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Abstract  

This paper describes a physics-based, analytical model for additive friction stir deposition (AFSD) spindle speed selection to 

achieve a desired deposition temperature. In the model, power input to the feedstock, which enables plastic flow and deposition, 

is related to the material temperature rise and subsequent flow stress reduction using Fourier’s conduction rate equation. Power 

input is modeled as frictional heating at the deposit-surface interface and adiabatic heating due to plastic deformation. The flow 

stress is predicted using the strain, strain rate, and temperature-dependent Johnson-Cook constitutive model for the selected 

feedstock alloy. Model predictions are compared to AFSD numerical simulation results available in the literature and experiments 

for aluminum alloys.  
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1. Introduction  

Additive friction stir deposition (AFSD) is a solid-state 

additive manufacturing (AM) process that provides an 

alternative to beam-based AM processes which melt the 

material locally to obtain the desired near-net shape geometry 

[1-4]. Important applications for AFSD include part repair [5] 

and preform production for castings, forgings, spare parts, and 

parts with short delivery times [6]. AFSD provides fully dense 

materials with prescribed microstructure and properties using 

process parameter selection and in situ control [7]. Prior 

research efforts have studied the AFSD property-

parametermicrostructure relationships [8-17].  

  

AFSD accomplishes solid-state deposition through plastic 

deformation of a square cross-section, ductile metal alloy 

feedstock. A tool-spindle assembly containing a square bore 

constrains the feedstock as it is fed axially through the spindle  

and rotated against the build plate or previous layers. Spindle 

rotation provides heat generation through friction between the 

deposit and build surface and, subsequently, a reduction in the 

required flow stress. The feedstock is deposited during 

movement of the tool at the selected tool feed velocity along 

the prescribed motion path. The feedstock feed velocity 

through the tool-spindle is also specified. The combined tool 

rotation and feed kinematics enable layers to be bonded to the 

build plate and previous layers to deposit the desired preform 

geometry; see Fig. 1. The preform is then measured machined 

to obtain the final geometry and surface finish [18-22].  



   Tony Schmitz / Manufacturing Letters 41 (2024) 720–729   721  

While the advantages of AFSD are well-documented, 

process parameter selection is currently based on prior 

experience or trial and error. The research objective for this 

paper is to provide a physics-based model for AFSD spindle  

speed selection to achieve a desired deposition temperature. An 

analytical approach is selected to enable implementation with 

low computational expense. Deposition temperature is critical 

because it affects the final mechanical properties. Therefore, an 

approach to select spindle speed to reach a specific temperature 

is necessary. This effort is complementary to the finite volume 

method simulations reported in [23-24]. In [23], an opensource 

computational fluid dynamics code was used to numerically 

model the viscoplastic material behavior during deposition due 

to: 1) process heating within the material and at the tool-

material interface; and 2) heat loss to the substrate and 

atmosphere. In [24], a computational fluid dynamics (CFD) 

approach is implemented where conservation of mass and 

momentum are used to predict the velocity distribution within 

the deposit, while conservation of energy is simultaneously 

applied to predict temperature distribution. The two 

distributions are solved iteratively until the solution converges.  

  

The paper is organized as follows. Section 2 defines the 

analytical spindle speed-temperature model. Section 3 

describes the experimental setup. Section 4 presents results and 

Section 5 draws conclusions.  

 
Figure 1: AFSD description.  

2. AFSD Temperature Model  

In this study, power input to the feedstock (to enable plastic 

flow and deposition) is related to the material temperature rise, 

and subsequent flow stress reduction, using Fourier’s 

conduction rate equation. The assumption is that conduction 

dominates AFSD heat transfer; convection and radiation are 

neglected in this analysis. Equation 1 provides the relationship 

between power, P, area under the circular deposition tool, A, 

thermal conductivity, k, deposition temperature, T, initial 

temperature, T0, and layer thickness, h. Note that the thermal 

conductivity is temperature-dependent, in general. The 

deposition geometry is displayed in Fig. 2.  

  
 ( ) 

 = 𝑘           (1)  

  

Power input is provided by two AFSD sources: 1) frictional 

heating between the rotating deposit and deposition surface; 

and 2) adiabatic heating due to plastic deformation of the 

feedstock. The friction power, Pf, is calculated using Eq. 2, 

where Tf is the torque required to overcome the friction force, 

Ff, and ω is the tool rotating speed (spindle speed). The torque 

is rewritten in Eq. 2 as a product of the friction force and radius 

at which the friction force acts, rf. Assuming dry sliding 

friction, the friction force is rewritten as the product of the 

normal force in the axial (z) direction, Fz, between the rotating 

deposit and deposition surface and the Coulomb friction 

coefficient, μ. Finally, the normal force is replaced by the 

product of the flow stress, σ, and the deposit area.  

  

 
Figure 2: AFSD deposition geometry.  

  

 𝑃 = 𝑇 𝜔 = 𝐹 𝑟 𝜔 = 𝜇𝐹 𝑟 𝜔 = 𝜇𝜎𝐴𝑟 𝜔    (2)  

  

The flow stress in Eq. 2 is predicted using the strain, strain 

rate, and temperature-dependent Johnson-Cook flow stress 

model provided in Eq. 3, where ε is the equivalent plastic 

strain, 𝜀 ̇ is the effective (plastic) strain rate, 𝜀 ̇ is the reference 

strain rate, 𝑇 is the feedstock melting temperature, and A, B, C, 

n, and m are model parameters obtained from experiments for 

the selected feedstock material.  
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 1 −    𝜎 = (𝐴 + 𝐵𝜀 ) 1 + 𝐶 ln ̇

 (3)  
̇ 

  

The equivalent plastic strain is modeled after forward 

extrusion in metal forming [25], where the true strain is 

calculated using the initial cross-sectional area, 𝐴 , and 

extruded cross-sectional area, 𝐴 . This strain is shown in Eq. 4 

for the AFSD geometry, where the initial area is calculated 

using the square feedstock side length, 𝑠, and the extruded area 

is the perimeter (assumed circular) at the friction radius 

multiplied by the deposition layer thickness.  

    

 𝜀 = − ln  = − ln        (4)  

  

The effective strain rate for Eq. 3 is calculated using the 

kinematics of the rotating-translating deposition tool motion, 

the gradient of velocity, 𝐿, the strain rate tensor, 𝐸, and the 

strain rate, 𝜀̇ . The tool feed velocity, 𝑓 , occurs in the 𝑥 

direction and the rotation direction is counterclockwise for the 

deposition tool; see Fig. 3, where the 𝑢 and 𝑣 velocity 

components are also shown. The associated displacement and 

velocity expressions are given in Eqs. 5-8, where  is the 

timedependent tool rotation angle.  

 

  
Figure 3: Rotating-translating deposition tool kinematics. Spindle rotation is 

counter-clockwise and tool feed velocity is to the right.  

  

 𝑥(𝑡) = 𝑟 sin + 𝑓𝑡        (5)  

  

 𝑦(𝑡) = 𝑟 cos           (6)  

  

 𝑢(𝑡) = −𝑟 𝜔 cos + 𝑓        (7)  

  

 𝑣(𝑡) = 𝑟 𝜔 sin          (8)  

  

The two-dimensional gradient of velocity is defined in Eq. 

9, where the individual terms in the ratios are calculated by 

numerical differentiation of Eqs. 5-8. The strain rate tensor is 

calculated using Eq. 10, where 𝑇 is the transpose operator.  

  

 𝐿 =           (9)  

  

 𝐸 =  (𝐿 + 𝐿 ) =    (10)  

  

The strain rate is determined using Eq. 11, where ⟨𝐸, 𝐸⟩ 
represents the inner product. Finally, the effective strain rate is 

calculated using the mean value of Eq. 11 for one tool 

revolution (i.e.,  is varied from 0 to 2  rad in Eqs. 5-8 and 

the mean value is determined).  

  

 

 𝜀 ̇ = ⟨𝐸, 𝐸⟩ = 𝐸 + 𝐸 + 𝐸 + 𝐸  (11)  

 

The adiabatic power, 𝑃 , due to plastic deformation is 

calculated using Eq. 12, where the Taylor-Quinney coefficient 

[26-27], or ratio of dissipated heat to plastic work, is taken to 

be 0.9 for this study.  

  

𝑃 = 0.9𝜎𝜀 ̇ 𝐴ℎ         (12) 

Substitution of Eqs. 2 and 12 into Eq. 1 provides a 

relationship between temperature and spindle speed, where it 

is noted that the flow stress depends on the effective strain 

rate and, therefore, the spindle speed.  

  
 . ̇ ( ) 

 = 𝑘       

 (13)  

  

Solving Eq. 13 for the spindle speed provides an analytical 

solution for spindle speed selection based on the desired 

deposition temperature and feedstock material. Inputs include 

the Johnson-Cook flow stress model parameters, 

temperaturedependent thermal conductivity, layer thickness, 

tool feed velocity, friction radius, and friction coefficient.  

  
 ( ) . ̇ 

 𝜔 =         (14)  

  

The relationship between deposition temperature and 

spindle speed is established using the following steps:  

1. select the desired deposition temperature  

2. determine the temperature-dependent thermal 

conductivity from available data  

3. calculate the effective strain rate for a pre-selected 

spindle speed range using the mean value of Eq. 11 

for one tool revolution  

4. calculate the flow stress over the same spindle speed 

range from step 3 using Eq. 3  

5. evaluate the spindle speed-dependent test function 

obtained by rewriting Eq. 14, 𝑓(𝜔) = 𝑘(𝑇 − 𝑇 ) − 0.9𝜎𝜀 ̇ 

ℎ − 𝜇𝜎𝑟 ℎ𝜔 = 0 , over the same spindle  

speed range as steps 3 and 4  

6. determine the zero crossing for 𝑓(𝜔) and identify the 

corresponding spindle speed  

7. record the spindle speed for the selected deposition 

temperature  
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8. repeat steps 1-7 for the next deposition temperature.  

  

 
Figure 4: Temperature-dependent thermal conductivity for 7075-T651 

aluminum [35].  

  

To demonstrate the algorithm, results are presented for 

6061 aluminum feedstock with comparison to the finite volume 

simulation results described in [23]. The 6061 aluminum  

Johnson-Cook flow stress model parameters are provided in 

Table 1 from multiple sources [28-35], the 

temperaturedependent thermal conductivity is displayed in Fig. 

4 [36] for a similar aluminum alloy, the tool feed velocity is 

126 mm/min, the layer thickness is 1.5 mm, the friction radius 

is 9.525 mm (selected to be half the deposition tool radius of 

19.05 mm), the friction coefficient is 0.25 (representative of 

elevated temperature forming conditions in traditional 

metalworking [25]), the initial temperature is 25 ⁰C, and the 

square feedstock side length is 9.525 mm.  

  
Table 1: Johnson-Cook model parameters for 6061 aluminum [27-34]. All 

reference strain rate values are 1 (1/s). All melting temperatures are 652 C.  

Model  𝐴  
(MPa)  

𝐵  
(MPa)  

𝐶  𝑛  𝑚  Reference  

1  250  79.7  0.0249  0.499  1.499  27  

2  293.4  121.2  0.002  0.23  1.34  28  

3  324.1  113.8  0.002  0.42  1.34  29  

4  250  70  0.001  0.499  1  30  

5  250  70  0.001  0.499  1.315  30  

6  250  137  0.0205  0.499  1.499  30  

7  250  209  0.001  0.499  1.499  30  

8  335  85  0.012  0.11  1  31  

9  236.7  41.2  0.0411  0.084  1.41  32  

10  275  86  0.0031  0.39  1  33  

11  164  211  0.0019  0.465  1.419  34  

  

The effective strain rate for a spindle speed range of 25 rpm 

to 500 rpm is displayed in Fig. 5. The corresponding deposition 

temperature-spindle speed relationships for all 11 

JohnsonCook models are shown in Fig. 6. It is observed that 

the temperature-spindle speed relationships are nonlinear, and 

the results differ based on the Johnson-Cook model parameters. 

The mean of all 11 curves from Fig. 6 is displayed in Fig. 7. 

Results from [23] are also included (red square), where the 

numerical simulation was performed using an open-source 

computational fluid dynamics code. Good agreement is 

observed.  

  

 
Figure 5: Spindle speed-effective strain rate relationship for selected spindle 

speed range.  

  

 

  

  

  

  

  

  
Figure 6: Deposition temperature-spindle speed relationships for 11 different  
6061 aluminum Johnson-Cook flow stress models (Table 1) for a temperature 

range of 250 C to 450 C.  
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Figure 7: Mean deposition temperature-spindle speed relationship from Fig. 6  

(blue line) with numerical simulation result (red square) for 6061 aluminum 

and the same operating parameters [23].  

3. Experimental Setup  

Experiments were completed using a MELD Manufacturing 

L3 machine; see Fig. 8. The L3 is a three-axis computer 

numerical control (CNC) machine tool with the deposition 

head mounted to the vertical (z) axis. The AFSD head includes 

an actuator and pushrod to provide the downward (normal 

direction) force. The L3 deposits material in discrete sections, 

where feedstock is loaded into the pushrod-spindle-tool 

assembly through the tool opening near the table, where the 

build plate is mounted. After insertion, the 12.7 mm square by 

508 mm long feedstock is forced downward through the 

rotating spindle and tool. The feedstock was 7075 aluminum 

for this study due to its relevance in aerospace applications.  

  

  

  

  

  

  

 
Figure 8: a) MELD Manufacturing L3 AFSD machine. b) Details for actuator 

and pushrod, spindle, and tool assembly.  

  

The tool can have a flat shoulder face or can contain 

features to modify the deposition process similar to friction stir 

welding tool geometries [37-38]. For this study, the 38.1 mm 

diameter, copper beryllium (CuBe) tool from MELD 

Manufacturing included a 12.7 mm square bore and an H13 

tool steel cap with four 2.3 mm tall teardrop-shaped protrusions 

located at varying radii from the tool center. The tool also had 

an embedded Ktype thermocouple. It was radially offset from 

the tool center (outside the square bore) and was located axially 

0.25 mm to 0.38 mm from the tool face. The thermocouple was 

used to measure tool temperature with a sampling frequency of 

1 Hz. A module was attached to the rotating spindle which 

transmitted temperature to the machine controller. This 

temperature was recorded and could be used for closed-loop 

control, where the spindle speed is adjusted continuously to 

maintain a commanded temperature. The closed-loop 

temperature control is enabled and disabled using appropriate 

m-codes within the part program. It was disabled for this 

testing since the intent was to identify the relationship between 

deposition temperature and a fixed spindle speed. The setup is 

displayed in Fig. 9, where the external tool cooling jacket is 

also shown.  
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Figure 9: a) CuBe tool with H13 tool steel cap, thermocouple connection, and 

cooling jacket. b) Bottom view of tool showing shoulder face protrusions and  
12.7 mm square feedstock bore.  

4. Results  

Tests were completed to deposit 7075 aluminum feedstock 

on a 7075-T651 aluminum build plate at selected spindle 

speeds. Prior to deposition, the build plate surface was 

roughened using fine grit sandpaper and cleaned with isopropyl 

alcohol. The temperature was measured using the tool 

thermocouple to compare with model predictions. A single wall 

build strategy was selected where each layer was deposited on 

the previous layer. Each layer included a deposition initiation 

cycle, which was followed by constant parameter deposition. 

The deposition initiation cycle was implemented to repeatably 

reach an increased temperature which permitted the desired 

plastic flow. It was automated as a subroutine within the 

multilayer wall part program.  

  

The deposition initiation cycle for the first layer began with 

the tool located 1.5 mm above the build surface and a spindle 

speed of ω = 350 rpm at the desired starting point. The 

feedstock feed velocity was set to F = 25.4 mm/min (time 1 in 

Fig. 10). These parameters were maintained until the threshold 

axial force of 4003 N (900 lbf) was reached (time 2); this force 

was measured using the actuator drive current. The feedstock 

feed velocity was then reduced to 17.5 mm/min to prevent 

pushrod overloading until the tool thermocouple temperature 

threshold of T = 115 C was reached (time 3). The spindle speed 

was reduced to 275 rpm to prevent temperature overshoot at 

the start of the tool feed across the build plate (or prior layer) 

surface. The feedstock feed velocity was increased to 28 

mm/min to fill the gap between tool and build surface with 

plastically deformed feedstock. These operating parameters 

were maintained until the tool temperature reached a final 

threshold of 370 C (time 4). At this point, the desired constant 

spindle speed, feedstock feed velocity, and tool feed velocity to 

be used for deposition were commanded. Note that the 

feedstock feed velocity values were reduced by 50% in the first 

layer to ensure successful bonding with the build plate. In all 

other layers, the feed velocity values listed here were doubled.  

  

The full deposition sequence is displayed in Fig. 11a. 

Starting in the top right, the deposition initiation cycle is the 

first step. Proceeding counter-clockwise, the first layer was 

deposited at the desired constant spindle speed, feedstock feed 

velocity, and tool feed velocity. The layer length was 215.9 

mm, the approximate width was 54.1 mm, and the height was 

1.5 mm. At the end of the 215.9 mm tool feed length, the 

feedstock feed was stopped, the tool was retracted by 25.4 mm 

in the z direction, and the spindle rotation was stopped. The 

tool was then returned to the starting location, a two-minute 

delay was completed, and the deposition initiation cycle was 

repeated after setting the tool-build surface gap back to 1.5 

mm. The process was repeated for 30 layers to reach a final 

wall height of 45 mm (an example is shown in Fig. 11b).  

  

 
Figure 11: a) Deposition sequence (counter-clockwise from top right). b) 

Example 7075 aluminum wall geometry with 30 layers.  

  

 
Figure 12: Second layer spindle speed and temperature data for four test 

cases, where 𝜔 = {105, 115, 125, and 135} rpm. The initial variation in 

spindle speed (and corresponding temperature response) is due to the 

deposition initiation cycle.  

  

Four 30-layer walls were deposited using the following 

parameters: 1.5 mm layer height, 𝑓 = 127 mm/min, 𝐹 = 65 
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mm/min, and 𝜔 = {105, 115, 125, and 135} rpm. The 

corresponding 𝐹/𝑓 ratio was 0.51 and the approximate layer 

width was 54.1 mm. The lower and upper spindle speed limits 

were selected to avoid exceeding the machine’s axial force and 

spindle torque limits, while keeping the temperature below the 

7075 aluminum solidus of approximately 477 C to avoid 

incipient melting [39-40]. For comparison to model 

predictions, the mean steady-state temperature from the second 

layer was selected because, as noted, each first layer was 

deposited at 50% of the commanded feedstock and tool feed 

velocities for the other layers to enable successful bonding to 

the build plate. The time-dependent spindle speed (due to the 

deposition initiation cycle) and corresponding temperature are 

displayed in Fig. 12 for the four spindle speeds. It is observed 

that the steady-state deposition temperature increases with the 

selected (constant) spindle speed, as expected.  

  

The algorithm detailed in the AFSD temperature model 

section was used to predict the relationship between deposition 

temperature and spindle speed for 7075 aluminum. The 

Johnson-Cook model parameters from seven references (nine 

total models) are listed in Table 2 [41-47]. The 

temperaturedependent thermal conductivity for 7075 

aluminum from Fig. 4 [36] was again used. The friction radius 

was 13.525 mm (half the deposition radius of 27.05 mm), the 

friction coefficient was 0.25, the initial temperature was 25 C, 

and the square feedstock side length was 12.7 mm. The 

deposition temperature-spindle speed relationship from the 

nine Johnson-Cook models is shown in Fig. 13.  

  
Table 2: Johnson-Cook model parameters for 7075 aluminum [41-47].  

Model   𝐴   𝐵   𝐶  
(MPa)  (MPa)  

𝑛  𝑚  𝑇  
(⁰C)  

𝜀̇ (1/s)  Ref.  

1  520  477  0.001  0.52  1  619.85  0.0005  40  

2  527  575  0.017  0.72  1.61  619.85  1  41  

3  546  678  0.024  0.71  1.56  619.85  1  41  

4  517  405  0.0075  0.41  1.1  619.85  0.000161 42  

5  452.4  457.1  0.01085 0.3572  1.131  619.85  1  43  

6  448.454 475.808 0.0012  0.3948  1.29  619.85  0.0001  44  

7  665.6  72.6  0.002  0.48  0.79  635  1  45  

8  496  310  0  0.41  1.2  635  1  45  

9  435.7  534.624 0.019  0.504  0.97  619.85  1  46  

  

 
Figure 13: Deposition temperature-spindle speed relationships for nine 

different 7075 aluminum Johnson-Cook flow stress models (Table 2, [41-47]) 

for a temperature range of 250 C to 450 C.  

  

The mean of the nine curves in Fig. 13 was used to compare  

with the four experimental temperature-spindle speed 

combinations. This comparison between the mean predicted 

deposition temperature-spindle speed relationship (blue line) 

and measured tool temperatures for four spindle speeds (red 

squares) is displayed in Fig. 14. The execution time for Fig. 14 

was 2.225 s (Intel Core i7-8850H CPU, 2.60GHz, 32 GB 

RAM, MATLAB 2023b). The temperature was obtained from 

the steady-state portions of the four panels in Fig. 12 (50 s to 

70 s). The error bars indicate the 95% confidence intervals (i.e., 

the standard deviation of the steady-state portion was 

calculated and the error bars were plotted for ± two times the 

standard deviation). Good agreement is observed with overlap 

of the error bars and prediction in three of four cases.  

  

 
Figure 14: Mean deposition temperature-spindle speed relationship (blue line) 

with experimental results (red squares) at 𝜔 = {105, 115, 125, and 135} rpm  
for 7075 aluminum. The error bars indicate 95% confidence intervals.  
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Figure 15: Sensitivity analysis results. The four panels identify the parameter 

that was individually varied (A, m, C, or n clockwise from top left), the range 

of the variation, and the distribution in the T-  relationships for the selected  
parameter range. The largest sensitivity is observed for the A parameter.  

  

As a final study, a sensitivity analysis was performed to 

evaluate the dependence of the temperature-spindle speed 

relationship on the individual parameters in the Johnson-Cook 

flow stress model. Baseline parameters were selected to be A = 

250 MPa, B = 80 MPa, C = 0.025, n = 0.5, and m = 1.5. The A,  

C, m, and n parameters were then varied individually (over 

approximately the range provided in Table 1) with all other 

parameters set to their baseline values. The results are 

displayed in Fig. 15. It is observed that the temperature-spindle 

speed relationship is most sensitive to the A parameter, which 

represents the feedstock yield strength identified under 

quasistatic strain rate conditions. As yield stress increases, the 

temperature increases for a given spindle speed, since more 

work is required to deform the material. The effect of 

increasing the strain hardening exponent, n, may initially 

appear counter intuitive, in that the model predicts lower 

temperature with increasing hardening exponent. However, 

this is because, in the Johnson-Cook model, when all other 

parameters are held constant, increasing the strain hardening 

exponent decreases the initial yield stress in addition to 

increasing the strain hardening. The B parameter was also 

investigated, but is not shown because the results of the model 

are comparably insensitive to variations in the B parameter 

over the range used for 6061 aluminum (Table 1).  

5. Conclusions  

This paper detailed a physics-based, analytical model for 

additive friction stir deposition (AFSD) spindle speed selection 

to achieve a desired deposition temperature. This predictive 

capability advances AFSD implementation by improving on 

the current parameter selection approach based on prior 

experience or trial and error. Key elements of the model 

included:  

 power input to the feedstock was related to the material 

temperature rise (and corresponding flow stress 

reduction) using Fourier’s conduction rate equation  

 power input was modeled as frictional heating at the 

deposit-build surface and adiabatic heating due to 

plastic deformation within the deposit  

 the effective strain rate was calculated using the 

kinematics of the rotating-translating tool motion, the 

gradient of velocity, the strain rate tensor, and the 

corresponding strain rate; inputs included the tool 

rotating speed (spindle speed), tool feed velocity, and 

friction radius (taken to be half the deposition radius)  

 flow stress was predicted using the strain, strain rate, 

and temperature-dependent Johnson-Cook constitutive 

model, where multiple sets of model coefficients were 

used to establish independent temperature-spindle 

speed relationships and these were then averaged to  

obtain the final predictive model  

 an algorithm was described that included: 1) selecting 

a deposition temperature (based on the feedstock 

alloy); 2) defining the temperature-dependent thermal 

conductivity; 3) calculating the effective strain rate 

using a pre-selected spindle speed range; 4) calculating 

the flow stress for the same spindle speed range; 5) 

evaluating a spindle speed-dependent test function 

obtained from Fourier’s conduction rate equation for 

the same spindle speed range; 6) determining the 

function zero crossing and identifying the 

corresponding spindle speed; 7) recording the 

temperature-spindle speed pair; and 8) repeating steps 

1-7 for the next deposition temperature.  

  

Model predictions were compared to: 1) literature results  

from a numerical AFSD simulation using 6061 aluminum 

feedstock [23]; and 2) AFSD experiments completed using 

7075 aluminum feedstock. Good agreement was obtained in 

both cases using the same modeling approach. A sensitivity 

analysis for Johnson-Cook flow stress model parameters was 

also provided.  

  

Limitations for the model include simplifications applied to 

enable an analytical solution, such as the simplified treatment 

of friction (dry sliding only). Next steps will include additional 

comparison to experimental results and improvements of the 

model.  
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