Fig. 7. Effects of efficiency of heating on the peak temperature as variation of welding speed

Fig. 8 shows the variation of peak temperature with welding speed at different rotational speed. The peak
temperature increases with increase in rotational velocity. At high rotational speed, the relative velocity between the
tool and workpiece is high, and consequently the heat generation rate and the temperatures are also high. Although
the peak temperature decreases with increase in welding speed, as the rotational speed of the tool increases, the peak
temperature increases. These trends or effects is occurred because, the increase in the rotational speed of the welding
tool as it is inserted into the workpiece causes more agitation in the workpiece, increases the random motion and
collisions of the workpiece particles and in consequent, more heat are generated and therefore the peak temperature
of the tool increases. It should be noted that the higher tool traverse speed induces a lower heat input to the weld
zone; the rotary speed determines the quality of heat production and degree of plastic deformation. The traverse
speed determines the heat input per unit length of the weld. At higher rotary speed, the peak temperature is higher
and forms lots of plastic metal. With the increase of temperature, thermal activation energy provides lots of energy to
the dislocation motion and significant residual stress relaxation is likely to occur. Moreover, there is enough time for
the stress relaxation due to long cooling times. At lower traverse speed, i.e., higher heat input per unit length,
material further away from the weld line is heated up; this results in an increase in the width of the high temperature
zone around the tool and a decrease of thermal gradients, thus reducing the thermal expansion mismatch upon
cooling, which has been previously observed in the literature [21].

750 T T
X —— N =200 rpm

745 —#—N =210 rpm H
*g}% —+— N =220 rpm

740

g 73 8 =
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8 720 Pt Mt
715 m ]
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710 -

705

0.02 0.04 0.06  0.08 0.1 012 014 016  0.18
Welding speed (mm/s)

Fig. 8. Effects of rotational speed on the peak temperature as variation of welding speed

Table 1. Comparison of results of heat generated and peak temperature for different tool profiles

Profile 0] e J/mm [8] QE[/’ J/mm T/’effk (K) Tpeak (.K ) T peak (.K ) T peak (&)
: (Present work) ~ Experiment [8] Numeric [4] Analytic [4] (Present work)
Triangle 163.25 393.19 614 733 515 547
Square 167.70 429.64 619 789 516 553
Pentagon 135.63 471.88 623 724 511 559
Hexagon 121.01 514.40 637 713 509 565

For the experimental conditions studied by Ramanjaneyulu et al. [8], the results show that the heat generation and
the peak temperature is directly proportional to the number of edges on the pin profile i.e. the heat generation and the
peak temperature increase from pin with triangular profile (three edges) to pin with hexagonal profile (six edges).
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Apart from the fact that our present study establishes this experimental fact analytically, which are not well
established by the analytical results of Gadakh ef al. [4], judging from the established experimental results as stated
in Table 1, our present study have better predictions for the peak temperature than the previous analytical study as
shown in Table 1. The enhanced predictions are due to the improved models developed in this present work.

5. Conclusion

In this work, analytical models have been developed to investigate the effects of different tool pin profiles of flat and
tapered shoulder geometries on the peak temperature in friction stir welding. The results showed that the amount of
heat generation and the peak temperature are directly proportional to the number of edges in the pin profiles in such a
way that the heat generated and peak temperature in the profiles increases from the triangular pin profile to
hexagonal pin profile. Also, the rate of heat generation and the peak temperature in flat shoulder are greater than in
tapered/conical shoulder. The results in this work have been validated with experimental and the past theoretical
results and good agreements were achieved.
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