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Overview 

• Problem
• Performance of the TF Unit Cell under Compression.

• In 3D FEA, not all components in channels are modeled.

• The solder’s material properties are estimated. It can be critical due to having lower 
yield strength compared to the Cu101 cap or the HTS rod/tape G10.  

• Project Goal: Implement a solder model in Ansys 
•        Create a plastic flow equation based on the experimental data of 60Sn40Pb or  

    63Sn37Pb solder.

•        Create an UPF usermat.F file containing the equation.

•        Run FEA to observe plastic strain of the unit cell under deformation at 298K. 

    Then cool down to cryogenic temperature at 77K and execute cyclic thermal 

    and/or force loading.
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1. Gather experiment data: 
 𝜎𝑦 and 𝐸 of Sn60Pb40 at 4K and 77K 

0.5

0.2

%Sn Temp [K]
Young’s Modulus (at 
0.2% strain) [GPa]

60 4.2 74.5

60 77 45

Fast et al (1987) [1]

https://doi.org/10.1016/0011-2275(88)90223-8


10/1/2023 4Commonwealth Fusion Systems  •  Confidential and Proprietary

1. Gather experiment data: 
 𝐸 of Sn63Pb37 at 233K → 398K 

Shi et al (1999) [2]

http://dx.doi.org/10.1115/1.2792681
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1. Gather experiment data: 
 𝜎𝑦 of Sn63Pb37 at 233K → 398K 

Shi et al (1999) [2]

http://dx.doi.org/10.1115/1.2792681
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1. Gather experiment data: 
  𝜎𝑦 and 𝐸 of Sn60Pb40 / Sn63Pb37 at 4K → 398K 

𝑇 [K]

ሶ𝜀 = 2.78E-5 [1/s] ሶ𝜀 = 2.78E-4 [1/s] ሶ𝜺 = 2.78E-3 [1/s] ሶ𝜀 = 2.78E-2 [1/s] ሶ𝜀 = 2.78E-1 [1/s]

𝐸 
[GPa]

𝜎𝑌 [MPa] 
at 𝜀 = 
0.2%

𝐸 
[GPa]

𝜎𝑌 [MPa] 
at 𝜀 = 
0.2%

𝐸 
[GPa]

𝜎𝑌 [MPa] 
at 𝜀 = 
0.2%

𝐸 
[GPa]

𝜎𝑌 [MPa] 
at 𝜀 = 
0.2%

𝐸 
[GPa]

𝜎𝑌 [MPa] 
at 𝜀 = 
0.2%

Poisson’s 
ratio

4 [1] 74.5 149 74.5 149 74.5 149 74.5 149 74.5 149 --

77 [1] 45 90 45 90 45 90 45 90 45 90 --

233 [2] 18.5 41 23.5 47.5 29 51 33 54 37.5 59 --

298 [2] 12 22 19 31 25 39 26.5 45 31 47.5 0.4

348 [2] 7.5 17.5 12.5 22.5 20 30 22.5 35 25 39 --

398 [2] 3 5 7 13.5 13.5 21 16.5 26 19.5 30 --

Chosen for general material 
properties in Ansys
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2. Re-create experiment data on plot via explicit integration method 

• Loading conditions
• Max true strain: 𝜀𝑇𝑚𝑎𝑥

 → Max engineering strain: 𝜀𝐸𝑛𝑔𝑚𝑎𝑥
 

• Strain rate: ሶ𝜀

• Material properties
• Young’s Modulus: 𝐸
• Initial deformation resistance: 𝑠0

• Initial plastic strain rate: ሶ𝜀0

• Dimensionless constant: 𝑚, 𝑟
• Saturation value of deformation resistance: 𝑠𝑠𝑎𝑡

• Hardening/softening constant: ℎ0

• Output 
• Plastic strain rate: ሶ𝜀𝑝

• Deformation resistance: 𝑠

𝜀𝑇𝑚𝑎𝑥
= ln 1 + 𝜀𝐸𝑛𝑔𝑚𝑎𝑥

(1)

𝜀𝑛+1 = 𝜀𝑛 +
𝜀𝐸𝑛𝑔𝑚𝑎𝑥

𝑁 2

𝜀𝑇𝑛+1
= ln 1 + 𝜀𝑛+1 (3)

𝑑𝑡 =
𝜀𝑇𝑛+1

− 𝜀𝑇𝑛

ሶ𝜀
(4)

𝑡𝑛+1 = 𝑡𝑛 + 𝑑𝑡(5)

ሶ𝜀𝑝𝑛+1
= ሶ𝜀0

𝜎𝑛

𝑠𝑛

Τ1 𝑚

(6)

𝜀𝑝𝑛+1
= 𝜀𝑝𝑛

+ ሶ𝜀𝑝𝑛+1
 𝑑𝑡 ∙ 𝑠𝑖𝑔𝑛 𝜎𝑛 (7)

ሶ𝑠𝑛+1 = ℎ0 1 −
𝑠𝑛

𝑠𝑠𝑎𝑡

𝑟

ሶ𝜀𝑝𝑛+1
(8)

𝑠𝑛+1 = 𝑠𝑛 + ሶ𝑠𝑛+1 𝑑𝑡(9)

𝜀𝑒𝑛+1
= 𝜀𝑇𝑛+1

− 𝜀𝑝𝑛+1
(10)

𝜎𝑛+1 = 𝐸 ∙ 𝜀𝑒𝑛+1
(11)

Calibrate
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2. Re-create experiment data on plot via explicit integration method 
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3. Create a temperature-dependent flow equation

• Initially, Anand’s model is chosen: 

• No yield or loading conditions required. 

• The isotropic deformation resistance to plastic flow, 𝑠, is 

required 

 → emphasizes 𝑇 and ሶ𝜀𝑝 sensitivity + strain hardening + …

• Applicable to a wide range of temperature (i.e, 233K → 373K)

• Is built-in in Ansys Engineering Data Toolbox.

• However, the Arrehenius function 𝐴 ∙ 𝑒
−𝑄

𝑘𝑇  is too steep for 

cryogenic temperature at 4K and 77K.

ሶ𝜀𝑝 = 𝐴 ∙ 𝑒
−𝑄
𝑘𝑇 ∙ sinh

𝜉𝜎

𝑠

ൗ1
𝑚

Chen et al (2017) [3]

https://doi.dox.org/10.1177/1687814017714976
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3. Create a temperature-dependent flow equation

• Busso’s model is chosen: 

• Emphasizes 𝜎 dependent activation energy 𝐹0 and 

Bauschinger effect.

• Suggests the dependence of 𝑇 and ሶ𝜀𝑝 on shear stress. 

• However, the simplified version does not capture 

smooth elastic-plastic transition and isotropic 

hardening effect. 

ሶ𝜀𝑝 =
ሶ𝜀0

𝑒𝑥𝑝
𝐹0

𝜃 ∙ 𝑅
1 −

𝜎
𝜎0 ∙ 𝐴

𝑝 𝑞

Chen et al (2017) [3]

𝜎 = 𝜎0 𝐴 1 −
𝜃

𝐹0
𝑅

 ∙
1

ln ൘
ሶ𝜀0

ሶ𝜀𝑝

Τ1 𝑞
Τ1 𝑝

 

https://doi.dox.org/10.1177/1687814017714976
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3. Create a temperature-dependent flow equation

• Fixed inputs
• Temperature: 𝜃
• Gas constant: 𝑅
• Yield stress at 0K: 𝜎0

• Stress (from experiment data): 𝜎
• Plastic strain rate (from explicit integration, 

representing experiment data): ሶ𝜀𝑝

•  Least-squared Optimization solutions
• Free activation energy: 𝐹0

• Shear Modulus ratio: 𝐴
• Initial strain rate: ሶ𝜀0

• Material constants: 𝑝, 𝑞

diffexpr = sum((𝜎𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 - 𝜎𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙).^2);

ssqprob = optimproblem('Objective',diffexpr);

opts = 

optimoptions('fmincon','MaxFunctionEvaluations',

30000,'Algorithm','sqp');

[sol1,fval,exitflag,output] = 

solve(ssqprob,x0,Options=opts);

resp1 = evaluate(diffun,sol1);

𝜎 = 𝜎0 𝐴 1 −
𝜃

𝐹0
𝑅

 ∙
1

ln ൘
ሶ𝜀0

ሶ𝜀𝑝

Τ1 𝑞
Τ1 𝑝

 

Suggest 
initial 
values
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3. Create a temperature-dependent flow equation

OptimProblem 
initial suggestions

4K

77K

233K

298K

ResultsSensitive
(due to fmincon)
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3. Create a temperature-dependent flow equation

y = 0.9212e-0.002x

0

0.2

0.4

0.6

0.8

1

1.2

0 100 200 300 400

A [MPa]

y = 100638e-0.002x

y = -125.08x + 99816

0

20000

40000

60000

80000

100000

120000

0 50 100 150 200 250 300 350

F0 [J/mol]

y = 0.002e0.0076x

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0 100 200 300 400

edot0 [s-1]

y = 0.0127e0.0131x

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 100 200 300 400

p

y = 0.0012x + 1.5422

y = 1.5429e0.0007x

0

0.5

1

1.5

2

0 100 200 300 400

q

Fitted equations generated by 
Excel is ‘better’ by MATLAB
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3. Create a temperature-dependent flow equation

Apply exactly the equations 
generated by Excel

Adjust 𝐹0 and ሶ𝜀0
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3. Create a temperature-dependent flow equation

𝐴 = ൗ𝐺
𝐺0

= 0.9612 𝑒−0.003∙𝜃 = 𝛼1 𝑒𝛽1∙𝜃

𝐹0 ≡ 99816 − 125.08 ∙ 𝜃 = 𝛼2 + 𝛽2 ∙ 𝜃

ሶε0 = 0.0017 𝑒0.0073∙𝜃 = 𝛼3 𝑒𝛽3∙𝜃

𝑞 = 1.4029 𝑒0.002∙𝜃 = 𝛼4 𝑒𝛽4∙𝜃

𝑝 = 0.0127 𝑒0.0131∙𝜃 = 𝛼5 𝑒𝛽5∙𝜃

𝜎 = 𝜎0 𝐴 1 −
𝜃

𝐹0
𝑅

 ∙
1

ln ൘
ሶ𝜀0

ሶ𝜀𝑝

Τ1 𝑞
Τ1 𝑝

 

Final stress-strain curve Final equation

ሶ𝜀𝑝 =
ሶ𝜀0

𝑒𝑥𝑝
𝐹0

𝜃 ∙ 𝑅
1 −

𝜎
𝜎0 ∙ 𝐴

𝑝 𝑞

→ Does not capture the 4K behavior well enough.
→ Future solution: Separate 𝑭𝟎 for lower and higher temperature ranges.
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4. Create an usermat.F file with the developed equation
4.5  Get UPF running in Ansys Mechanical 

Getting started with 
APDL & UPF

Install Compilers

Compile and Link UPF to Ansys

Learn APDL & UPF 
Ansys courses

Convert UMAT to USERMAT for a 
simple rate-dependent plasticity 
model with deformation resistance 

Create a single 
element with APDL

Lots of errors! And 
lots of learning

Keyopt(2) that 
causes boundary 
condition errors

Difference between the 
jacobian matrix position 
between ABAQUS and Ansys

NROPT that proceeds for 
unsymmetric stiffness matrix 

Implement UPF & APDL in 
Ansys WB & Mechanical

Got identical results from 
commander and from Ansys 
Mechanical for deformation at 298K
(flow equation is yet added) 

Elastic → Plastic → Plastic 
with hardening → Plastic 
with our flow equation
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However, results from the Usermat.F with flow equation added 
show different values from CMD and from Ansys Mechanical 
→ Check Mechanical setting

4. Create an usermat.F file with the developed equation
4.5  Get UPF running in Ansys Mechanical 

𝜀𝑡𝑜𝑡𝑎𝑙  from AnsysMech

𝜀𝑝 from AnsysMech

≠
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4. Create an usermat.F file with the developed equation
4.5  Get UPF running in Ansys Mechanical 

𝜎 from AnsysMech

→ At 0.7 [s], the structure has not experienced yield → 𝜺𝒑 = 0

→ Will have to figure out what settings in Ansys Mech make the difference.
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4. Create an usermat.F file with the developed equation
4.5  Get UPF running in Ansys Mechanical 

Getting started with 
APDL & UPF

Install Compilers

Compile and Link UPF to Ansys

Learn APDL & UPF 
Ansys courses

Convert UMAT to USERMAT for a 
simple rate-dependent plasticity 
model with deformation resistance 

Create a single 
element with APDL

Lots of errors! And 
lots of learning

Keyopt(2) that 
causes boundary 
condition errors

Difference between the 
jacobian matrix position 
between ABAQUS and Ansys

NROPT that proceeds for 
unsymmetric stiffness matrix 

Implement UPF & APDL in 
Ansys WB & Mechanical

Got identical results from 
commander and from Ansys 
Mechanical for deformation at 298K
(flow equation is yet added) 

Elastic → Plastic → Plastic 
with hardening → Plastic 
with our flow equation

How to verify that this 
equation makes sense?

Incompleted: FEA of the 
unit cell model



10/1/2023 20Commonwealth Fusion Systems  •  Confidential and Proprietary

Conclusion

• What would I change?
• Ask more 
• My knowledge and skills scope

• My personal achievements
• Grateful for the precious learning opportunities (2nd time) 
• Genuinely more interested in FEA 
• Very meaningful to the design of my Master study and career
 

• Dedication
• Nicoli Ames – my manager
• Chris Lammi, Ed Bolz, Silvester Noronha – TF team 
• CFS  
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