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Software Application License Agreement
Version  3.23.09b

This License Agreement (“Agreement”) is a legal agreement between LICENSEE and Mississippi State University (“MSU”) for online access to the software application for material modeling (“Software Application”). By using the Software Application, LICENSEE is agreeing to be bound by the terms of this Agreement. LICENSEE agrees that LICENSEE’s use of the Software Application acknowledges that LICENSEE has read this Agreement, understands it, and agrees to be bound by its terms and conditions.

1. 	Grant of License. Subject to the terms and conditions of this Agreement, MSU hereby grants to LICENSEE a non-exclusive license to use the Software Application. LICENSEE may use the Software on a single computer and make one copy of the Software in machine-readable form for backup purposes only. LICENSEE must reproduce on such copy MSU’s copyright notice and any other proprietary legends that were on the original copy of the Software.
2. 	Restrictions. The Software Application contains copyrighted material, trade secrets and other proprietary material. In order to protect them, and except as permitted by applicable legislation, LICENSEE may not decompile, reverse engineer, disassemble, or otherwise reduce the Software Application to a human-perceivable form, or otherwise attempt to discover the source code of any Software Application provided in compiled form; modify, network, rent, lend, loan, distribute or create derivative works based upon the Software Application in whole or in part; electronically transmit the Software Application from one computer to another or over a network; copy the Software Application; or, transfer LICENSEE’s license rights to use the Software Application,  the related documentation, or this Agreement to another party. 

3. 	Copyright and Trademark.  The Software Application and Documentation are owned by MSU. All title, ownership, rights, and intellectual property rights in and to the Software Application and Documentation shall remain with and in MSU. The Software Application and the Documentation are protected by the copyright laws of the United States and international copyright treaties. LICENSEE shall not use the names, logos, trademarks or any other mark or image considered by MSU to be identified with or protected by MSU, or those of any of its employees or former employees, or any adaptation thereof, in any advertising, promotional or sales literature without prior written consent being obtained from MSU in each case, except that LICENSEE may state that it is licensed by MSU under this Agreement. 
4. 	Export Law Assurance.  LICENSEE hereby agrees that it shall not sell, transfer, export or re-export any Software Application or related information in any form, or any direct products of such information, except in compliance with all applicable laws, including the export laws of any U.S. Government agency and any regulations thereunder, and will not sell, transfer, export or re-export any such Software Application or information to any persons or any entities with regard to which there exist grounds to suspect or believe that they are violating such laws. LICENSEE shall be solely responsible for obtaining all licenses, permits or authorizations required from the U.S. and any other government for any such export or re-export.  To the extent not inconsistent with this Agreement, MSU agrees to provide LICENSEE with such assistance as it may reasonably request in obtaining such licenses, permits or authorizations.
5.	Disclaimer of Warranty.  MSU MAKES NO REPRESENTATIONS AND EXTENDS NO WARRANTIES OF ANY KIND, EITHER EXPRESS OR IMPLIED, INCLUDING, BUT NOT LIMITED, TO WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, VALIDITY OF COPYRIGHT OR PATENT, ISSUED OR PENDING, OR FOR THE ABSENCE OF LATENT OR OTHER DEFECTS, WHETHER DISCOVERABLE OR NOT DISCOVERABLE.  NOTHING IN THIS LICENSE AGREEMENT SHALL BE CONSTRUED AS A REPRESENTATION MADE OR WARRANTY GIVEN BY MSU THAT THE PRACTICE BY LICENSEE OR SUBLICENSEES OF THE LICENSE GRANTED HEREUNDER SHALL NOT INFRINGE THE COPYRIGHT OR PATENT OF THIRD PARTIES.  IN NO EVENT SHALL THE MISSISSIPPI BOARD OF TRUSTEES OF STATE INSTITUTIONS OF HIGHER LEARNING, MSU THE TRUSTEES, OR ANY OFFICERS, AGENTS OR EMPLOYEES THEREOF BE LIABLE FOR INCIDENTAL OR CONSEQUENTIAL DAMAGES OF ANY KIND, INCLUDING ECONOMIC DAMAGE OR INJURY TO PROPERTY AND LOSS OF PROFITS, REGARDLESS OF WHETHER MSU SHALL BE ADVISED OF, SHALL OTHERWISE HAVE REASON TO KNOW, OR IN FACT SHALL KNOW OF THE POSSIBILITY THEREOF.

6.	MISCELLANEOUS PROVISIONS
A.	Governing Laws. This Agreement shall be construed, governed, interpreted and applied in accordance with the laws of the State of Mississippi, U.S.A without regard to its choice of law or conflicts of law rules or principles.
B.	Severability. The provisions of this Agreement are severable, and in the event that any provisions of this Agreement shall be determined to be invalid or unenforceable, such invalidity or unenforceability shall not in any way affect the validity or enforceability of the remaining provisions hereof.
C.	No Waiver. The failure of either party to assert a right hereunder or to insist upon compliance with any term or condition of this Agreement shall not constitute a waiver of that right or excuse a similar subsequent failure to perform any such term or condition by the other party.
D.	Lawful Use. LICENSEE shall not use Software Application for any unlawful purpose, including infringement of copyrights or proprietary rights of others, or in any illegal manner or for the creation or distribution of illegal content.
E.	Entire Agreement. The parties hereto acknowledge that this Agreement and any Appendices thereto, sets forth the entire Agreement and understanding of the parties hereto as to the subject matter hereof, and shall not be subject to any change or modification except by the execution of a written instrument subscribed to by the parties hereto.
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A.4.   Multi-Stage Fatigue Model
A.4.1   Introduction

This section describes a high fidelity multistage fatigue (MSF) model employed to predict the amount of fatigue cycling required to cause the appearance of a measurable crack and the crack size as a function of loading cycles.  The model incorporates microstructural features into the fatigue life predictions for incubation, microstructurally small crack growth, and long crack growth stages in both high cycle and low cycle regimes. Section 2 provides a theoretical basis for the MSF. Section 3 is a model user manual. Section 4 describes a software utility for calibrating the MSF model from experimental data.
A.4.2   Theoretical basis for MSF models

· The microstructure-based multi-stage fatigue (MSF) model incorporates different microstructural discontinuities (pores, inclusions, etc.) on physical damage progression.
· This model partitions the fatigue life into three stages based on the fatigue damage formation and propagation mechanisms:
· crack incubation,
· microstructurally small crack (MSC) and physically small crack (PSC) growth, and
· long crack (LC) growth.
· The total fatigue life is decomposed into the cumulative number of cycles spent in several consecutive stages as follows:
	NTotal = NInc + NMSC + NPSC + NLC = NInc + NMSC/PSC + NLC 
NInc is the number of cycles to incubate a crack at a micronotch that includes the nucleation of crack-like damage and early crack propagation through the region of the micronotch root influence.
NMSC is the number of cycles required for propagation of a microstructurally small crack with the crack length.
ai < a < kDCS, with the DCS defined as the dendrite cell size, and k as the non-dimensional factor that is representative of a saturation limit for the encountering of a 3-D crack front with sets of microstructural discontinuities. NPSC is the number of cycles required for propagation of a physically small crack.
(1–2) DCS < a < O (10DCS), during the transition from MSC status to that of a dominant LC (here the MSC and PSC regimes were combined into one mathematical form).
NLC is number of cycles required for LC propagation for crack length a > (10–20) DCS, depending on the amplitude of loading and the corresponding extent of microplasticity ahead of the crack tip. This stage of crack extension is commonly characterized using standard fatigue crack growth experiments, da/dN versus ΔK.
NTotal is the total fatigue life.

A.4.2.a   Incubation
· The first correlation of the macroscopic applied strain amplitude with the local cyclic plastic zone size was presented as a numerical function for A356 Al alloy [McDowell et al., 2003]. This correlation was generalized into a function in which certain numeric parameters can be estimated using the macroscopic material properties of the alloy when the micromechanical simulation results are not available [Bammann et al., 1993]. Here, the generalized formulation that was extended to a 7075-T651 Al alloy, i.e.,

	

	
where l/D is the nominal ratio between the plastic zone size l and the diameter D of the particle that forms the fatigue damage, εth and εper are the microplasticity threshold and the percolation limit, respectively, for the constrained microplasticity. The shape constant r describes the transition to limit plasticity, ηIim is the limiting factor that defines the transition from constrained microplasticity to unconstrained microplasticity at the notch [McDowell et al., 2003], with 0.1 < ηIim < 0.5, and finally εa is the macroscopic remote cyclic strain amplitude (loading parameter)

· To study the damage incubation life as a function of local plastic deformation, a modified Coffin–Mansion law was implemented based on the non-local maximum plastic shear strain, i.e.:

	
where β is the non-local maximum plastic shear strain amplitude around the inclusion calculated using an average of maximum plastic shear strain over an area approximately one percent of the inclusion area, and Cinc and a are the linear and exponential coefficients in the modified Coffin–Mansion law at the micronotch.

· It is assumed that [McDowell et al., 2003]:

	
where cn is material dependent constant (it eventually tends to be just slightly less than the ductility coefficient under torsional loading in the LCF regime), R is the stress ratio based on the maximal principal stress, and the exponent a is similar to that in the macroscopic Coffin–Mansion Law for strain life.

· The non-local maximum shear strain at the micronotch can be estimated using micromechanics analysis of a representative volume cell with a non-local averaging procedure [Gall et al., 2000]:

	

	
where Y, q, and ηIim are material and microstructure-related parameters obtained using micromechanical simulation at the inclusion.

· The parameter Y depends on the remote load ratio; based on finite element analysis for A356 Al alloy, it was assumed

	
where D0 is the diameter of the pore in the specimens that cause fatigue failure, d’ depicts the effect of the pore size to local plastic strain, which is taken as 0.1 < d’ <0.6, the ratio R is based on the maximum principal stress, and y1 and y2 are constants.

A.4.2.b   Microstructurally small crack growth

· Crack growth in the MSC/PSC regime is governed by the range of the crack tip displacement, ΔCTD, i.e.:

	
where χ is a material constant pertinent to given microstructures in which the crack growth rate is linearly proportional to the crack driving force, i.e., the crack tip open displacement (χ is typically less than unity).
· The crack tip displacement is related to the remote loading according to [Gall et al., 2000] 

	
where CI, CII, ξ, v, ξ’, v’ , and ζ are material constants to be determined based on fatigue crack growth experiments in the MSC regime.
· The equivalent applied stress range Δσ is defined as a linear combination of the von Mises uniaxial effective stress amplitude Δσeq and the maximum principal  stress range Δσ1:

	
with 0 ≤ θ ≤ 1 as load path dependent and loading combination parameter introduced by Hayhurst et al. [1985] to model combined stress state effects.
· The ratio of grain size to the reference grain size in the alloy GS/GS0 describes the effect of grain size distribution on small crack growth. Here, GS0 is the typical grain size for the rolling texture.
The parameter U is defined as the load ratio parameter in the form of U = 1/(1–R) for R ≤ 0 and U = 1 for R > 0.
GO0 represents the Taylor factor calculated from the typical rolling texture and GO represents the Taylor factor calculated from the orientation of the grain at the crack tip.

A.4.2.c   Long crack growth
· Life prediction for fatigue cracks was made very much easier and far more quantitative, in the 1960's when Paris [1961] postulated that the range of stress intensity factor might characterize sub-critical crack growth under fatigue loading in the same way that K characterized critical, or fast fracture.  He examined a number of alloys and realized that plots of crack growth rate against range of stress intensity factor gave straight lines on log-log scales. This implies that:

		 
which is equivalent to

		
where A is the crack growth parameter and m the exponent in Paris Law, ΔK is the crack size, N the number of cycles, and logA is defined as a constant.
· Taking the log of both sides of the rate equation and we obtain:

	 
· which is plotted in Figure 6.42.  It is then possible to make a quantitative prediction of residual life for a crack of a certain size. This simply required finding limits on the integration in terms of crack size, which could be done by finding the final size which caused fast fracture from the relationship between fracture toughness and crack size:


· Separation of the variables a and N and substitution for the range of stress intensity by the equivalent equation in terms of stress and crack size gives:

	
	
[image: Fig09_38]
Figure 6.42 – Fatigue crack growth rate versus stress intensity factor range.




A.4.2.c   Material Parameters

Table 2.  The multistage fatigue model parameters of a 205Q  powder.
	MSF
Model
	Model
	MSFfit
	Value
	Description

	INCUBATION
	
	tkPrm
	900.
	Cyclic strength [Mpa]

	
	
	tnPrm
	0.12
	Cyclic Hardening exponent

	
	Cn
	CNC
	0.5
	Constant related to CM constant

	
	
	Cm
	0.64
	Modified Coffin Manson Law constant

	
	
	alfa
	-0.5
	Modified Coffin Manson Law exponent

	
	
	q
	2.41617
	Exponent in remote strain to local plastic shear strain

	
	
	y1
	293.665
	Constant in remote strain to local plastic shear strain

	
	
	y2
	300.
	Linear constant in remote strain to local plastic shear strain

	
	
	psi
	2713.03
	Geometric factor in micromechanics study

	
	
	r
	554.974
	Exponent in micromechanics study

	
	
	Eexp
	0.253927
	Shape Parameter for Young’s Modulus

	
	
	PTexp
	0.18
	Shape Parameter for particle size

	SMALL
CRACK
	
	omega
	2.
	Omega

	
	
	ainiC
	0.5625
	Initial crack size contribution

	
	
	theta
	0.25
	Maximum stress components contribution factor

	
	
	m
	4.80011
	Exponent in Small crack growth

	
	
	CI
	80000.
	HCF constant in small crack growth

	
	
	CII
	3.66492
	LCF constant in small crack growth

	
	
	G
	0.319647
	Crack growth rate constant

	
	
	CTDTH
	0.0002860
	CTD threshold value

	
	
	afnl1
	250.
	Final crack size length (microns)

	
	
	DCSexp
	0.
	Shape parameter

	
	
	PRexp
	0.5
	Shape parameter

	LONG
CRACK
	A
	A
	7.943E-14
	Crack growth parameter in Paris Law

	
	m
	m
	5.8
	Exponent in Paris Law

	
	Y
	Y
	1.0
	Geometrical correction function

	
	a0
	a0
	0.00025
	Small crack length (meters)

	
	ac
	ac
	0.022
	Long crack length (at coalescence)













A.4.3   User subroutines UMAT and UVARM for MSF Model

· The Abaqus user material subroutine UMAT (umat_elas_fatigue.f) define an elastic material with density dependent elastic Young’s Modulus (Eq. ****).
· The Abaqus user output variable subroutine UVARM generates element output at all material calculation points of elements for which the material definition includes the specification of user-defined output variables.
· The user subroutine UVARM calculates the fatigue lives NInc, NSC, NLC and NTotal at each material point using the stress and strain amplitudes provided by the fatigue analysis, and store the values in user output variables UVARi (Table ****) that can be post-processed in ABAQUS/Viewer.
· The fatigue life is experimentally determined on samples of low and high porosities, respectively 1 and 2. In a finite element analysis exhibiting a PM part with an inhomogeneous porosity distribution, the fatigue life is calculated within the user subroutine UVARM using two different interpolation methods:
· Interpolation I: the porosity  is heterogeneous and mapped from the compaction analysis; the fatigue life is calculated using microstructural constants are interpolated with respect to porosity  from lower and higher bound microstructural constants;

			 (6.62)
· Interpolation II: the fatigue lives NSC and NLC use the same linear interpolation as for microstructural constants; the fatigue life NInc is interpolated with respect to porosity from fatigue lives determined at 9.5% and 19% porosities; the density is heterogeneous and mapped from the compaction analysis; 

		
with    


The MSF fatigue analysis Interpolation I and Interpolation II use the same heterogeneous porosity, strain and strain and stress distributions, only the fatigue life is calculated using a different method of interpolation for each analysis. 
· The fatigue lifes NInc, NSC, NLC and NTotal (Table ****) are limited in the user subroutine UVARM with a maximum value. Their respective limits are: 
· 
 = 10,000,000 cycles
· 
 = 100,000 cycles
· 
 = 2,000,000 cycles
· 
 = 12,100,000 cycles






[image: ]






Table 1. Multi-Stage Fatigue output variables of user subroutine UVARM.
	Component Definition
	Uvar

	
Strain Amplitude 
	Uvar(1)

	
Strain Amplitude 
	Uvar (2)

	
Mises StressAmplitude  
	Uvar (3)

	Fatigue Life NInc – Interpolation I
	Uvar (4)

	Fatigue Life NInc – Interpolation II
	Uvar (5)

	Fatigue Life NSC – Interpolation I
	Uvar (6)

	Fatigue Life NSC – Interpolation I
	Uvar (7)

	Fatigue Life NLC – Interpolation II
	Uvar (8)

	Fatigue Life NLC – Interpolation II
	Uvar (9)

	Fatigue Life NTotal – Interpolation I
	Uvar (10)

	Fatigue Life NTotal – Interpolation II
	Uvar (11)

	
Fatigue Life NInc – Interpolation I (not limited to )
	Uvar (12)

	
Fatigue Life NInc – Interpolation II (not limited to )
	Uvar (13)





C.6   Fatigue Analysis of the Main Bearing Cap
C.6.1   Pre-Processing using Abaqus/CAE
C.6.1.a   Creationg and Meshing of Parts 
· All the parts, except the shaft, are deformable bodies and created using 3D continuum elements C3D8 to minimize the CPU time, and for better efficiency in solving 3D contact.
· The parts shall be partitioned to make simpler regions that the automatic mesh generator can mesh.
· The shaft is assumed rigid and modeled using 3D rigid elements R3D4.
· All the deformable bodies are assumed elastic during the fatigue analysis. The main bearing cap has elastic constants that are density dependent.
[image: ]
Figure – Assembly of the MBC Fixture in Abaqus/CAE.

C.6.1.b   Surface Interactions
· A surface-to-surface contact interaction is applied to all surfaces in contact. The Master Surface should be the one for harder material. Rigid surfaces must always be defined as Master Surface, therefore the shaft surface is the Master Surface in any surface interaction. 
· A tolerance for adjustment zone of 0.0001 is specified in all surface interactions to avoid any unconnected region error.
· All surface interactions have a Contact Interaction Property defined as a tangential behavior with a friction coefficient of 0.2.
[image: ]
Figure – Surface interaction definition between the MBC and the ring.

· The contact interaction between the threaded bolt and the die can be defined using a threaded bolt connection in Abaqus/CAE (Figure ****). The initial clearance is computed by Abaqus/CAE for a single-threaded bolt. The bolt specifications such as the half-thread angle (in degrees), the pitch and bolt diameter (major in this case) are required parameters for the contact interaction. The contact interaction property is defined by a Coulomb friction law, which a friction coefficient of 0.2.
· To create a threaded bolt connections:
· Input File Usage: *PRE CLEARANCE, SLAVE=surface_name, MASTER=surface_name, TABULAR, BOLT; half-thread angle, pitch, major bolt diameter, mean bolt diameter; node number or node set label, clearance value, coordinates of points a and b on the axis of the bolt/bolt hole.
· Abaqus/CAE Usage: Interaction module: contact interaction editor: Clearance: Initial clearance: Computed for single-threaded bolt or Specify for single-threaded bolt: clearance value, Clearance region on slave surface: Edit Region: select region, Bolt direction vector: Edit: select axis, Half-thread angle: half-thread angle, Pitch: pitch, Bolt diameter: Major: major bolt diameter or Mean: mean bolt diameter.


[image: ] 
Figure –   Threaded bolt surface definition in ABAQUS/CAE (highlighted in red for a specific bolt).


C.6.1.c   Loading and Boundary Conditions
· The base of the MBC fixture is encastred (Figure ****).
· The reference node that pilots the shaft rigid surface has constrained boundary conditions to prevent rigid rotation about any axis (Figure ****).
· An assembly load is prescribed on to each of vertical bolts to simulate the preloading torque of 60 ft·lbs. This pre-tensioning is simulated in Abaqus/Standard by adding a “cutting surface,” or pre-tension section, in the bolt, as shown in Figure ****, and subjecting it to a tensile load. The procedure to create this assembly load is:
· Input File Usage: *PRE-TENSION SECTION, ELEMENT=element_number, NODE=n.
· Abaqus/CAE Usage: Load module: Create Load: choose Mechanical for the Category and Bolt load for the Types for Selected Step
To apply a pre-loading torque to each bolt, we use the torque and tension force relationship for bolted connection. The relationship is based on the following formula: 
· 
  								(6.66)
where T is the torque load (lbf·ft), K the torque coefficient (dimensionless), d the nominal diameter (in), and F the desired clamp load tension (lbs). The value of K is a dimensionless torque coefficient that encompasses variables such as those listed above, as well as the most significant variable, friction. The value of K can range from 0.10 for a well lubricated/waxed assembly, to over 0.30 for one that is dirty or rusty. The value of K used in the fatigue analysis is 0.20, which corresponds to a plain, as received condition, slightly oily assembly. Therefore, the torque of 60 lbf·ft applied on each bolt is converted to a tension force of 32,027.2 Newtons in ABAQUS (Figure ****).


[image: ]
Figure – 

[image: ]
Figure – Modeling of the fatigue fixture in ABAQUS/CAE; the window interface describes the bolt load definition, which is highlighted in red for a specific bolt, and in yellow for other bolts.
[image: ]
Figure – 

C.6.1.d   Material Definition
· Deformable components of the MBC fixture:
· Homogenous elastic material defined using the keyword *ELASTIC.
· Young’s modulus of E=200,000 MPa and a Poisson’s ration of 0.3.
· Main Bearing Cap If Mapping Procedure performed within the user material subroutine umat_elas_fatigue.f:
· Inhomogenous elastic material defined using the keyword *USER MATERIAL and the user material subroutine umat_elas_fatigue.f. 
· Three material constants:
· Young’s Modulus E0 (not relevant if Nelas=1),
· Poisson’s Ration  (not relevant if Nelas=1), and
· Nelas (choose Nelas=1)
· In the Field Output Request (*ELEMENT OUTPUT under *OUTPUT, FIELD), the variable SDV must be requested for the Main Bearing Cap group of elements.

C.6.1.e   Fatigue Definition
· The Multi-Stage Fatigue (MSF) model is defined in the user subroutine UVARM to generate element output. The subroutine is included in the subroutine file umat_elas_fatigue.f.
· The UVARM subroutine does not have a PROPS material property array that stores the material constants defined in the input file such as the UMAT subroutine. Therefore, the material constants are defined in a subroutine KPROPS, which is then called in the UVARM subroutine (Figure ***).
·  The Abaqus feature *USER OUTPUT VARIABLES must be added in the Abaqus input file fatigue-life.inp (Figure ****) with NUVARM, the number of user-defined variables required at each material point, equal to 13 (Table ****).
· In the Field Output Request (*ELEMENT OUTPUT under *OUTPUT,FIELD), the variable UVARM must be requested for the Main Bearing Cap group of elements.

[image: ]
Figure – Subroutine KPROPS to define MSF material constants for UVARM subroutine.
C.6.1.f   Map Solution from Springback/Sintering Analysis
· If Mapping Procedure (see section C.3) is used:
· Use feature *INITIAL CONDITIONS, TYPE=SOLUTION.
· Include Initial Solution file MBC-Solution-Initial.inp.
· The Initial Input file defines initial State-Dependent Variables , d, , E and  for each element  (in fatigue-load.inp, element may be defined with assembly and part names).
· If Mapping Procedure performed within the user material subroutine umat_elas_fatigue.f:
· Use feature *MAP SOLUTION.
· Abaqus results information (.mdl, .odb, .prt, .res, .stt) from Sprinback or Sintering analysis is required.
· Mapping performed at the initial step (time=0) to initialize the variables , d, , E and  at each material point.
· No need to use *INITIAL CONDITIONS, TYPE=SOLUTION.
· If the material solution is mapped from the springback analysis, the number DEPVAR of state-dependent variables (SDV) is the same as the springback analysis. If it is mapped using the mapping procedure with *INITIAL CONDITIONS, TYPE=SOLUTION, the number DEPVAR can be allocated a new value. In both cases, the array STATEV that contains the state-dependent variables can be rearranged during the mapping.

C.6.1.g   Step Analysis
· The fatigue analysis is decomposed into three different steps:
· Pre-loading torque.
· Minimum shaft load (1,000 lbs).
· Maximum shaft load (23,000 lbs).
· The number of interval in the Field Output Request of the third increment should be defined such as a field output is created for every 500 or 1,000 lbs, which corresponds to a number of intervals equal to 24 or 22 respectively.
· In the first step, the initial time increment shall be small enough for the analysis to establish the contact convergence.

C.6.2   Abaqus main input file.
· The fatigue model is composed of two Abaqus input files:
· fatigue-load.inp
· fatigue-life.inp.
· Abaqus input file fatigue-load.inp:
· Simulate the two first steps Pre-loading torque and Minimum shaft load.
· Generated in Abaqus/CAE using Job[image: arrow]Write Input[image: arrow]job of your choice from the main menu bar. The input file job name.inp is written to the directory from which Abaqus/CAE was started. An input file can be generated by selecting the job of choice and then clicking Write Input in the Job Manager. 
· Include material input file 205Q-Material.inp if material constants for *USER MATERIAL not previously defined in Abaqus/CAE.
· Modify to add map solution feature, either *INITIAL CONDITIONS, TYPE=SOLUTION or *MAP SOLUTION, to retrieve the results information of the Sprinback or Sintering Analysis.
· Include Initial Solution file MBC-Solution-Initial.inp from mapping procedure (section C.3) if using *INITIAL CONDITIONS, TYPE=SOLUTION.
· Abaqus input file fatigue-life.inp:
· Simulate the third and last step Maximum shaft load.
· Written test file (Figure ****).
· Restart analysis from end of second step Minimum shaft load.
[image: ]
Figure – Abaqus input file fatigue-life.inp.

C.6.1.e   Abaqus Command
· If the material solution is initialized using *INITIAL CONDITIONS, TYPE=SOLUTION, the abaqus command is:

abaqus input=fatigue-load job=fatigue-load user=umat_elas_fatigue

· If the material solution is directly mapped from the springback or sintering analysis within the user material subroutine UMAT at the initial step, the Abaqus command is: 

abaqus input=fatigue-load job=fatigue-load oldjob=sprinback user=umat_elas_fatigue

· The material subroutine umat_elas_fatigue.f should be modified accordingly to be used in either of the cases.
· The Abaqus command to run the job analysis related to the input file fatigue-life.inp is

abaqus input=fatigue-load job=fatigue-life oldjob=fatigue-load user=umat_elas_fatigue



C.6.2   Post-Processing using Abaqus/CAE or Abaqus/Viewer
C.6.2.a   Initial Conditions
· To plot the mapped density distribution (g/cc), select Result[image: arrow]Field Output from the main menu bar. The Field Output dialog box appears, select the variables SDV25 and click on ‘OK’ or ‘Apply’. The density distribution does not change during the fatigue analysis.
· The Young’s modulus distribution can also be displayed as its variable is stored in the field output data. If the Young’s modulus is a linear function of density or porosity, the color contour of its distribution is the same as the one of the density distribution.
[image: ]
Figure – 

· To plot the effect of pre-loading 60 lb/ft torque on each bolt and the whole assembly, the deformation scale should be increased to 25 for example. From the main menu bar, select Options[image: arrow]Contour; then in the dialog box that appears, Click Uniform in the Basic tab to specify and uniformly apply a single scale factor. When Uniform is on, a Value specification box becomes available. Click the Value box, and enter the scale factor of 25 for example.

[image: ]
Figure – Mises Stress distribution after applying a pre-loading 60 lb/ft torque on each bolt (Deformation Scale Factor = 25).


C.6.2.a   Fatigue Life 
· To plot the mapped fatigue life NInc, NSC, NLC or NTotal, the UVARi select Result[image: arrow]Field Output from the main menu bar (Figure ****). The Field Output dialog box appears, select one of the the variables UVARMi variablees and click on ‘OK’ or ‘Apply’. The density life is plotted in terms of number of cycles.
· It is better to plot the fatigue life using a logarithmic progression especially for the NInc and NTotal fatigue lives that can reach up to 12 million cycles (Figure ****). Select Log to use a logarithmic progression of values in the contour plot. From the main menu bar, select Options[image: arrow]Contour; then in the dialog box that appears, select Log for the Interval type in the Basic.
· The fatigue life is the minimum number of cycle displayed in the contour plot.
[image: ]
Figure – Fatigue life Ntotal distribution (UVARM11) using Interpolation II.

C.6.2.b   Influence of Density Distribution on Fatigue Life



D.4   MSF software user manual 
The MSF model calibration software was implemented using MATLAB R2008a. The source code requires MATLAB in order to execute; however, the compiled version executes on stand-alone Windows PCs if the (redistributable) MATLAB Compiler Runtime Libraries are installed. Figure 3.1 shows a screenshot of the software.


[image: ]

Fig. 3.1. Screenshot of the MSF model calibration software.


D.4.1   Input files
Inputs to the MSF software are text files containing fatigue life data with microstructure information, and initial values for the model parameters. Figures 3.2 and 3.3 provide templates for fatigue life data and initial parameters, respectively. Empty lines or lines beginning with ‘#’ are treated as comments. Informative lines have the form “label= value”

[image: ]
Figure 3.2. Template for fatigue life data sets.
[image: ]
Figure 3.3. Template file for initial model parameters.

D.4.2   Output files
The following files are produced by the MSF software:
· Fatigue life data set – see Fig. 3.2. The MSF software includes the functionality to average the number of cycles for each unique value of the strain amplitude. The averaged data set may be written as a “new” fatigue life data set, for input to subsequent runs of the software.
· Model parameters – see Fig. 3.3. A “good” set of parameters may be written to file, for input to subsequent runs of the software.
· Post-processing information. This text file is suitable for import into MS Excel as comma separated values. It is a concatenation of a fatigue life data set and the model parameters. The additional information consists of the model points and the interpolated residuals at each experimental data point.
· Program state file – a binary file containing the state of the MSF program at the time the file is created. This file may be loaded to restart the MSF software without loss of information.
· Replay log – a record of the interaction of the user with the MSF software. This record is automatically created when the program starts and is written to a file named MSF-yearmonthdayThourminsec.log when the program is exited. This file can be replayed to reproduce the program state before exit.


D.4.3   Menu items
· File | Load a data file
Open a file selection dialog, for the name of a data set to be retrieved.
· File | Load a properties file
Open a file selection dialog, for the name of a model parameters file to be retrieved.
· File | Load a binary restart file
Open a file selection dialog, for the name of a restart file to be retrieved.
· File | Write post-process info to text file
Open a file selection dialog, for the name of a text file to be created from the currently displayed constants and plots. The _MSF.txt extension is automatically supplied. This file, which can be imported as a comma-separated-values (CSV) file into MS Excel, may be useful for producing publication-quality plots of the model points, or for "cut-and-paste" of the constants into a report.
· File | Write a binary restart file
Open a file selection dialog, for the name of the restart file to be created. The extension _MSF_restart.mat is automatically appended.
· File | Write a data file
Open a data set selection dialog, for the data sets to be written to text files. The extension 
_MSF.data is automatically appended.
· File | Write a properties file
Open a file selection dialog, for the name of a text file to be created to contain the displayed constants. The extension _MSF.props is automatically appended.
· File | Print
Opens a print preview window, to configure print settings for the MSF software window.
· File | Reset
Reset the MSF program to the starting state.
· File | Replay
Open a file selection dialog, for the name of a replay log to be executed.
· File | Quit
Exit the MSF software.
· Optimization | Use fminsearch
Select the MATLAB routine fminsearch() for optimization. Open a window to set the options for the routine. The routine fminsearch() attempts to find a minimum of a scalar function of several variables, starting at an initial estimate, using a derivative-free simplex search method. 
· Optimization | Use lsqnonlin
Select the MATLAB routine lsqnonlin() for optimization. Open a window to set the options for the routine. The routine lsqnonlin() solves nonlinear least-squares curve fitting problems. The default algorithm is a subspace trust-region method and is based on the interior-reflective Newton method.
· Optimization | Use pattern search
Select the MATLAB routine patternsearch() for optimization. Open a window to set the options for the routine. The routine patternsearch() finds the minimum of a function using pattern search.
· Optimization | Use genetic algorithm
Select the MATLAB routine ga() for optimization. Open a window to set the options for the routine. The routine ga() finds the minimum of a function using genetic algorithm.
· Display | Font size
Open a window to select the font size.
· Display | Font name
Open a window to select the font name.
· Display | Legend position
Open a window to select the position (or inhibit display) of the plot legend.
· Help | Help topics
Open the MSF software help file.
· Help | About
Displays the MSF software version.

D.4.4   Data set controls
· [image: ]Data sets loaded by the program may be discarded, excluded from being displayed or participating in fits, or averaged. The target of a data set operation is selected using the slider. The target data is discarded by Remove and inhibited from participating by Exclude. The Exclude button becomes a Restore button for the reverse effect. The Average creates a new data set by averaging the number cycles per unique strain amplitude value. Changes to the Tag and other values take effect only after clicking the Update button.


D.4.5   Property set controls
· [image: ]The program keeps track of all property sets attempted by the user. Any property set can become “current” by selecting it using the slider. The Remove button discards the current property set, while the Optimize button attempts to optimize it. Changes to a property value or fix status take effect only after clicking the Update button.


D.4.6   Parameter study controls
· For each property, there are three GUI elements:  the text label, the value edit box, and fix check box. For example, consider [image: ].
· [image: ]Hovering the mouse pointer on the edit box activates a popup that displays a description and current range constraint for the property. 
· The edit box contains the current value. This value can be changed directly. For the change to take effect, click the Update button. If the check box is unchecked, the property value may be updated when Optimize button is clicked. If checked, the property value will be fixed during optimization. 
Tip: A property that is set to zero may be respected by the optimizer, and may remain zero even if this is not fixed. For the property to participate in fitting, set it initially to a "small" value.
· A right-click on the edit box activates the parameter study controls and disables the rest of the MSF controls. The range constraint is transferred to the Min and Max edit fields as well as to the slider limits. The current value is transferred to the Current edit field (under the label) and is used to initially position the slider. 
· [image: ]The Min, Current and Max values can be edited directly. Changes will take effect after clicking anywhere in the window outside of the edit boxes. Operating the slider decreases or increases the Current value, depending on where the slider bar is positioned. The model plots are updated automatically with each change of the current value. Clicking on the label accepts the current value and range constraint, and exits the parameter study. Cancel exits the parameter study with no changes to the current value constant and the range constraint. If the Min and Max values are very close (or very far), set the scale to a nonzero value in order to increase (or decrease) the resolution of the slide.
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SUBROUTINE KPROPS(PROPS,NPROPS)

C=======================================================================

C--------------------------DEFINITION OF MATERIAL CONSTANTS  ------------------------------------

C-------------------FOR  MULTI-STAGE FATIGUE  UVARM SUBROUTINE  --------------------------

C=======================================================================

C  Variables to be defined :

C  PROPS : Array containing material constants

C---------------------------------------

C  Variables passed in information :

C  NPROPS : Size of Array PROPS

C---------------------------------------------------------------------------------------+

IMPLICIT NONE

INTEGER NPROPS

DOUBLE PRECISION PROPS(NPROPS)

C---------------------------------------------------------------------------------------+

**------Porosity I  ----------------------------------**

C----------Mechanical properties

PROPS( 1) = 205000.D0 ! EMOD1

PROPS( 2) = 400.D0 ! SYLD1

PROPS( 3) = 503.D0 ! SULT1

C----------Strains (Not used)

C----------Microstructure properties

C----------Grain size

PROPS( 4) = 12.D0 ! DCS01

PROPS( 5) = 12.D0 ! DCS1

C----------Pores

PROPS( 6) = 267.D0 ! PORESIZE1

PROPS( 7) = 8.92D0 ! PORENND1

PROPS( 8) = 0.095D0 ! POROSITY1

PROPS( 9) = 0.0001D0 ! PORTH1

C----------Pores

PROPS(10) = 1.D0 ! PARTSIZE1

PROPS(11) = 1.D0 ! PARTDEV1

**------Porosity II  ---------------------------------**

C----------Mechanical properties

PROPS(12) = 205000.D0 ! EMOD2

PROPS(13) = 320.D0 ! SYLD2

PROPS(14) = 431.D0 ! SULT2

C----------Strains (Not used)

C----------Microstructure properties

C----------Grain size

PROPS(15) = 11.2D0 ! DCS02

PROPS(16) = 11.2D0 ! DCS2

C----------Pores

PROPS(17) = 448.D0 ! PORESIZE2

PROPS(18) = 8.46D0 ! PORENND2

PROPS(19) = 0.19D0 ! POROSITY2

PROPS(20) = 0.0001D0 ! PORTH2

C----------Pores

PROPS(21) = 1.D0 ! PARTSIZE2

PROPS(22) = 1.D0 ! PARTDEV2

C-----------------------------------------------------------+

C----------Incubation

PROPS(23) = 900.D0 ! TKPRM

PROPS(24) = 0.12D0 ! TNPRM

PROPS(25) = 0.48D0 ! CNC

PROPS(26) = 0.64D0 ! CM

PROPS(27) = -0.5D0 ! ALFA

PROPS(28) = 2.41617D0 ! QQ

PROPS(29) = 293.665D0 ! YY1

PROPS(30) = 300.D0 ! YY2

PROPS(31) = 2713.09D0 ! PUSA

PROPS(32) = 554.974D0 ! R

C-------Shape parameters

PROPS(33) = 0.253927D0 ! EMODEXP

PROPS(34) = 0.18D0 ! PARTEXP

C-----------------------------------------------------------+

C-------Small crack

PROPS(35) = 2.D0 ! OMEGA

PROPS(36) = 0.5625D0 ! AINIC

PROPS(37) = 0.25D0 ! THETA

PROPS(38) = 4.80011D0 ! TN

PROPS(39) = 80000.D0 ! CI

PROPS(40) = 3.66492D0 ! CII

PROPS(41) = 0.319647D0 ! GG

PROPS(42) = 0.0002860D0 ! CTDTH

PROPS(43) = 250.D0 ! AFNL

C-------Shape parameters

PROPS(44) = 0.D0 ! DCSEXP

PROPS(45) = 0.5D0 ! POREEXP

C----------------------------------------------------------------------+

C-------Long crack

PROPS(46) = 7.94328D-14 ! A -Paris Crack Growth Parameter

PROPS(47) = 5.8D0 ! M -Paris Exponent

PROPS(48) = 1.0D0 ! Y -Geometrical Correction Funtion

PROPS(49) = 0.25D-03 ! A0 -Small Crack Length

PROPS(50) = 22.D-03 ! AC -Long Crack Length

C=======================================================================

RETURN

END
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*Heading

Fatigue Analysis of MBC

** Job name: mbcModel name: Fatigue-MBC

**---------------------------------------------------------**

*Preprint, echo=NO, model=NO, history=NO, contact=NO

**---------------------------------------------------------**

*Restart, Read, Step=2, Write, frequency=20

**---------------------------------------------------------**

** STEP: Max Shaft-Loading

*Step, name=Max Shaft-Loading

Max Shaft-Loading 

*Static

0.05, 2.2, , 0.05

**0.05, 2.9, , 0.05

**---------------------------**

** LOADS

** Name: Shaft-Load   Type: Concentrated force

*Cload

Shaft-Ref-Node, 2, 102308.6

**Shaft-Ref-Node, 2, 133446.6

**---------------------------**

** OUTPUT REQUESTS

** FIELD OUTPUT: Solution-Output

*Output, field, frequency=1

*Node Output

CF, COORD, RF, TF, U

*Element Output, directions=YES

ENER, E, PE, PEEQ, PEMAG, S

*Contact Output

CDISP, CSTRESS

**---------------------------**

** FIELD OUTPUT: mbc-output

*Output, field, frequency=1

*Element Output, elset=MBC-Set, directions=YES

SDV, UVARM

**---------------------------**

** HISTORY OUTPUT: H-Output-1

*Output, history, variable=PRESELECT

*End Step

**---------------------------------------------------------**
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#

# Data set for Multistage Fatigue With Constant Loading (v.0.2)

#

model_tag= MSF

# Fields in the data set

# fname-File name (determined during runtime)

# excluded -Is dataset excluded? 0=no, 1=yes

# material -Material tag

# comment -Note about the data set

# strain1 -Min strain amplitude in percentage

# strain2 -Max strain amplitude in percentage

# Syld-Yield Stress in MPa

# in -Count on Material Property starts  

# Emod-Young's modulus in MPa

# Sult-Ultimate strength in MPa(True)

# D0 -Averaged grain size (microns)

# DCS -Specific grain size (microns)

# DProA-Average defect size (microns)

# DProD-Surface defect size (microns)

# porosity -Porosity

# porTH-Porosity threshold

# Dcrit-Critical defect size (microns)

# Dsdev-Standard deviation of defect size (microns)

# Dvf-Defect volume fraction

# Prob-Percentage of defects that do not contribute to damage incubation

# strain_amp-Strain amplitude

# Nf-No. of cycles to failure

#

fname = AL7075

excluded = 0

material   = AL7075

comment = AL7075 fatigue life data

Syld = 515

in = 7

Emod = 71018.5

Sult = 635.537

D0 = 40

DCS = 40

DProA = 10

DProD = 20

porosity = 0.0015

porTH = 0.0001

Dcrit = 3.78

Dsdev = 4.2

Dvf = 0.02

Prob = 0.9

strain1 = 0.0025

strain2 = 0.02

# Experimental data

strain_amp, Nf=

0.0025 369280

0.0025 418700

... deleted for brevity …

(deleted for brevity)

P_0.975513, M_0.975513, P_0.976074, M_0.976074, ….,     P_0.979439, M_0.979439, P_0.98, M_0.98 

(followed by a 202*1001 matrix of numbers)
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#

# Properties for Multistage Fatigue With Constant Loading (v.0.2)

#

model_tag= MSF

# --------------------

# FIXED properties=9

# sigmaMn-Mean stress (MPa)

# afnl1 -Small crack size (microns)

# tkPrm-Cyclic strength in MPa

# tnPrm-Cyclic hardening exponent

# ainiC-Initial crack size contribution as a function of particle size

# afnl-Final Crack size (microns)

# DD -Regulated cyclinderdiameter (in)

# danK-n in parislaw (EU)

# daC-c in parislaw (EU)

sigmaMn= 0

afnl1= 250

tkPrm= 730.9

tnPrm= 0.06

ainiC= 0.5625

afnl= 250

DD= 0.45

danK= 3.21

daC= 5.71e-009

# --------------------

# FITTED properties

# TN -Exponent in Small crack growth

# alfa-Modified Coffin Manson Law exponent

# Cm -Modified Coffin Manson Law constant

# CTDTH -Small crack CTD threshold (microns)

# gg-CTOD and crack growth rate constant

# CI -CI HCF constant in small crack growth

# CII -CII LCF constant in small crack growth

# omega -Omega

# r -Exponent in micromechanics study

# pusa-Geometric factor in micromechanics study

# CNC -Constant related to CM constant

# qq-Exponent in remote strain to local plastic shear strain

# yy1 -Constant in remote strain to local plastic shear strain

# yy2 -Linear constant in remote strain to local plastic shear strain

# theta -Maximum stress components contribution factor

# <label>= <value>, <fix?>, <min>, <max>

TN = 4.80011, 0,  0, 100

alfa = -0.698266, 0,  -100, 100

Cm = 0.3, 0,  -100, 100

CTDTH = 0.000286009, 0,  0, 1000

gg = 0.319647, 0,  0, 20

CI = 80000, 0,  0, 100000

CII = 0.00346568, 0,  0, 100

omega = 1.99996, 0,  0, 100

r = 0.2, 0,  0, 10

pusa = 4.6, 0,  0, 100

CNC = 0.173526, 0,  0, 100

qq = 2.26238, 0,  0, 5

yy1 = 146, 0,  0, 100000

yy2 = 300, 0,  -10000, 100000

theta = 0.219556, 0,  0, 100
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