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Abstract

Cooling rate and temperature control is implemented in rotary friction welding in order
to obtain favorable microstructures and avoid martensite and other brittle microstructures.
Limits of achievable cooling rates in friction welding are primarily determined by thermal
and geometric properties such as thermal diffusivity and length. A controller limits interface
temperatures during a weld preheat, changing the thermal profile, thus decreasing the cooling
rate after the weld has finished.

This method is demonstrated in 1045 steel. Cooling simulations, TTT diagrams, mi-
crohardness line scans, and scanning electron microscopy are used for analysis. Without
temperature and cooling rate control, a martensite readily forms after a weld. With tem-
perature and cooling rate control, martensitic transformations are avoided and a pearlitic
microstructure is developed. Temperature control is a viable tool in designing post-weld
microstructures within achievable cooling rate limitations.
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1. Introduction

1.1. Rotary Friction Welding

Rotary friction welding (RFW or FW) is a thermo-mechanical solid-state joining process
for axisymmetric metallic components [1]. In FW, work pieces are brought together while
rotating under a high axial force, creating frictional heating. The combination of heat and
pressure leads to metallurgical bonding after the weld has finished.

Friction welding is an advantageous welding processes due largely to its thermal cycle.
Peak temperatures in FW, often in the hot-working range [2], are lower than fusion welding.
This eliminates solidification and shrinkage defects which may occur in fusion welding, and
can lessen the severity and extent of the heat affected zone (HAZ) [3, 4]. Process times
in FW are also typically lower, resulting in lower energy expenditure and greater process
throughput [5, 6].

While a lower thermal cycle in FW is primarily advantageous, there are potential draw-
backs. Due to low energies and rapid temperature changes the thermal gradients can be
steep, resulting in high cooling rates [7]. While solid solution strengthened alloys are largely
unaffected by a quick cooling rate, quench and precipitation strengthened alloys may have
suboptimal microstructures. In another solid-state joining process, friction stir welding,
cooling rate has been shown to have a far greater impact on microstructure than any other
input variable [8]. High cooling rates can lead to brittle microstructures like martensite in
most steels.

1.2. Thermal Control

A specific microstructure can be created by modifying the cooling rate. The cooling rate
is determined by the temperature profile at weld completion, and thus cannot be directly
controlled. Preheating a weld can build up heat in the weldment. The cooling rate can thus
be indirectly controlled as an open-loop system by controlling the thermal profile. High
interface temperatures are, however, a common consequence of weld preheating. This can
result in grain growth, overly large HAZ regions, and extra shrinkage during cooling. These
effects can be mitigated by limiting or controlling the interface temperature during a welding
preheat.

Closed-loop temperature control is common in friction stir welding (FSW), a related
thermo-mechanical joining process. Factors such as temperature measurement location and
controller tuning affect temperature control [9]. The large body of temperature control re-
search in FSW shows that temperature can be reliably controlled with a variety of algorithms
and methods (PID, MPC, SISO, MIMO, etc) [10, 11, 12, 13], using different inputs as the
manipulated variable(s) (spindle speed, spindle power via torque, axial force) [14, 15, 16],
with different controller tuning methods (step test, relay feedback, simulation, first-principles
modeling) [9, 12, 17, 18], and with different controller parameters/gains [17, 19].

1.3. Owverview

The present work introduces cooling rate and temperature control in FW with the goal
of controlling process temperatures and thermal profiles in order to achieve specific cooling
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rates, and thus desired microstructure and properties. Heat transfer analysis is used to
determine approximate upper and lower bounds on cooling rates. Controller operation, tun-
ing, and setpoints are presented and discussed. The impacts of controlled and uncontrolled
welding is shown in both simulation and welding. Microstructural analysis corroborates sim-
ulation data, showing that controlling temperature and cooling rates can result in drastically
different microstructures.

2. Limits of Achievable Cooling Rates

Material kinetics determine the microstructure(s) that is formed during cooling. A cool-
ing rate in excess of 1000 °C/s is needed to form martensite in a low-carbon steel, while
a cooling rate slower than 0.006 °C/s is needed to form a fully pearlitic structure in 4340
steel. Only a limited range of cooling rates can be realistically achieved in FW. This range
determines if a specific transformation can be achieved through FW temperature control.

2.1. Minimum Cooling Rate

In FW, the dominant cooling mechanism for the weld zone is conduction into the part
being welded. The slowest realistic conductive cooling rate is achieved when a temperature
gradient is fully linear, with the maximum temperature at the weld interface, and room
temperature at the fixed end. In this case the thermal diffusivity and specimen gauge
length determine the cooling rate.

Multiple simulations were performed while varying thermal diffusivity and preheated
gauge length. The material was preheated to a linear gradient, with the cold end fixed to
an infinite heat sink. Temperature was non-dimensionalized to be equal to the difference
between the hot and cold end. Convective and radiative losses are ignored, and thermal
diffusivity is constant. The results from these simulations are shown in Figure 1.
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Figure 1: Slowest achievable cooling rate for different ratios of thermal diffusivity to preheat gauge length.



CCT diagrams often show superimposed constant cooling rate contours, but truly con-
stant cooling rates rarely occur outside of slow furnace-controlled situations. Instead, the
average cooling rate down to 50% of the initial temperature was calculated by first mea-
suring the half-cooling time (t50), or the time to cool to 50% of the initial temperature as
shown in Figure 1. A constitutive relationship between thermal diffusivity («), preheated
length (1), and the half-cooling time was determined to be

tso = 0.196 I*/«x (1)

With an initial temperature differential between the hot and cold ends of AT, the average
cooling rate (C'R,,n) over the range of AT/2 is

CRpin = 2.55 AT o/ I? (2)

Accordingly, a mild steel with a thermal diffusivity of about 1.2e-5 m? /s that is preheated
to 750 °C above room temperature over a length of 50 mm would take approximately 40 s
to reach about 400 °C and have an expected minimum cooling rate of about 9 °C/s.

These relationships are merely estimates to check feasibility. Convection cooling and the
temperature-dependence of thermal priorities are ignored, and C'R,,;, is therefore merely
an estimate. If CR,,;, < CRyeeqeq temperature control is viable; if CR,,in ~ CRpceded
then the method may work or may only be marginally effective; if CR,,;, > C R, ceqeq then
this method is not viable. Extremely slow cooling rates and workpieces with a high surface
area to volume ratio may also be nonviable due to convection and radiation becoming the
dominant cooling mechanism.

2.2. Maximum Cooling Rate

The fastest possible cooling rate will occur when the interface temperature is reached as
quickly and with as little thermal energy as possible. An infinite cooling rate would develop
if an impulse of thermal energy were added to the welding interface of a semi-infinite solid.
Such a situation is only possible in mathematical treatments of heat transfer, not when heat
is generated due to surface friction as with FW.

Processes such as FW are self regulating, thus limiting the maximum heating rate. If
the process could be maintained at the maximum heat rate until and only until the trans-
formation temperature was reached, a maximum quench rate at the interface would occur.
A normalized heat-flux rate (Q) is defined as

Q=q"/(kAT) (3)

where ¢” is the heat flux, k is the thermal conductivity, and AT is the temperature
difference. Simulations were performed at different values of a and (). A precise relationship
between «, O, and t5y was determined to be

tso = 0.452/(Q* a) (4)
from which the maximum average cooling rate to the half-temperature is then
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CRpaz = 2.21 AT Q* (5)

Determining an appropriate maximum heat flux rate is difficult but critical to approx-
imating the maximum cooling rate. Factors such as temperature-dependent flow stress,
friction constitutive law, surface velocity and axial force all affect the maximum heat flux
that can be generated at the sample interface [4]. Table 1 shows peak values that the authors
have observed in FW for different alloys.

Table 1: Observed Peak Heat Generation Rates and Estimated Max Cooling Rates in Various Alloys

Alloy 718 | NFA | Plain Carbon Steel
¢ (W/m?) 8e7 6eT 4.5e7
Q 3e3 2e3 1.2e3
C'Rnaz(°C/s) 2eb 5ed 3e4

It must be stressed that the max cooling rate calculated in Equation 5 is merely an
estimate. In particular, this assumes a very high heating rate this is constant but brief,
which may be difficult to achieve in some welding conditions. Accordingly, the max cooling
rate C'R,,., should only be used as a feasibility check to to ensure that a sufficient fast
cooling rate can likely be achieved. For almost all pearlitic transformations C'R,,;, will be
the limiting factor, whereas C'R,,,., is the limiting factor if martensite is desired.

3. Thermal Control in Friction Welding

Controlling the thermal profile and subsequent cooling in FW to obtain a desired mi-
crostructure is comprised of two separate but interrelated aspects. A closed-loop preheat
is used to raise the thermal profile, thus effectly controlling cooling rate in an open-loop
manner. At the same time, temperature control is used in a closed-loop manner to control
the weld interface temperature and prevent excessively high temperatures.

3.1. Weld Preheat

A 7preheat” section in FW is traditionally a low-force and high-temperature segment of
a weld. Bulk deformation occurs, and the weld interface can easily exceed 1200-1300 °C in
steels and superalloys. Extremely high temperatures generally create negative effects in the
resultant microstructure.

The preheat objective in this case, however, is to raise the temperature at a distance
away from the weld interface, in order to prevent rapid quenching. While doing so, the weld
interface should be kept at moderate temperatures. Temperature control during preheat
thus relies on using low power and prevents bulk upset and deformation.



3.2. Controlling Weld Power

Weld temperature is controlled by interface power, which is primarily dependent upon
surface velocity and axial force. A weld was performed with step changes in spindle speed
and axial force, with the output and inputs shown in Figure 2. Both force and power had
a direct effect on the weld power, which can be approximated by the equation P(W) =
S(rpm) * F(N)/2000 for the alloy and geometry described in Section 4.1. Minor changes in
axial force are easier to achieve than changes in spindle speed (due to inertial mass of the
spindle), and so axial force was chosen as the control variable for power and temperature.
Given a spindle speed and desired power, the required force can be solved using the above
equation. The constant in this equation are dependent on the alloy and geometry being

welded.
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Figure 2: Weld power output in response to step test changing spindle speed and axial force.

3.83. PID Temperature Controller

PID is a commonly used classical control scheme. FW PID temperature control requires
both an interface setpoint and a trigger value. This is in contrast to PID temperature control
in other thermo-mechanical process such as FSW which only references the setpoint value.
The PID algorithm controls the interface temperature to a setpoint, and the trigger tem-
perature determines when to stop the preheat segment of the weld. The control objectives
are shown schematically in Figure 3.

The interface temperature is measured near the weld interface. This provides quick
response and helps to avoid excessive surface temperatures. The PID controller adjusts the
welding power in response to the measured interface temperature in a closed-loop manner.

The body temperature is measured farther away from the interface, and together with
the setpoint value is used to estimate the thermal profile in the weldment. Once the body
temperature reaches the trigger value, the weld is stopped. The trigger value is determined
in advance by FEA simulations such that once this value is reached, a sufficient thermal
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Figure 3: Schematic of a temperature controlled weld (a) PID closed-loop preheat, with power and force
capped to prevent premature material flow (b) PID closed-loop preheat, with power decreasing to keep the
temperature near the setpoint without excessive overshoot (c) Trigger temperature is reached, indicating a
sufficiently developed thermal profile away from the weld interface (d) Power to the weld is stopped, and
cooling occurs in a open-loop manner

profile has developed that will result in the desired cooling rate upon weld completion.
Consequently this is open-loop predictive control of the cooling rate: once the weld is finished
it is impossible to affect the cooling rate by adding or removing thermal energy.

A PID controller was coupled in simulation to a thermal FEA model of the material.
The PID controller commanded a power, which was used as a boundary condition in the
thermal model. For actual welds, the controller’s commanded power was implemented via a
machine axial force setpoint. Both in simulation and actual welds, an artificial power limit
of 1 kW was given, during which time the PID integrator action is held off. Without a
power limit, a PID controller will attempt to reach the setpoint as quickly as possible by
requesting high power and forces. Premature high power and force can accidentally result
in a weld, instead of the desired preheat segment with zero bulk deformation.

In simulation, PID controller parameters were manually varied. The system showed a
wide range of acceptable PID parameters. PID gains of K, = 10 W/°C, K; = 1 W/(s°C),
and K, = 0 resulted in good performance without excessive manipulated variable movement
in simulation.

Coupled PID - FEA simulations were performed using the above PID gains, a setpoint
temperature of 900 °C 1mm away from the interface, and a trigger value of 700 °C 5 mm
away from the interface. The same FEA routine was also used to simulate a standard
uncontrolled weld, but with a constant power of 10 kW and a trigger value of 150 °C. The
cooling rates from these simulations are shown in Figure 4. A short uncontrolled weld is
predicted to largely transform into martensite, whereas a temperature controlled weld should
almost completely avoid martensitic transformations.
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Figure 4: Simulation cooling curves for a quick uncontrolled and temperature controlled friction weld in
mild steel, superimposed on a TTT diagram for 0.50% C steel [20].

4. Experimental Methods and Materials

4.1. Materials

AISI 1045 steel was selected as the welding alloy. Bar stock measuring 25.4 mm (1 inch)
was machined into tube samples having a 19 mm (0.75 inch) inner diameter 50 mm (2 in)
deep. K-type thermocouple beads were created and welded onto the sample at locations 1,
2, 3,4, and 5 mm away from the interface.

4.2. Welding Procedure and Control

All welds were performed on a TTI High Stiffness RM2 FSW machine with 10 ton
spindle and direct drive motor, and upgraded with a Bond Technologies B&R. high-speed
controller and data acquisition system. Force, position, spindle speed, specimen torque, and
external thermocouple temperatures were recorded during welding and for 60 s after each
weld. Duplicate weld sets were created to allow for both tensile tests and microstructure
analysis as described in Section 4.3.

All welds were run to a low upset condition (1-2 mm total upset) as more upset is un-
necessary to achieve good bonding. Additional welding generates excess heat and degrade
post-weld properties, and is more likely to detach thermocouples from the surface. Uncon-
trolled welds were run at a spindle speed of 1000 rpm, whereas temperature control welds
were performed at 200 rpm in order to achieve the lower welding powers which are required
for temperature control. The nominal feedrate during welding (excluding preheat) was set
at 4 mm/s, with a force maximum set to 40 kN for both welds.

For uncontrolled welds, rotation continued through a feed of 1.5 mm at which point the
spindle was given a stop command. The machine adjusted feed and position to attempt
to maintain a constant 40 kN of force during spindle stop and cooling. For temperature
controlled welds, the axial force was varied to match appropriate power setpoints commanded
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by the PID controller, with the PID controller referencing the 1 mm thermocouple for the
setpoint and controlling to 900 °C. Once the 5 mm thermocouple reached 700 °C, the axial
force was set to 40 kN (with a maximum of 4 mm/s) for 2 mm of feed, after which the
spindle stop command was given.

4.8. Testing and Microstructure Analysis

Tensile testing was performed on one specimen of each welding set to confirm full weld
consolidation and bonding. Specimens were tested in the as-welded condition. Testing was
done on an MTS machine with 450 kN (100 klbf) capacity, with a displacement rate of
0.0002 mm/s (0.005 in/s).

The other specimen of each weld set was used for microstructural analysis. Welds were
sectioned along the long axis and polished to a 0.05 pym finish. Specimens were tested in a
LECO microhardness indentor, with a loading of 200 g, 100 pm spacing in the axial direction,
and 5 columns spaced pym 500 apart in the radial direction. Hardness values were averaged
at each axial distance after confirming a lack of radial dependence on the measurements.
After indenting, imaging was performed in an FEI Aprio SEM using a backscatter detector
to produce channeling contrast, with a 30 kV accelerating voltage, 1.6 nA beam current,
and a nominal working distance of 5 mm.

5. Results
5.1. Tensile

The engineering stress-strain curve of both welds is shown in Figure 5. Both welds had
a fully consolidated joint, and the stress-strain curves of both welds were nearly identi-
cal through 1.5% plastic elongation. The uncontrolled weld experienced brittle failure at
and around the weld interface, whereas the temperature controlled weld experienced severe
necking and failed about 25 mm away from the weld interface in base metal. Both welds
exceeded the published yield and tensile strength of approximately 450 and 600 MPa respec-
tively. The presence or absence of temperature control did not negatively affect the usage
for yield-based design criteria.

5.2. Temperature

The temperature history of the temperature controlled weld is shown in Figure 6. The
observed temperature variations in the 1 mm thermocouple are due to intermittent stick-slip
power generation at the interface and changing force commands given by the temperature
controller.

Cooling profiles for both welds are superimposed on T'TT diagrams in Figure 7. Measured
weld power was used by the FEA model to simulate the temperature history of the welds.
Both the interface and farthest position that reached the austenitic temperature are plotted
for the FEA simulations. If weld thermocouples reached the austenitic temperature, the
closest and farthest thermocouples that reached the austenitic temperature are also shown
in the plots.
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The FEA model predicts that material within 0.75 / 3 mm from the interface in the un-
controlled / controlled welds reached the austenitic temperature of 766 °C. In line with this,
the uncontrolled weld did not have any thermocouples that reached 766 °C, whereas several
thermocouples of the temperature controlled weld reached the austenitic temperature. The
FEA simulations predict a fully martensitic structure near the interface of the uncontrolled
weld, and a fully pearlitic structure through the entirety of the temperature controlled weld.

5.3. Microscopy

Scanning electron micrographs were taken of both samples, both at the interface and
in non-HAZ base metal, and are shown in 8. The base metal of both welds shows pearlite
and ferrite grains as expected for a sub-eutectic carbon steel. The interface of the con-
trolled welds shows deformed ferrite and fine pearlite/discontinuous cementite grains. In
contrast, the uncontrolled weld interface contains martensite with small pockets of retained
austenite/ferrite, but is completely void of pearlite structures.

Figure 8: SEM micrographs of specimen microstructures (a) interface of controlled weld (b) interface of
uncontrolled weld (c) base metal of controlled weld (d) base metal of uncontrolled weld

Figure 9 shows that the base metal abruptly starts to transition from ferrite and pearlite
at 0.7 mm from the interface, with the transition finishing at approximately 0.2 - 0.3
mm away from the interface. Lath structures are faintly visible in many of the dark areas
of Figure 9 in the 0.7 - 0.4 mm range under higher magnification. It is thus theorized
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that the transition zone between 0.7 and 0.3 mm is due to incomplete transformation of
ferrite and pearlite to austenite during due to insufficient time and temperature above the
austenitic transformation temperature. Any austenite formed during welding transformed
into martensite during cooling.

urr  det m;

HFW WD cu e
1.38 mm 5.2069 mm 30.00 kV 1.6 nA CBS 15

Figure 9: SEM micrograph of the uncontrolled weld near the interface. The image spans from 0 to 0.9 mm
away from the weld interface, with the weld interface at the top of the image. The microhardness grid is
spaced 100pm vertically and 500 um horizontally. The middle three columns of indents are visible in the
micrograph.

5.4. Microhardness

The microhardness profiles of both welds are shown in 10. The faster uncontrolled weld
has an area of extreme hardness extending about 0.7 mm on each side of the center of the
weld. The temperature controlled weld shows slight hardening at the center, but has mostly
uniform hardness. Both welds show evidence of slight tempering around the weld zone,
about 20 HV softer than the base metal.

Estimated martensitic percentage was determined by interpolating the hardness values
from the intent columns visible in Figure 9 against hardness vs martensite percentage data
for 0.45% carbon steel [21]. The calculated martensite percentage is plotted against distance
from interface in Figure 11.

6. Discussion

Pre-weld thermal simulations in Figure 4 suggest that a shift from martensitic to pearlitic
microstructures can be achieved by controlling temperature. Both thermocouple data and
post-weld FEA simulations support this conclusion (Figure 7). SEM images show that grains
near the weld interface are broken up and refined, which is to be expected for a thermo-
mechanial deformation process (Figure 8). Even at the interface, grains of both ferrite and
lath pearlite with discontinuous cementite are present. Microhardness measurements confirm
that the hardness throughout the entire weldment is consistent with a pearlitic structure
(Figure 10).
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In contrast, the thermal data from Figure 7 predict that austenitized material in the
uncontrolled weld will transform into martensite upon cooling. FEA simulations predict
that only material within 0.75 of the interface reached austenitic temperatures. This is in
line with the microhardness data of Figure 10, which shows a dramatic increase in hardness
at 0.7 mm. Between 0.3 and 0.6 mm of the interface, the martensitic percentage decreases
from over 95% to about 80%, before dropping off entirely at 0.7 mm (Figure 11).

The macrograph of Figure 9 shows a change in microstructure sharply occurring at about
0.7 mm, and then gradually fading until saturating at about 0.3 mm. This is in-line with the
estimates of martensitic percentage in Figure 11. Cooling rates from Figure 7 are sufficient
to form martensite within 0.75 mm from the interface, and some martensitic structures can
be seen as low as 0.6 - 0.7 mm away from the interface. Therefore it is believed that the
region near 0.7 mm did not have sufficient time and temperature during heating to fully
transform into austenite in the first place. Very small pockets of retained ferrite near the
weld interface in Figure 8 support this hypothesis. Yet any austenite that did form during
welding completely transformed into martensite upon cooling.

Without temperature control, cooling rates were sufficiently high that martensite formed
in any material that had sufficient time and temperature to transform into austenite during
welding. In contrast, temperature control was able to control the cooling process such
that brittle martensitic microstructures were avoided, and post-weld microstructure and
properties without any heat treatment were pearlitic and similar to the base metal.

7. Conclusions and Future Work

Cooling rate and temperature control is developed, and is shown to be a way to obtain
desired microstructures in FW. No negative affects occurred due to temperature and cooling
rate control in 1045 steel — no weld defects were present, yield strength was the same for
both welds, and no part geometry modifications were needed. Multiple evidence sources
including thermal FEA, SEM, and microhardness all show that cooling rate and temperature
control was able to completely stop the formation of martensite in this 1045 steel. The only
necessary modifications to enable this control were (1) adding thermocouples to the parts,
and (2) changing machine programming.

Inherent limitations exist for FW thermal control, with thermal and geometric properties
limiting what cooling rates and microstructures can be formed in a given weld. The metal’s
thermal diffusivity and part gauge length primarily determine the minimum cooling rate. At
extremely slow cooling rates, convective and radiative cooling may instead dominate cooling.
Consequently this method will not work for all microstructures of all alloys, such as forming
pearlite in an M grade steel.

A large amount of potential future work exists in the field of temperature and cooling
rate control in rotary friction welding. Temperature control may be able to help mitigate
ultra-fine grain structures at weld interfaces where creep is a potential concern, such as
in superalloys jet engine applications. A more in-depth mathematical treatment could be
given to the limits of cooling rates, including for instance convective cooling, temperature
dependent material properties, different heat-generation assumptions, etc. An induction
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coil could be used to to achieve ultra-slow cooling rates that cannot be achieved solely by
building up interface temperature. More research could be done in generating power at the
sample interface, such as a more in-depth look at using spindle speed vs. axial force as the
manipulated variable, and also smoother power generation which would produce steadier
interface temperatures.
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