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Abstract 

A user-material subroutine has been written to incorporate single crystal plasticity in the 
fmite element program ABAQUS. The fmite-element formulation of elastic-plastic and viscoplastic 
single crystal deformation is reviewed in this paper. including versions for small deformation 
theory and for the rigorous theory of finite-strain and fmite-rotation. Inelastic deformation of a 
single crystal arises from crystalline slip, which is assumed here to obey the Schmid law. Various 

self and latent hardening relations between resolved shear stress and shear strain in slip systems are 
presented and incorporated as options in the subroutine. 
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1. Introduction 

The finite element program ABAQUS has been widely used in the deformation and stress 

analysis of solids. Besides a broad range of constitutive models, ABAQUS also provides an 

interface whereby the user may write his or her own constitutive model in a subroutine denoted 

UMAT in a very general way (ABAQUS User's Manual, 1989). The stresses, strains and solution 

dependent state variables are solved incrementally by ABAQUS. When the subroutine UMAT is 

called, it is provided with the state at the start of the increment (stress, solution dependent state 

variables) and with the strain increments and the time increment The subroutine UMAT performs 
two functions: it updates the stresses and the solution dependent state variables to their values at the 

end of the increment, and it provides the material Jacobian matrix, d~(J I dAE, for the constitutive 

model as required for an iterative Newton-Rbapson solution. 

The main objective of this paper is to provide the fmite element code ABAQUS a user

material subroutine for the constitutive relation of single crystals in a continuum framework. The 

kinematical structure here falls within the framework laid out by Rice (1971) and Hill and Rice 

(1972), rigorously accommodating [mite deformation effects. The plastic deformation is assumed 

due solely to the crystallographic dislocation slip; deformation by diffusion, twinning and grain 

boundary sliding is not considered here. The Schmid stress, or resolved shear stress on a slip 

system, is assumed here to be the driving force for slip. The completion of this subroutine makes 

it possible to use ABAQUS for stress and fracture analyses of single crystals andbicrystals. The 

- finite element analysis of single crystals was fust studied by Peirce, Asaro and Needleman (1982. 

1983). 

2. Review of Elastic-Plastic Constitutive Formulation for Single Crystals 

2.1 Kinematics 
The Idnematical theory for the mechanics of crystals outlined here follows the pioneering 

work of Taylor (1938) and its precise mathematical theory by Hill (1966), Rice (1971), and Hill 

and Rice (1972). The following is a simple summary of the theory, followed Asaro and Rice 

(1977) and Asar~ (1983). 

A crystalline material is embedded on its lattice which undergoes elastic deformation and 

rotation. The inelastic deformation of a single crystal is assumed here to arise solely from 

crystalline slip. The material flows through the crystal lattice via dislocation motion. The total 

defonnation gradient F is given by 
(2.1.1) 
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where FP denotes plastic shear of the material to an intennediate reference configuration in which 

lattice orientation and spacing are the same as in the original reference configuration, and where F* 

denotes stretching and rotation of the lattice. Elastic properties are assumed to be unaffected by 

slip, in the sense that stress is detennined solely by F·. The rate of change of FP is related to the 

slipping rate y(a) of the a slip system by 
FP . FP- 1 = I y(a)s(a)m(a) (2.1. 1a) 

a 

where the sum ranges over all activated slip systems, unit vectors s(a) and m(a) are the Slip 

direction and nonnal to slip plane in the reference configuration, respectively. 
It is convenient to define the vector s·(a), lying along.the slip direction of system a in the 

/ 

defonned configuration, by 
(2.1.2a) 

A nonnal to the slip plane which is the reciprocal base vector to all such vectors in the slip pl~e is _ 
m··(a)=m(a)·F· -1 (2.1.2b) 

The velocity gradient in the cunent state is 
L=F·F-1 =D+O (2.1.3) 

where the symmetric rate of stretching D and the antisymmetric spin tensor Q may be decomposed 

into lattice parts (superscript .) and plastic parts (superscript p) as follows: 

satisfying 

2.2 Constitutive laws 

D=D* +DP~ 0=0* +OP 

D* +0* =F* _F*-I, DP +OP =l:y(a)s*(a)m*(a) 
a 

(2.1.4) 

(2.1.5) 

Following Hill and Rice (1972), the existence of an elastic potential, Cl>::Cl>(F·), assures 
that the relation between the symmeuic rate of stretching of the lattice, D*, and the Jaumann rate of 

v· 
Cauchy stress 0, 0 ,is given by 

v* • * o +O(I:D ) =L:D (2.2.1) 

where I is the second order identical tensor, L is the tensor of e!astic moduli having the full set of 
v* 

symmetries Lijkl=LjikJ=Lijlk=Lklij, the Jaumann rate 0 is the corotational stress rate on axes that 
rotate with the crystal lattice, which is related to the corotational stress rate on axes rotating with the 

v 
material, 0, by 

(2.2.2) 

v . 
where 0'=0-0'0+0·0. 
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The crystalline slip is assumed here to obey Schmid's law, i.e. the slipping rate yea) in any 

particular slip system a is assumed to depend on the current 0' solely through the so-called Schmid 

stress, t<a). The Schmid stress is just the resolved shear stress when elastic lattice distortions are 
negligible. There are many possible generalizations in the presence of finite elastic distortions, 

some discussed by Asaro and Rice (1977). Here we use the version based on the Rice's (1971) 

thermodynamic stress conjugate to slip, which Rice has shown to precisely preserve the normality 

structure of the small deformation theory (Mandel, 1965; Hill, 1967; Rice, 1970) in tenns of work 

conjugate stress and strain measures for finite defonnation. Thus we use the defmition 

t ca) = m ·(a) • f\) (J. s ·(a) 

p 
(2.2.3) 

where Po and P are the mass density in the reference and current states; Hill and Rice (1972) note 

that this t Ca) is t m,. the mixed shear component of Kirchhoff stress 't on coordin.ates which 

convect with the lattice. The rate of change of this Schmid stress is given by 

tea) ~ m '(a) -[';' + o{I:D'j - D' 'a+ a· D*}. '(a) (2.2.4) 

2.3 Hardenin2 of rate-dependent CO'stalline materials 

. It has been noted by Peirce, Asaro and Needleman (1983) that rate-independent plasticity 

may be treated as the limit of rate-dependent viscoplasticity. The constitutive formulation in the 

present report is given within this viscoplastic framework. The hardening of single crystals has 

been discussed by many authors (e.g. see the review article by Asaro, 1983a; and Wu, Bassani 

and Laird. 1991). Based on the Schmid law, the slipping rate yCa) of the ath slip system m a rate

dependent crystalline solid is determined by the corresponding resolved shear stress t<a) as 
tca) = a(a)f(a)( t Ca) I g(a») (2.3.1) 

where the constant aca) is the reference strain rate on slip system a, gCa ) is a variable which 

describes the current strength of that system, and the nondimensional function f(a) is a general . 

function describing the dependence of strain rate on the stress. Hutchinson (1976) used a simple 

power law for polycrystalline creep: 
(2.3.1a) 

where n is the rate sensitivity exponent In the limit as n -+ 00 this power law approaches that of a 

rate-independent material. 

The strain hardening is characterized by the evolution of the strengths g(a) through the 

incremental relation: 
(2.3.2) 
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where hap are the slip hardening moduli, the sum ranges over all activated slip systems. Here baa 
(no sum)"and bali (a:F~) are called self and latent hardening moduli, respectively. 

Peirce, Asaro and Needleman (1982), and Asaro (1983a, b) have used a simple form for 

the self hardening moduli: 

haa = hey) = hoseCh2~ (no sum on a) 
~ 

(2.3.3a) 

where ho is the initial hardening modulus, to is the yield stress which equals the initial value of 

current strength g(a)(o), 't, is the stage I stress (or the break-through stress where large plastic flow 

initiates), and y is the Taylor cumulative shear strain on all slip systems, i.e. 
I 

y = l:J~(a)~t 
ao 

(2.3.3b) 

The latent hardening moduli are given by 
hap = qh(y) (a ¢~) (2.3.3c) 

where q is a constant. These expressions of hardening moduli neglect the Bauschinger effect in a 
/ 

crystalline solid. 

Bassani and Wu (1991) have used a different expression for the hardening moduli to 

describe the three stage hardening of crystalline materials. Their expression depends on the shear 

strains i a) of all slip systems: 

baa = { (ho - b, )sech2[ (ho ~~ ~,~:<"l ] + b, }G( y<Pl;p .. a) (no sum on a) (2.3.48) 

hpa = qhaa (~¢ a) (2.3.4b) 

where the newly introduced hI is the hardening modulus during easy glide within the stage I 

hardening, the function G is associated with interactive (cross) hardening and given by 
G{y<P>;(i¢a)=l+ 1: faptanh{y<P>/yo) (2.3.4c) 

p_a 

where Yo is the amount of slip after which the interaction between slip systems reaches the peak 
strength, and each component fap represents the magnitude of the strength of a particular slip 

interaction. For example, coplanar interactions tend to be weaker than non-coplanar ones. For 

FCC single crystals there are five distinct slip interactions, i.e. there are at most five independent 

components of fap. 

In these fonnulations there is no explicit yielding; if the resolved shear stress on a system is 

non-zero, then plastic shearing occurs. However, for large values of the rate sensitivity exponent 

n (n~50) the plastic shearing rate on slip systems with a resolved shear stress less than 'to is 

exceedingly small compared to the reference rate a. Since within the present formulation all 

systems are potentially active, it is neither necessary nor convenient to consider (s·(a),m·(a» and 
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(-s·(a),m·(a» as separate slip systems on each of which only positive slip is alJowed. Thus, we 

pennit yea) to be negative if the corresponding t<a) is negative, as in eq. (2.3.1a). 

There are other types of models on the slip hardening (e.g., Zarka, 1975) which also fall 

into the above general framework (2.3.1) and (2.3.2) though more parameters, which may be 

considered as the internal variables in classical plasticity theory, are introduced. 

3. Forward Gradient TlDle Integration Scheme and the Incremental Fonnulation 

Two time integration schemes are used in the present paper. The fIrSt one assumes a linear 

relation among the increments of stresses, strains and state variables such as shear strains, resolved 

shear stresses, current strengths in slip systems, as described in Sections 3.1-3.3. The stresses 

and state variables are evaluated at the start of the time increment The second scheme solves the 

nonlinear incremental equations by a Newton-Rhapson iterative method, as discussed in Section 

3.4. An implicit time integration scheme is used in which the stresses and state variables are 

evaluated at the end of the time-increment. 

3.1 Forward 2radient time inteeration scheme 

The tangent modulus method for rate dependent solid developed by Peirce, Shih, and 

Needleman (1984) is used in the subroutine. We define the increment of shear strain ya) in slip 

system a within the time increment At by 
A1(a) = 1(a)(t + At) - 1(a)(t) (3.1.1) 

and employ a linear interpolation within At: 
A1(a) = At[(l-'9)y~a) +ey~~~] (3.1.2) 

where the subscript is the time at which the slipping rate yea) is the evaluated. The parameter 9 

ranges from 0 to I, with 9=0 corresponding to the simple Euler time integration scheme. A choice 

of 9 between 0.5 and 1 is recommended (peirce et ai, 1984). 

The slipping rate yca) in general is a function of the resolved shear stress tea) and the 

current strength gCa) (see eq. (2.3.1». The Taylor expansion of slipping rate gives 
ay(a) ay(a) 

y~~lt = y~a) + ChCa ) Atca) + i)gca ) Ag(a) (3.1.3) 

where At(a) and Ag(a) are the increments of resolved shear stress and current strength in Slip 

system a within the time increment At, respectively. Eqs. (3.1.1)-(3.1.3) have been rearranged to 

give the following incremental relation: 
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!J:y(a) = ~t y(a) + a_v J_~'t(a) + a_v J_~g(a) 
[ 

~(a) :l,.V(a)] 
t ot(a) og(a) 

(3.1.4) 

3.2 Incremental EOODulation 

The relations are derived in this section for the increments of shear strain ~y..a), resolved 

shear stress ~'t(a), current strength ~g(a) in all slip systems, in terms of the strain increments M1j 
v 

and time increment ~L The corotational stress increments ~aij = aij ~t are also expressed in terms 

of strain increments.M;} This definition of stress increment is consistent with the fmite element 

code ABAQUS (ABAQUS theory manual, 1989; also Hughes and Winget, 1980) for Imite 

deformation analysis. 

It is convenient to introduce for each slip system the "Schmid factor" Jl~t) and tensor CI)~a) 

defined as 
II~~) = .!.[s~(a)m~(a) +s~(a)m~(a)] 
"'IJ 2 I J J I 

Ca) _ 1 [*(a) *(a) *(a) *(a)] 
Olij . - 2 Si mj -Sj mi 

The tensor c.o~j) is related to the spin tensors a and 0* by 

n .. - rt = ~ c.o~~)y. (a) 
lJ lJ "IJ 

a 

(3.2.1a) 

(3.2.lb) 

(3.2.lc) 

From the general hardening equation of crystalline slip (2.3.2), the increments of current 

hardening function ~g(a) are given by 
(3.2.2) 

The increments of resolved shear stress ~<t<a) are related to the strain increments &ij through eq. 
(2.2.4), the elastic constitutive law (2.2.1), and the decomposition of strain increments to lattice 

parts and plastic parts (2.1.4), (2.1.5), 

A~I a) = [Lijklll &') + 0):' a it + 0);;' a it 1 (~£ij -~ Il~) AyIP) ] (3.2.3) 

where LijkJ are the elastic moduli. The corotational stress increments ~aij are given by eq. (2.2.2) 

as 
(3.2.4) 

For given strain increments AEij' the increments of shear strain ~y..a) in the slip systems 

are uniquely determined by the following linear algebraic equation, which is obtained by 

substituting the above incremental relations (3.2.2) and (3.2.3) into (3.1.4), 

7 



(3.2.S) . 

where 8a~ is the Kronecker delta. Once the Ilia) are known in tenns of the strain increments 

~j, all other increments can be found through eqs. (3.2.2)-(3.2.4). 

3.3 Lattice Rotation 

The crystal lattice undergoes distortion and rotation as the crystal defonns; however, the 

effect of lattice rotation does not explicitly appear in the constitutive equations in Section 2 when all 

rate quantities are fonned on this rotating lattice frame.<2.1.2a, b) (also, see Asaro and Rice, 1977; 

Asaro, ·1983b). The lattice defonnation and rotation are fully characterized by the reciprocal 

vectors coinciding with slip directions, s*(a), and nonnals to slip planes, m*(a), in the deformed 

configuration. By differentiating eqs. (2.1.2a, b), one finds 
s·(a) = (D· + O·).s·(a) (3.3.1a) 

m =-m . + • ·(a) ·(a) (D· 0·) C3.3.1b) 

The corresponding increments in tenns of the strain increments ~j and increments of shear strain 

Ilia) in slip systems are given by 

Ils~(a) = {!J£ .. + n··llt -l:[~~~) + (J)~~) lA'Y(~)}s~(a) (3.3.2a) 
1 IJ IJ ~ IJ lJ r J 

llm~(a) = -m ~(a){Il£" + a··llt - I[~~P) + ro~P)lA'Y(~)} 
1 J Jl Jl ~ Jl Jl r (3.3.2b) 

The s*(a) and m*(a) are updated at each time step so as to obtain the "Schmid factor" J.1~a) and 

tensor roLa) defined in eqs. (3.2.la, b) at the current state. 

3.4 Non1inear incremental fonnulations 

The incremental equation (3.1.2) for the shear strain i a ) of slip system a still holds, but 

the Taylor expansion of the slipping rate (3.I.3) is not used in this section. All incremental 

equations except (3.2.S) in Sections 3.2 and 3.3 also hold and become nonlinear since the stresses 

and state variables are evaluated at the end of the time increment The linear eq. (3.2.S) for the 

increments of shear strains lliP> in slip systems is replaced by the following nonlinear equation. 
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which is obtained by substituting the general expression of the slipping rates (2.3.1) into the 

incremental equation (3.1.2). 

l1y(a> _ (1- 9)Arr(a) _ 9Aui(a)f(a>( t~a) + ~t(a») = 0 
t g~a> + l1g(a) (3.4.1) 

where the increments of resolved shear stress ~t(a) and current strengths ~g(a) are nonlinear 

functions of ~"fa) determined by eqs. (3.2.2) and (3.2.3). The above nonlinear equation of l1y..a) 

is solved by a Newton-Rhapson iterative method. while the linear solution by eq. (3.2.S) is taken 

as an initial guess. All other increments are determined through the same iterative procedure. 

4. Subroutine for ABAQUS 

4.1 User-material subroutine UMAI 
, 

A FORTRAN subroutine called UMAThas been written particularly for the finite element 

code ABAQUS as a "user-material" subroutine for the above constitutive model of single crystals 

with the forward gradient time integration scheme in Section 3. The subroutine includes options of 

small deformation theory and the theory of finite-strain and finite-rotation. The fonnat of an input 

file for subroutine UMAT is discussed in detail in Appendix A. while an example of an input me 

including the source code of subroutine UMAT is given in Appendix C for a single crystal bar 

subject to uniaxial tension. 

In subroutin,e UMAT for single crystals. the current strengths g(a). shear strains "fa). 

resolved shear stresses tea). normals to slip planes m -(a). slip directions s-(a). and total 

cumulative shear strain yon all slip systems (defined by eq. (2.3.3b» are considered as solution 

dependent state variables. The format of the output for these solution dependent state variables is 

given in Appendix B. The stresses. strains and state variables are solved incrementally by 

ABAQUS. When the subroutine is called. it is provided with the state at the start of the increment 

(stresses. solution dependent state variables) and with the (estimated) strain increments and the 

time increment The subroutine UMAT performs two functions: it updates the stresses and the 

solution dependent state variables to their values at the end of the increment. and it provides the 

material Jacobian matrix. d~(J I d&, for the constitutive model. This matrix depends on the 

forward gradient time integration scheme in Section 3 since this single crystal model is in the rate 

form and is integrated numerically in the subroutine. 

The subroutine UMAT provides an option of using the linearized solution procedure in 

Sections 3.1-3.3 and evaluating the stress and solution dependent state variables at the start of the 

time increment (time t). or using the Newton-Rhapson iterative method to solve nonlinear 

incremental equations in Section 3.4 and evaluating the stress and solution dependent state 
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variables at the end of the time increment (l+~t). A larger time increment is allowed for the 

nonlinear solution procedure since the incremental relations are more stable. In the Newton

Rbapson iterative method the Jacobian matrix a~(J I aAt: has been simplified by neglecting the 

derivative of increments of normals to slip planes and slip directions with respect to the strain 

increments, a:· and ~:. This simplification produces no error when the effect of lattice 

rotation is not considered. The error is on the order of the elastic strain increments, O(D· At), 

compared with I, if the effect of lattice rotation is included. 

The increments of rotation !lijAt which are needed in eqs. (3.3.2a, b) are not provided 

from the interface between the user-material subroutine and the present version of main ABAQUS 

program. One may derive nAt from the provided rotation increment matrix All by 

.~R=(I- ~Q&t)-l {I+ ~QAl) (4.1.1). , 

(ABAQUS theory manual, 1989). 

. The present version of subroutine UMAT is written for cubic crystals, although it may be 

generalized for non-cubic crystals, as will be discussed in the next section. The subroutine can 

accept, as input, up to three sets of slip systems .for each cubic crystal. There is observation of the 

activation of sJip systems {lIO}<111>, {I21 }<lll> and {123 }<lll> in Bee metal crystals, and 

{Ill }<IIO> in FeC metal crystals (see, e.g. Hull and Bacon, 1984). 

There are seven user-suppJied function subprograms, F. DFDX. HSELF. HLATNT. 

GSLPO, DHSELF and DHLA TN in the main subroutine UMAT. These characterize the crystalline 

sJip and hardening of sJip systems. The function subprogram F provides the slipping rate y(CX) by 

eq. (2.3.1) at the start of the increment. while function subprogram DFDX gives its derivative, 

dy(CX) . 
d('t(CX) I g(a»' The power law form (2.3.Ia) has been used for the general function fin eq. 

(2.3.1). The function subprograms HSELF and HLATNT provide the self and latent hardening 

moduli defined in the incremental fonnulation (2.3.2). The default is either Peirce et al (1982) and 

Asaro's (1983a. b) law (2.3.3). or Bassani and Wu's (1991) formulation (2.3.4). depending on 

the format of input data detailed in Appendix A. The function subprogram GSLPO provides the 

initial value of the current strength g(cx)(O), and its default is the yield stress to in eq. (2.3.3a) or 

(2.3.4a). The function subprograms DHSELF and DHLA TN. which are necessary only when the 
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Newton-Rhapson iterative method is used. give the derivative of self and latent hardening moduli. 

dh 

dyW' 

Each user-supplied function subprogram assumes physical variables are the same within a 

given set of crystallographically identical slip systems at the reference state (before loading is 

applied). although it could be different from those in other sets. In other words. all parameters 

(e.g. yield stress. initial hardening modulus) are the same within same set of slip systems. 

It is easy to modify the power law (2.3.1a) for the slipping rate to other forms. if the 

expression of slipping rate still falls into the general framework of (2.3.1). Only function 

subprograms F and DFDX need to be changed. Similarly. only function subprograms HSELF. 

HLATNT and GSLPO (also DHSELF and DHLATN if the Newton-Rhapson iterative method is 

used) have to be modified if a different formulation for the self and latent hardening moduli is 

used. as long as the general incremental relation (2.3.2) still holds. Further modifications are 

discussed in the next section. 

The user must provide the main subroutine UMAT with the following seven groups of data 

in the ABAQUS input flle for the problem addressed: 

(1) Elastic moduli of cubic crystals; 

(2) Number of sets of potentially activated slip systems; 

A typical slip plane. e.g. (110) for a Bee crystal. for each set of slip systems; and 

A typical slip direction, e.g. [111] for a Bee crystal. for the same set of slip systems; 

(3) Initial orientation of cubic crystals in global system at the reference state; 

(4) Slipping rate dependence on resolved shear stress and current strength (see eg. (2.3.1». e.g. 

reference strain rate i(a) • exponent n in power law (2.3.1a); 

(5) Self and latent hardening moduli; 

(6) Forward gradient time integration parameter e; and 

Parameter NLGEOM which determines whether the small deformation theory or the theory of 

finite-strain and fmite-rotation is used in the analysis; 

(7) Parameters for the iteration method (if method of Section 3.4 is used); 

The structure of an input file and the more detailed format of input data are discussed in Section 4.2 

and in Appendix A. 

There are eight subroutines •. ROTATION. SLIPSYS. STRAINRATE. 

LATENfHARDEN. GSLPINIT. ITERATION. LUDCMP. and LUBKSB. in the main subroutine 

UMAT. The relation of the flTst five with the main subroutine UMAT and function subprograms 

are shown in Fig.1. The subroutine ROTATION determines the initial orientation of a cubic 

crystal in the global system. while SLIPSYS generates all slip systems (slip directions and normals 
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to slip planes) in the same set for a cubic crystal in the reference state. The subroutine 

STRAINRA TE, which calls function subprograms F and DFDX, calculates the slip rates in all slip 

systems at the start of the increment. The function subprogram F is also called by the main 

subroutine UMAT if the iteration method is used. The subroutine LATENTHARDEN, which calls 

function subprograms HSELF and HLATNT, generates the hardening matrix. i.e. the self 

hardening moduli on the diagonal and the latent hardening moduli on the off-diagonal. The 

subroutine GSLPINIT, which calls the function subprogram GSLPO. calculates the initial value of 

the current strength in all slip systems at the reference state. The subroutine ITERATION. which 

calls the function subprograms DHSELF and DHLATN. provides the arrays for the Newton

Rhapson iterative method. The last two subroutines have been used together to solve linear 

equations; LUDCMP does the LV decomposition. LUBKSB completes the backward substitution. 

Users who are interested in an electronic copy of an .INP file containing the subroutine 

UMAT may write to Professor James R. Rice. Division of Applied Sciences, Harvard University, 

Cambridge. MA 02138. USA (e-mail: RICE@GEMS.HARVARD.EDU).giving a teInet number 

for their cpu. an account name and other access information so that a copy can be placed. by flp, in 

their directory. The source code is stored in the V AX31 00 computer GEMS of the solid mechanics 

group at Harvard University. and located in the account GEMS$DKB500:[RICE] as file 

UMATCRYSPL.INP. 

4.2 Modification in ABAOUS input mes for use of VMAT subroutine 

The user-material subroutine UMAT must be part of the ABAQUS input me (.INP) as a 

material definition. Once a mesh has been defined by statements in the .INP file. the following 

procedures should be followed to incorporate elastic-plastic single crystal response: 

(1) There must be a ·USER MATERIAL card following the *MA TERIAL card in the input file 

to defIne a single crystal solid. There are two parameters, CONSTANTS and UNSYMM. in 

the ·USER MATERIAL card. The frrst one is required, which is the maximum number of 

material parameters in the model. In the present version of UMAT, this number is set to be 

160 to include all seven groups of data in Section 4.1. More details of the input fonnat are 

given in the Appendix A. The second parameter, UNSYMM, is used in the general case 

when the Jacobian matrix oAa I oAt: is not symmetric. This parameter UNSYMM may be 

omined when the defonnation is small and there is no slip hardening. 

(2) Following the card *DEPV AR the user must provide the number of solution dependent state 

variables. This number equals nine times the total number of independent slip systems 

NSLPTL plus five, i.e. 9*NSLPTL+S. As discussed in Section 2.3, the slip system (

s*ca),m*ca» is not considered as independent of (s*(a),m*(a» for a cubic crystal. There are 

nine solution dependent state variables in each slip system, namely the current strength g(a). 
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-.. shear strain 'ta ), resolved shear stress -r<a), nonnal to slip plane m·(a) and slip direction 

s·(a). The total cumulative shear strain yon all slip systems is also considered as a solution 

dependent state variable. For a FCC metal crystal the number of solution dependent state 

variables should be 113 (=9*12+5). 

(3) There must be a ·USER SUBROUTINE card followed by the source code of subroutine 

VMAT. 

(4) To include finite strain and fmite rotation effect of single crystals, the user must give 

parameter NLGEOM mentioned above a non-zero value. Meanwhile, the user must indicate 

geometric nonlinearity in the *STEP card in the.INP me. 

The 160 material parameters for subroutine UMAT are put in twenty data cards with eight 

parameters per card, having the following distributions for these seven group of input data: three 

cards for elastic moduli of crystals, four for potentially activated slip systems, two for initial 

orientation of crystals, three for slipping rate dependence, six for self and latent hardening moduli, 

one for the time integration scheme and analysis of finite deformation, and one for the iteration 

method. Further details are shown in Appendix A. 

In the analysis of bicrystals or composites of more than two crystals, the user must repeat 

the abov.e procedures for each material. More specifically, the user must give the corresponding 

twenty data cards following ·USER MATERIAL card, and the number of solution dependent state 

variables following *DEPV AR card, for each single crystal. The source code of subroutine 

UMAT following *USER SUBROUTINE card needs not be repeated. 

S. Modification and Improvement 

The modification of subroutine UMAT is fairly straightforward, as long as the distribution 

of input data cards mentioned above is not changed. There follows some guidelines for further 

modification and improvement of the subroutine UMAT: 

5.1 Non-cubic CCystals 

Only subroutines ROTA nON and SLIPSYS must be changed accordingly to include the 

effect of the aspect ratio of a non-cubic crystal and relative orientation of base vectors for a non

orthotropic crystal. For example, the user must realize that for an orthotropic single crystal the 

[110] direction may not be normal to the [-110] direction, nor normal to the (-111) plane. 

5.2 Other models of sliIWing rates and hardenine moduli 

The subroutine UMAT may be modified easily to accommodate other models of single 

crystals. As discussed earlier, a different expression for slipping rates in slip systems other than 
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the power law form of eq. (2.3.1a) can be accommodated easily by changing function 

subprograms F and DFDX, as long as the general expression still holds. However, the subroutine 

STRAINRA TE has to be modified if the expression of slipping rates in slip systems are more 

general, such as 

(5.2.1) 

where T are other internal variables, such as temperature. 

Only function subprograms HSELF, HLA 1NT and GSLPO (also DHSELF and DHLA 1N 

if the Newton-Rhapson iterative method is used) have to be changed accordingly for different 

expressions of self and latent hardening moduli other than eqs. (2.3.3) by Peirce et al (1982) and 

Asaro (1983a, b) or (2.3.4) by Bassani and Wu (1991), assuming the general incremental relation 

of eq. (2.3.2) holds. Otherwise the subroutine LA TENTIlARDEN needs further modification. 

The number of state variables following *DEPV AR card must be increased accordingly if 

more solution dependent state variables are necessary in other models of rate sensitivity and slip· 

hardening. 

5.3 Non-Schmid effect 

Asaro and Rice (1977) have discussed the modelling of single crystals which do not obey 

the Schmid law. The subroutine UMAT has to be modified accordingly by changing the 

subroutine STRAINRA TE and function subprograms F and DFDX. More state variables have to 

be introduced in the main subroutine UMAT to accommodate this non-Schmid effect These new 

state variables must be passed to subroutine STRAINRA TE. 

5.4 Numerical lime inle~ratjon scheme and the iteration method 

Numerical time integration schemes other than the forward gradient time integration scheme 

in Section 3.1, or the Newton-Rhapson iterative method in Section 3.4, require the modification of 

main subroutine UMAT. 

5.5 Founal of the input file for subroutine UMAT 

It is recommended that users not change the structure of the input file for subroutine 

UMAT, i.e. the structure of these twenty data cards. Otherwise users have to modify the array 

PROPS which stores all the input data in subroutine UMAT. 
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Appendix A. Input File for UMA T Subroutine for Single Crystals 

All material parameters for subroutine UMAT follow the card ·USER MATERIAL in the 

.INP file. There are twenty data cards, with up to eight parameters per card. ABAQUS requires 

all data in these cards be real variables. For example, unity should be written as 1. or 1.0. Here is 

the format of these input data: . 

AI. Elastic moduli of cQ'stals (three data cards) 

Only the rust data card is needed for cubic crystals. The second and third cards are 
reserved for future generalization of the user-material subroutine for onhotropic and general 

anisotropic crystals. 

The elastic moduli of crystals are given in the local cubic system. i.e. the base vectors are 
[100], [010] and [001] directions. For a cubic crystal there are three independent moduli Cll 

(=Lllll ), Cl2 (=L1l22), C44 (=L1212). The input cards must give the moduli in the order: 

o. 
. O. 

(card #1) 

(card #2) 

(card #3) 

If a cubic crystal has elastic isotropy. there are only two independent elastic constants. The input 

cards may give elastic modulus E and Poisson's ratio v in the order: 

E, 
O. 
O. 

v 

16 

(card #1) 

(card #2) 

(card #3) 
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(The present version of subroutine UMAT can also generate the elastic moduli matrix for 

oMotropic crystals and general anisotropic crystals. For an orthotropic crystal, the input cards 

may give elastic moduli in the order: 

LUll. Ll122. L2222. L1133• L2233. L3333, L1212. L1313 
L2323 
O. 

For a general anisotropic crystal, the input cards may give elastic moduli in the order: 

Lllll. Ll122, L2222. Lll33• L2233. L3333. Ll112. L2212 
L3312. Luu. Lll13. L2213• L3313. LUI3. L1313. L1123 
L2223. L3323. L1223• L1323. L2323 

A2 Slin ~Y~l~m~ (fQUl ~i!lD kWllsl 

(card '1) 

(card '2) 
(card '3) 

(card '1) 
(card 12) 

(card '3» 

Subroutine UMAT can generate up to three sets of slip systems for a cubic crystal. The 

fust card in this group (card #4) gives the number of sets of potentially active slip systems. NSET, 
which must be less or equal to three: 

NSET (card 14) 

The following card (card '5) gives for the fust set of slip systems a nonnal to slip plane (mJ, m2. 

m3) and a slip direction (SI. S2. S3). e.g. (111) and [110] for FCC metal crystals. in the following 

order: 

(card #5) 

where all the data must be real variables. If there is more than one set of slip systems. the 
folJowing two cards (cards #6 and #7) give nonnals to slip planes and slip directions in the same 

order as the fust set of slip system. Otherwise. real number zero (0.) should be put at the 

beginning of the corresponding card. 

A3 Initial orienlDtion of krYslDls (two @18 kardsl 
The orientation of a cubic crystal is uniquely determined by giving components of two non

parallel vectors in the local cubic system and the global system. The fITSt card in this group (card 

#8) gives the fIrst vector in the order: 

1 7 



(card #8) 

where [PI P2 P3] and [PI P2 P3] are the components of frrst vector in the local cubic system and 

global system. respectively. The magnitudes of p and P need not be identical. The second card in 

this group (card #9) gives the second vector in the same order. 

A4 Slippin2 rate dependence (three data Cards) 

Three cards in this group provide the modelling parameters for slipping rate dependence on 

resolved shear stress and current strength (see eq. (2.3.1) in the paper). The power law (2.3.la) is 

used in subroutine UMAT. while the rate sensitivity exponent n and reference strain rate i are 

assumed the same as others within the same set of crystallographically identical slip systems, 

although it could be different from those in other sets. 

The frrst card in this group (card #10) gives the rate sensitivity exponent n and reference 

strain rate a for the fIrst set of slip systems in the order: 

n. (card #10) 

If there is more than one set of slip systems. the following two cards (cards #11 and #12) follow 

the same order. Otherwise. real number zero (0.) should be put at the beginning of the 

corresponding card. 

AS Self and latent hardening moduli (six data cards) 

Six cards in this group provide data for models of self and latent hardening moduli (see eq. 
(2.3.2». Peirce et 01 (1982) and Asaro's (1983a. b) hardening law (2.3.3), or Bassani and Wu's 

(1991) formulation (2.3.4) are used in subroutIne UMAT. All parameters in these slip hardening 

models are assumed the same as others within the same set of crystallographicaUy identical slip 

systems. although it could be different from those in other sets. 

The input format for these two formulations (2.3.3) and (2.3.4) is differenL The format of 

input data controls which formulation is used in subroutine UMAT. The frrst two cards in this 

group (cards #13 and #14) provide input data for the fIrst set of slip systems. The remaining four 

cards (cards #15-#18) are reserved for the other two slip systems (if there are). 

For Peirce et al (1982) and Asaro's (1983a. b) hardening law (2.3.3), the first card in this 

group (cards #13) gives the initial hardening modulus hot stage I stress 'ts and initial yield stress to 

in the order: 
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hOt 'to (card #13) 

The second card in this group (card #14) provides latent hardening parameters q. as defined in eq. 

(2.3.3c): 

q. (card #14) 

where q is the ratio of latent over self hardening moduli within the same set of slip systems. and ql 

is the ratio for slip systems in other sets (if there are). 

For Bassani and Wu's (1991) law (2.3.4). the fust card (card #13) provides self hardening 

parameters in the order: 

hOt 'to. Yo. fo• (card #13) 

where ho is the initial hardening modulus. 't, is the stage I stress. to is the initial yield stress. h, is 

the hardening modulus during easy ~lide within stage I hardening. Yo and fo are parameters of slip 

interaction (defined in eq. (2.3.4c» within same set of slip systems. and Yl and fl are the 

corresponding values between different sets of slip systems. 

The format of the second card in this group (card #14) for Bassani and Wu's model (1991) 

has exactly the same order for latent hardening parameters q and ql as that for Peirce et al (1982) 

and Asaro's (1983a, b) above. 

A6 Other Parameters (one data card) 

This card (card #19) provides additional parameters (no more than eight) beyond the five 

groups above. This card gives the forward gradient time integration parameter 9 in Section 3.1 

and parameter NLGEOM. Any non-zero (but real) values of NLGEOM will initiate the fmite strain 

and finite rotation computation within subroutine UMAT. Here is format of the card: 

9. NLGEOM (card #19) 

A7 Parameters for the iteration method (one data card) 

This card (card #20) provides the parameters for the iteration. parameter ITRA TN. 

maximum number of iteration ITRMAX and the absolute error of shear strains in slip systems Yen. 

Any non-zero (but real) values of ITRA TN will initiate the iteration process. If the iterative method 

does not lead to a convergent solution within ITRMAX step of iteration, the non-iterative solution 
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(3.2.5) is used instead. The parameter 'Yerr is the tolerance of absolute error of the shear stains. 

Here is the fonnat of the card: 

ITPATN, ITRMAX, 'Yerr (card #20) 

Appendix B Output for the Solution Dependent State Variables 

In subroutine UMAT the shear strains y<a). as well as other solution dependent state 

variables are stored in the array ST A TEV in the order: 

STATEV(I) STATEV(NSLP1L): 

STATEV(NSLPIL+l) - STATEV(2*NS~): 

STATEV{2*NSLP1L+l) - STATEV(3*NSLPTI..): 

·current strengths ~a) 

shear strains y<a) 
resolved shear stresses <t<a) 

STATEV{3*NSLP1L+1) - STATEV{6*NSLPlL): normals to slip planes m·(a) 

STATEV{6*NSLP1L+l) - STATEV(9*NSLPTL): slip directions 5-(0.) 

STATEV(9*NSLP1L+l) total cumulative shear strain 'Y 

where NSLPTL is the total number of slip systems in all sets. For example. NSLPTL is 12 for 

{111}<1l0> slip systems in FCC metal crystals, and NSLPTL is 48 for {1l0}<1l1>. 

{121 }<1l1> and (123}<111> slip systems in Bee metal crystals. 

The fonnat of the output for solution dependent state variables in ABAQUS is 

SDV for all solution dependent state variables 

or 

SDVn for the solution dependent state variable n 

For example, the fonnat of the output for shear strains ya) and the total cumulative shear strain 'Y 

on all slip systems in an FCC metal crystal with {Ill }<llO> slip system is 

SDV13,SDV14,SDV15,SDV16.SDV17.SDV18.SDV19.SDV20 

SDV2I.SDV22,SDV23.SDV24.SDVI09 

(ABAQUS allows no more than eight data per card.) The order of corresponding slip systems 

(generated by subroutine SLIPSYS) may be found in the .DAT file by searching for the symbol 

"#". 
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Appendix C An Example of an Input File 

An example of an input file inel uding the source code of subroutine UMAT is given in this 

appendix for a copper single crystal bar subject to uniaxial tension. The bar is l00mm long,with a 

square cross section 10mm • 10mm. The two edges of the square cross section coincide with the 

crystal [010] and [-101] directions, respectively. 

Copper has a FCC structure, with elastic moduli cl1=168400MPa, cI2=121400MPa, and 

c44=75400MPa. There is one set of slip systems, (Ill }<110>. The rate sensitivity exponent n 

and reference strain rate a are taken to be 10 and 0.00 1 sec-I , respectively. Peirce et al (1982) and 

Asaro's (1983a, b) hardening law (2.3.3) is used, with their recommended values of initial 

hardening modulus ho=541.SMPa, stage I stress 't,=109.5MPa and initial yield .stress 

'tQ=60.8MPa, which are obtained by fitting the experimental data for a copper single crystal. The 

ratio of latent over self hardening moduli, q, is taken to be unity (Taylor's hardening). The 

forward gradient time integration parameter e is 0.5. 

The copper single crystal bar is subject to uniaxial tensile stress 200MPa along the axial 

direction. The effect of finite strain and finite rotation is included by setting parameter 

NLGEOM=l.O. The Newton-Rhapson iterative method is used (ITRATN=l.O), with maximum 

number of iteration ITRMAX=10.0 and the absolute error of shear strains 'Yen=10-s. 
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.. ROTATION 
r 

j~ 

... - .. - . 
I 

- SLIPSYS -
I 

UMAT .. GSLPINIT -

I 

STRAINRATE -
I 

I 

.. LA TENTIlARDEN -
I 

UMAT --- main subroutine 

ROTATION --- orientation of local cubic system in global system 
CORSS --- cross product of two vectors 

SLIPSYS --- generating all slip systems 
LINE --- [mmm] type of slip systems 
LINE} -- [Omn] type of slip systems 

.. - CROSS 

.. I - LINE 

.. LINEl -

.. - GSLPO 

.. - F 

-. DFDX 
-l 

.. - HSELF 

.. 
- L 

HLA1NT 

GSLPINIT --- initial values of current strain hardening functions in all slip systems 
GSLPO --- USER-supplied functional subroutine for the initial value in each system 

STRAINRA TE --- shear strain-rates in all slip systems 
F ---. USER-supplied functional subroutines for the shear strain-rate in each system 
DFDX --- USER-supplied functional subroutine for the derivative of function F 

I 
, 

LA TENmARDEN -- hardening matrix. i.e. self- and latent-hardening in all slip systems 
HSELF -- USER-supplied functional subroutine for the self-hardening modulus 
HLA TNT -- USER-supplied functional subroutine for the latent-hardening modulus 

Figure I 
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One-element Test: 
lvi, 'UHAT procedure I 

Hodel Is Intended to represent, slnqle cryst,l metallic b,r 
sub'ected to unl'xl~l tension 

This proqram lB. baRed on the -fInIte strain- version of the 
constitutive law of a slnql8 crystal metal followlnq the Schmid 
rule. with various hardenlnq options. It Involves a slnqle 
element. 

'''EAOING 
5lnqle-Crystal One Element Hodel: Finite Strain and Finite Rotation 

lenqths In mm. atress and modulI In MPI 

'NODE. NSET-NOOEALL 
1. O •• 0 •• O. 

'. 0 •• 10 •• O. 
3. 0 •• 10 •• 10. 
4. 0 .• O •• 10. 
!I. 100 •• 0 •• O. 
6. 100. , 10 •• O. 
7. 100 •• 10 •• 10. 
R. 100 •• 0 •• 10. 
9. O •• 5 •• O. 

10. 0 •• 10 •• S. 
II. 0 •• 5 •• 10. 
12. O •• O •• S. 
13. 100 •• S •• O. 
14. 100 •• 10 •• S. 
1 S. 100 •• 5 •• 10. 
16. 100 •• O •• S. 
17. SO •• 0 •• O. 
18. SO •• 10 •• O. 
19. SO •• 10 •• 10. 
20. SO •• O .• 10. 

·E~EHENT. TYPE-C3020R 
1. 1. 2. 3. 4. S. 6. 7. 8. 9. 10. 11. 12, 13, 14, 15. 

16. 11. 18. 19. 20 
• n.5ET. EI.SET-ONE 
I 

'HOUNOARY 
I.PINNEO 
], I 

'.J 
J. I 
Ii. J 
11.1 
10.1 
11.1 
I', I 

'so~tO SECTION. ELSET-ONE, MATERIAL-CRYSTAL 
·~ATERIAL.NAH£-CRYSTAL 

'USER "ATERIAL,CONSTANTS-160,UNSYMH 

All the constants below must be real numbers I 

1 

168400., 121400" 75400, 
•• cll c12 c44 (elastic constantl of copper crystall 
•• MPI MPa MPa .. 

o. , 
•• constants only used for an elastic orthotropic or anisotropic material 

MPa •• 
•• 

o. , 
•• constants only used for an elastic anisotropic material 

MPa •• .. 
•• 
•• The elastic constants above are relative 

1 -- (1001. 2 -- (010), 3 -- (001) • 
are arranqed in the followlnq order: 
eiqht constants each line (data cardl 

to crystai a.es, where 
These elastic constants 

•• 
•• 
•• 
•• III isotropic: 
•• . E Nu IYounq'l modulus and Poislon'l ratiol *. o. 
•• o. 
•• 
•• 12\ cubic: 
.. cll c12 c44 
•• o. 
•• O. 
•• 
•• 
•• 
•• 
•• 

(31 orthotropic: 

•• 
•• 
•• 
•• 
•• 
•• 
•• 

Dllll. 01122 • 
D2233 
o. 

141 anisotropic: 
Dll11, 01122, 
D3312, D1212, 
D2223, 03323, 

1. 

D2222, 

D2222. 
D1113, 
01223, 

DI133. D2233, D3333, 

DUll, D2213, D3333. 
D2213, D3113. 0l213, 
01321, 02123 

•• number of sets of· slip sYltems 
•• 
•• 

1. , 1. . 1. 1. 1. , O. 
•• normal to slip pl,ne IUp directlon 
•• 
•• 

O. , 
•• normal to slip plane IUp di rect ion 
•• 
•• 

O. , 
•• normal to slip pl,ne llip direction 
•• 
•• 
•• 

-1. I O. , 1. O. , O. , 1-
•• direction in local system, qlobal IYltem 
•• , , , , , 

D1212, DI313. 

Dl112. 02212. 
D1311, D1123, 

• of the 1st set 

, of the 2nd let 

, ot the lrd set 

, of the 1st vector 
, 

•• (the firlt vector to determine crYltal orientation In qlobal Iysteml 
•• 

o. , 1. , O. O. , 1. , O. 
•• direction In local system, qlObal IYltem , of the 2nd vector 
•• , , , , , , 
•• (the lecond vector to dete~lne crYltal orientation In qlobal sYlteml 
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.. .. 

constraint: The anqle between two non-parallel vectors In the local 
and qlobal systems should be the same. The relative 
difference must be less than 0.1'. 

10. 
n 

.001 
adot 
I/sec 

of 1st set of slip systems 

lpower hardenInq exponent and hardening coeffIcient) 
qammadot - adot • ( tau I q ) " n 

Users who want to use their own constitutive relation may chanqe the 
function subproqrams F and DFDX called by the subroutine 
ST~JN~TE and provide the necessary data Ino more than 8) In the 
above lIne (data card). 

O. 
n 

O. 
n 

O. 
adot , of 2nd set of slip systems 
IIsec 

O. 
adol , ot lrd snl of slip sysloms 
Iitlec 

541.5, 109.5, 60.8 
hO taus tauO, of 1st set of slip systems 
"PI , "PI , MPa , 

(Initial hlrdeninq modulus, slturation stress and Inltill critical 
•• resolved shear stress) 

H - HO • ( sech I HO • qamma I (taus - tauO ) I ) *' 2 

Users who want to use their own self-hardenInq law may chanoe the 
function subproqram HSELF called by the subroutIne LAT£NTHARD£N 
and provide the necessary dlta Ino more than 8) in the above line 
(data card). 

l. 1. 
q '1 1 I .. ll.nnt holrdr.nlnq or 1sl set of slip systems 

Iratlos of latent to selt-hardenlnq In the same and dIfferent sets 
ot !!llp systemsl 

Users who want to use their own latent-hardenino may chanoe the 
function subprogram IlLATNT called by the subroutine LATENTHARDEN 
and provide the additional data (beyond the self-hardenlno data, 

•• no more than 81 In the above line (data cardl. 

O. 
hO UIUS lauO , or 2nd set of. slip sYltems 
HI'. MPol Mpa 

O. 
q ql , of 2nd set of slip systems 

O. 
hO taus lauO , of 3rd set of slip sYltems 
"Pa "Pa MPa 

2 

** 
• • 
•• ,. ., ., 

O. 
q 

, ,. 
ql 

.5 1. 
THETA , NLGEOM , 

of lrd set of slip sYlteml 

•• THETA: Implicit I nteoratlon parameter, between 0 Ind 1 
•• 
•• NLGEOM: parameter determlnlno whether finite deformation of Iinole 

crYltal I, considered .. 
•• 
•• ,. 
•• ,. 
" 

" 
" 

NLGECM-O. 
otherwise 

small deformation 
finite rotation and finite Itraln, Ulers mUlt 
declare "NLGEOH" in the input file, at the 'STEP 
a~ 

1. 10., I.E~5 
ITRATN , ITRMAX , GAMERR , 

, , , 
•• JTRATN: paramulor dotormlnlnq whether Iteration mothod Is u.ed to 
•• .0Ive Incrementa of stro •• o. and state variable. In torm. of 
•• Itraln Increments ,. ,. 
'* .. ITRATN-O. 

otherwise 
no iteration 
Iteration 

•• ITRHAX: maximum number of iterations 
•• 
•• GAHERR: absolute error of shear stralnl in slip .ystems 
•• 
" 
·DEPVAR. 
113 
•• number of state dependent variables, must be larger than lor equal 

tol nine tImes· totll number of slip systems in III sets, plus 
five, plus the additional number of state variables users 
Introduced for th"lr own slnOle crystll model 

.. .. .. 
•• For example, 11101<111> has twelve slip systems. There Ire 
•• 12".5-113 state dependent variables. 
.~ 

•• 
•• 
'USER SUBROUTINE ,. 

SUBROUTINE UMAT (STRESS, STATEV, DDSDDE, SSE, SPD, SCD, RPL, 
DDSDDT, DRP~DE, DRPLDT, STRAN, DSTRAN, TIME, 

• DTIME, TEMP, DTEMP, PREDEF, DPRED, CMNAHE, NDI, 
NSHR, NTENS, NSTATV, PROPS, HPROPS, COORDS, 
DROTI 

C----- Use slnole precision on Cray by 
C 111 deletinq the statement "IMPLICIT" IA-H,O-II-; 
C (2) chanqlno "REAL" FUNCTION" to -FUNCTION-; 
C (3) chanqino double preci.ion function. DSleN to SIGN. 

C----- Subroutine.: 
C 
C ROTATION 
C 

formino rotation matriX, i.e. the direction 
co. in •• of cubic cry.tal (1001, (0101 Ind (0011 

of 

. .. .. 
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c 
c 
r: 
c 
c 
C 
C 

C 
c: 
c 
C 
C 
c 
C 
C 
C 
C 
C 
c: 
C 
(" 

C 

C 
C 

c-----
c 

C-----
C 
C 
C 
C 
C 

C-----
C 
C 
C 
r: 
C 
C 
C 
c 
r: 
c 
c 
c 
c 
c 
c 
c 

SLIPSYS 

CSLPINJT 

STRAINRAT£ 

directions In qlobal sYlte. at the Initial 
.tate 

calculatinq number of .llp syst.ms, unit 
vectors in slip direction. and unit normal. to 
.lip planes in a cubic cryst.l at the Initial 
• tate 

calculatlno Initial value of current .trenoths 
at initial state 

ba •• d on current v.lu.s of re.olv.d .hear 
.tr ••••• and current .tr.nqth, calculatinq 
shear .tr.in-rates in .lip syst.m. 

LIITENTHARDEN formino self- and latent-h.rdenino matrix 

ITERATION 

I.UIlCHP 

\.URKSB 

oeneratino arrays for the Newton-Rh.pson 
iteration 

LU decomposition 

lin.ar equation solver bas.d on LU 
d.compo.itlon method {mu.t c.ll LUDCMP firstl 

runctlon subprooram: 

r -- shear strain-rates In slip systems 

Variable.: 

STRESS -- stres.e. (INPUT , OUTPUT) 
Cauchy stre •••• for finite deformation 

STATEV solution dependent state variabl.s (INPUT' OUTPUT I 
ODSOOE -- Jacobian matrix (OUTPUT) 

Variables passed In for information: 

STRAN 

DSTRIIN 
CMNIIHE 
NOI 
NSIIR 
NTtNS 
NSTIITV 

PROPS 

NPROPS 

strains 
looarlthmic str.ln for finite deformation 
I~ctually, int.oral of the .ymmetric part of velocity 
oradlent with respect to tim.) 

Increment. of strains 
name oiven In the "MATERIAL option 
number ot direct stress components 
number of .nqlne.rlnq shear stress components 
NDI+NSHR 
number of solution dependent state variabl •• la. 
defined in the *DEPVAR option) 
materi.i const.nts ent.red in the "USER MATERIAL 
option 
number of m.terial constants 

C-----' This .ubroutine provides the pl.stic constitutlv. rel.tlon of 
C .lnole crystal. for finite .Iement coda ABllQUS. Th. pl.stic slip 
C of slnole cryst.l obeys the Schmid law. The proqr.m Oiv.s the 
e chOice of small deform.tion th.ory and theory of finite rot.tion 
C .nd flnlt. strain. 
c The strain lncrem.nt Is compos.d of .l •• tlc part .nd pl •• tlc 
c part. The .lastic strain incre~nt corresponds to lattice 
C stretchlnq, the pl •• tic part is the .um ov.r all slip .y.tem. of 

3 

C 
c 
C 
c 
c 
C 
C 

pl •• tlc slip. The sh.ar .traln Incr.m.nt for e.ch slip .ystem I. 
••• ~d I function of the rltlo of corr •• pondlno r.solved sh.lr 
stre •• ov.r current strenoth, Ind of the time .tep. Th. re.olved 
.h.lr stre •• is the double product of str ••• t.nsor with the slip 
d.formation tensor (Schmid flctor), .nd the increment of current 
.trenqth is related to she.r str.ln incr.ments over all slip 
.y.~.ms throuqh self- and latent-hard.nino functions • 

C----- The implicit inteor.tion method propo.ed by Peirce, Shih Ind 
C N •• dl.mln (19841 is used her.. The subroutine provides In option 
C of iterltlon to solve stresles Ind lolutlon dependent state 
C vlri.bl.s within e.ch increment. 

C----- The present pr09ram Is [or i 11n91e CUBIC crystal. However, 
C this cod. can be veneralized for oth.r crystals (e.o. HCP, 
C T.trloonll, Orthotropic, etc.l. Only subroutines ROTATION Ind 
C SLIPSYS need to be modified to include the effect of cryst.l 
C .spect ratio. 
C 

C----- Important not I c.,: 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

(11 Th. number of state v.r1.ble. NSTATY mUlt b. 1.r9.r than (or 
equil to) NINE 1'1 time. the total numb.r of .llp systems In 
III •• ts, NSLPTL, plus rIVE (5) 

NSTATV >- , " NSLPTL + 5 
Denot. s as a slip dir.ction .nd • a. normal to •• lip pl.ne. 
Here (s, -ml, (-a, m) .nd (-I, -m) .re NOT consider.d 
Independent of (s,m). Th. number of .llp .y.t.m. In .ach .et 
could be either 6, 12, 24 or 48 for. cublc cry.t.l, a.v. 12 
for (1101<111>. 

Us.rs who need more plrlm.t.ra to charlct.rlz. the 
con.titutlve l.w of slnvl. crystll, e.o. the framework 
proposed by Zirke, .hou1d m.ke NSTATY l.ro.r th.n (or .qu.1 
to) the number of thOle parlmeterl NPARHT plus nIne tImes 
the total number of .llp IYlteml, NSLPTL, plus flv. 

NSTATV >- NPARKT + , * NSLPTL + 5 

(2) Th. t.noent stlffnesl mltrix in gener.l II not Iymmetric if 
Iltent h.rdenlno Is con.id.r.d. U •• rl must declare "UNSYHH" 
in the input file, It the "USER MATERIAL clrd. 

C----- Use sinol. precision on cr.y 
C 

IMPLICIT REAL"8 (A-H,O-ZI 
'PARAMETER (ND-150) 

c----- The plr.meter ND determin •• the dimen.ion. of the array. In 
C this subroutine. The current choice 150 1 •• upp.r bound for a 
C cubic cryst.l with up to thr.e •• t. of .lip .ystem. Ictivlted. 
C Us.rs mly'reduce the p.r.met.r ND to Iny number .1 lono .s llroer 
C th.n or equal to the total numb.r of Ilip Iystem. in .11 •• ts. 
C For ex.mple, if 11101<111> II the only let of Ilip IYltem 
C potenti.lly Ictiv.t.d, ND could be t.k.n II twelve (12). 

CHARACTER·. CMNIIHE 
EXTERNAL F 
DIMENSION STRESS(NTENS), STATEV(NSTATVI, DDSDDE(NTENS,NTENSI, 

2 DDSDDT(NtENSI, DRPLDE(NTENS), STRAN(NTENS), 
J DSTRAN(NTENS), 'REDEr{l), DPR£D(11, PROPS(NPROPS), 
4 CooRDS(JI, DROT(J,JI 
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DIMENSION ISPDIR(3I, ISPNOR(3I, NSLIP(3I, 
2 SLPDIR(3,NDI, SLPNOR(3,NDI, SLPDtF(6,ND), 
3 SLPSPN(l,NDI, DSPDIR(3,NDI, DSPNOR(3,ND), 
4 DLOCAL(6,6), D(6,61, ROTD(6,6), ROTATE (l,31, 
~ rSLIPINDI, DrDXSPINDl, DDEHSDI6,NDI, 
6 HIND,ND), DDCDDEIND,6), 
1 DSTRES(6), DELATS(6I, DSPIN(l), DVCRAD(l,3), 
8 DG~INDI, DTAUSPIND), DCSLIPINDI, 
9 WORKSTIND,NDI, INDXIND), TERHIJ,JI, TRMO(l,3), ITRMIJ) 

DIMENSION 
2 
1 
4 
~ 

c----c:----r:_-- __ 
C c-----
C 
r: 
c: 
c 
r: 
1: 
<: 
c 
c 
c 

NSLIP 
SI.PDIR 
SI.PNOR 

SLPDEr 

rSLIPIIND), STRES1(6), GAHHAIIND), TAUSPIINDI, 
CSLPIINDI, SPNOR1(J,NDI, SPDIR1(3,NOI, DDSOE1(6,61, 
DSOLDI61, DCAHODINDI, DTAUODIND), DGSPODIND), 
DSPNROIJ,ND), DSPDRO(l,NDI, 
DHDGDGIND,ND) 

number of slip systems In each set 
slip directions (unit vectors In the Initial state) 
normals to Blip planes lunit normall In the Initial 
statel 
slip deformation tensors (Schmid factorsl 
SLPDEP (1,11 SLPDIR (l, 11· SLPNOR (1,11 
SLPOtr(2,1) SLPDIR(2,1)*SLPNOR(2,1) 
SLPOEF(3,1) SLPDIRI3,1)*SLPNORIJ,l) 
SLPDEPI4,II SLPDIRll,II.SLPNOR(2,1)+ 

SI,PDEr(S, II 

SLPDEr 16, 11 

SLPDIR(2,1)*SLPNOR(I,11 
SLPDIR(l,l)*SLPNOR(J,l)+ 
SLPDJRIJ,ll*SLPNOR(l,ll 
SLPDIR(2,II*SLPNOR(l,ll+ 
SLPDIR(J,II*SLPNOR(2,i) 

c----- SLPSPN --
where Index I corresponds to the ith slip sYltem 
slip spin tensors (only needed for finite rotltion) 
SLPSPN(I,I) -- (SLPDIR(1,1)*SLPNOR(2,1)-c 

r. 

c 
c: 
c 
c c----c-----
(' 

c----c:----c-----
C 
r;-----
C 
C 
r,-----
1;---_-
C 
C 
c: 
r:--- __ 
C 
C 
C 
C c-----
c: 
t: 
C 

DSPDIR 
OSPNOR 

DLOCAL 
[) 

ROTD 

ROTIITE 

rSI.IP 
DrDXSP 

ODF.HSO --

H 

SI.PSPNI2,11 

SLPSPN Il, 11 

where Index 
I ncrements of 
Increments of 

SLPDIR(2, I) *SLPNOR(l, I) 1/2 
(SI.PDJRIl, 11 *SLPNOR(1,l1-
SLPDIR(1, 11 *SLPNOR(J,lJ 112 

(SI.PDIR(2,1I *SLPNOR(3, 1)-
SLPOIR(J,I)*SLPNOR(2,111/2 

corresponds to the Ith slip system 
slip directions 
normals to slip planes 

elastic matrix In local cubic crystll system 
elastic matrix In global system 
rotation matrix transforming DLOCAL to D 

rotation matrix, direction cosines of (1001, (0101 
and (0011 of cubic crystal in global system 

shear strain-rates In slip systems 
derivatives of PSLIP w.r.t x-TAUSLP/GSLIP, where 

.TAUSLP Is the resolved shear stress and CSLIP is the 
current strength 

double dot product of the elastic moduli tensor with 
the slip deformation tensor plus, only for fInite 
rotation, the dot product of Illp spin tenlor with 
the strels 

sel!- and 
HIl,lI 

H(I,lI 

latent-hardening matrix 
self hardening modulus of the lth slip 
system (no sum over 1) 
latent hardening molulus of the ith slip 

4 

c 
c 
c 

system due to a slip In the jth slip system 
(1 not equal jl 

c----- OOGOOE -- derlvatice of the shear strain increments in slip 
C systems w.r.t. the increment of strains 
C 

C----- OSTRES -- Jaumann increments of stresses, i.e. corotational 
C stress-increments formed on axes splnninq with the 
C material 
C----- DELATS 
C 

straIn-increments associated with lattice stretchlnq 
DELATS'll - OELATS(J) normal strlin increments 
OELATS(41 - OELATS(6) -- enoineerino Ihear strlln C 

C increments 
C----- DSPIN 
C 

spin-increments associated with the material el@ment 
OSPINI11 component 12 of the spin tensor 

C 
C 
C 

C-----
C 
C 
C 

OSPIN(21 component 31 of the spin tensor 
DSPIN(JI component 23 of the spin tensor 

DVCRAD -- increments of deformation gradient In the current 
state, I.e. veloeity Qradient times the Increment of 
tIme 

c----- DGAHHA c----- DTAUSP c----- OGSLlP 
C 

incr@ment of shesr strains in slip systems 
increment of resolved shear stresse. In slip systems 
increment of current strenqths in slip systems 

C c-----
c 
c 
c 
c 
c 
c 
c-----
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

Arrays (or iterltion: 

FSLIPl, STRESl, GAMMAI, TAUSPl, CSLPl , SPNORl, SPDIRl, 
DDSDEl, DSOLD , DGAHOD, DTAUOD, DGSPOD, DSPNRO, DSPDRO, 
DHDCDG 

Solution dependent state variable STATEV: 
Denote the number of total slip systems by NSLPTL, which 
wIll be calculated In thIs code. 

Array STATEV: 
1 - NSLPTL 
NSLPTL+l - 2*NSLPTL 
2*NSLPTL+l - JtNSLPTL 

J*NSLPTL+1 - 6*NSLPTL 

6*NSLPTL~1 - 9tNSLPTL 

9*NSLPTL+l 

'*NSLPTL+2 - NSTATV-4 

NSTATV-J 
NSTATV-2 
NSTATV-l 
NSTATV 

current Itrength In slip systems 
shear strain in slip systems 
resolved shear stresl in slip systems 

current components of normals to slIp 
.Up planes 
current components of slip directions 

total cumulatiVe shear strain on all 
slip systems (sua of the absolute 
values DC shear strains in all Ilip 
systems I 

addItional parameters users mlY need 
to characterIze the constitutive law 
of a single crystal 11f there are 
anyl. 

number of Ilip IYlteml in the lit let 
number of slIp syst .. s in the 2nd set 
number of slip systems in the 3rd set 
total number of slip systems in III 
sets 

. , 
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c-----
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
C 
r: 
C 

c· 
c 
c· 
r: 
(" 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
r. 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
r. 
c 
c 
c 
c 
c 

H3terlal constants PROPS: 

PROPS(l) - PROPS(21) -- elastlc constants for a Qeneral el.stic 
anisotropic materlal 

Isotropic 

cubic 

PROPS(I)-O for 1>2 
PROPS(l) Youn9'S modulus 
PROPS(2) -- Poisson's ratlo 

PROPS 111-0 
PROPS (1) 
PROPS (2) 
PROPSIJ) 

for i>3 
cll 
c12 
c44 

orthotroplc PORPSII)-O for 1>9 
PROPS(l) - PROPSI91 are 01111, 01122, D2222, 
01133, 02233, 03333, 01212, 01313, 02323, 
respectively, which hal the same deflnltlon 
as ABAOUS for orthotroplc materials 
Isee ·ELASTIC card) 

anisotropic PROPSI1) - PROPSI21) are 01111, 01122, 
02222, 01133, 02233, 03333, 01112, 02212, 
03312. 01212. 01113, D2213, D3313, 01213, 
01313, 01123, D2223, D3323, D1223, D1323, 
02323, respectlvely, which h.s the I.me 
definition a. ABAOUS for anlsotroplc 
materlds Isee ·EI.ASTIC cardl 

PIIOI-S (7~) - PIIOPS (!l6) -- I'aram"tnra characterlzlnQ all slip 
IVltoml to be .ctlvated In a cubic 
crystal 

PROPSI2S1 -- number of sets of slip sy.tem. Imaximum 3), 
e.q. 1110)[1-11) and (101)(11-1) are in the 
IIIme set of slip systems, 1110111-11) ud 
1121111-11\ belon9 to different set. of s11p 
systems 
lit must be a real number, e.q. 3., not 3 II 

PROPS(33) - PROPSIJS) -- normal to a typlcal sllp plane In 
the first set of slip .ystems, 
e.q. 11 1 0) 
IThey must be real number., e.q. 
1. 1. 0., not 1 1 0 !I 

PROPSI)6) - PROPSIJ8) -- a typical slip direction in the 
first set of slip systems, e.q. 
11 1 1\ 
IThey must be real numbers, e.Q. 
1. 1. 1., not 1 1 1 !I 

PROPS(41) - PROPSI431 -- normal to a typical slip plane in 
the second .et of slip .y.t ... 
Ireal numbers) 

PROPS(44) - PROPS(46) -- a typical silp direction in the 
.econd .et of slip .y.tem. 
Inal numben) 

PROPSI491 - PROPSI51l ..:- normal to a typical dip plane 1n 
the third .et of .lip .y.tem. 
Ireal nUlllbers) 

PROP51521 - PROPS(54) -- a typical .lip direction in the 
thlrd set of .11p system. 

5 

c 
c 
c 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 

Iresl numbers) 

PROPS (571 - PROP5(721 -- parameterl characterllinq the lnltlal 
orlent.tion of a linQle crYltal In 
910bal system 

The dlrectlons In 9lobal IYltem and direction. In local 
cubic crystal system of two nonparallel vectors are needed 
to determlne the crystal orientation. 

PROPS (57) - PROPSI591 -- Ip1 p2 p3), dlrection of first 
vector in local cublc crystal 
sYltem, e.q. [1 1 01 
IThey mUlt be real numberl, e.Q. 
1. 1. 0., not 1 1 0 11 

PROPS 1601 - PROPSI621 -- IP1 P2 P3\, direction of firlt 
vector in qlobal system, e.q. 
[2. 1. 0.1 

PROPS (6S) PROPS 1671 

PROPS(6.) - PROPS(70) --

(It does not have to be a unit 
vector I 

direction of second 
local cubic crYltal 
nUlllbenl 
direction oC second 
9lobal sYltem 

vector in 
system Ireal 

vector in 

PROPS (73) ~ PROPS(96) -- parameterl characterlilno the visco
plaltic constitutlve law Ilhear 
Itraln-rate VI. re.olved Ihoar 
Itre.I), e.Q. a power-law relation 

PROPS(73) - PROPS(80) -- parameterl for the flrlt let of 
IUp IYlteml 

PROPSI~l) - PROPSI881 -- parameters for the second set of 
sUp Iystema 

PROPS 1891 - PROPS(96) -- parameterl for the thlrd set of 
slip IYltems 

PROPS (97) - PROPS(144)-- parameters characterizinq the .elf
and latent-hardenlno lawl of slip 
Iystems 

PROPS(9'1 - PROPSll04)-- .elf-hardeninq parameters for the 
first set of sllp systems 

PROPSll051- PROPS(1121-- latent-hardeninq parameters for 
the first set of slip systems and 
interaction with other sets of 
slip Iystems 

PROPSII1JI- PROPS(120)-- self-hardeninQ parameters for the 
second set of slip systems 

PROPS(121)- PROPSI1281-- latent-hardeninq parameters for 
the second set of slip systems 
and interactlon with other lets 
of slip sYltems 

PRO'SII!91- 'ROPS(1361-- .elf-hardenlnq parametera for the 
third set of Ilip sYlteml 

PROPSll37)- PROPS(I •• )-- latent-hardeninQ parameters for 
the third set of .11p Iystems and 
interaction with other lets of 
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C 
C 
(; 

C 
C 
C 
C 
c 
(' 

t: 
C 
C 
C 
C 
C 
C 

C' 

" t' 

c: 
C 
C 
C 
C 
C 
C 
C 
C 
r: 
<: 
<: 
c 
C 
C 

sUp systems 

PROPS(1451- PROPS(1521-- parameters characterizino forward time 
I nteout ion scheme and n:ni te 
deformation 

PROPS(]4~1 -- parameter theta controllino the implicit 
Inteqratlon, which is between 0 and 1 
O. explicit Inteoration 
0.5 recommended value 
1. fully Implicit inteqration 

PROPS(146) -- parameter NLGEOM controll1nq whether the 
effect of finite rotation and finite str.in 
of crystal i. considered, 
O. small deformation theory 
otherwise: theory of Cinite rotation and 

(inite strain 

PROPS(l5l)- PROPS(l60)-- parameteu character!zinq iteration 
method 

PROPS (15Jl -- parameter ITRATN controllinq whether the 
iterltion method Is used, 
O. no iteration 
otherwise: iteration 

PROPS(154) -- maximum number of iteration ITRMAX 

PROPS (l551 absolute error of shear strains in slip 
syatems GAHERR 

C----- Elastic matrix In local cubic crystal 
DO J-l,6 

system: DLOCAL 

DO 1-1,6 
DLOCAL(I, J)-O. 

tND DO 
tND DO 

CHECK-O. 
DO J-IO,21 

CltF.CK-C''':CK'IIRS (PROrS (JI) 
f:NIl DO 

If (CHECK.EO.O.I THEN 
DO J-4,9 

CHECK-CHtCK+ABS(PROPS(J)) 
END DO 

If (CHECK.EO.O.) THEN 

IF (PROPS(l) .EO.O.I THEN 

C----- Isotropic materIal 
GSH£AR-PROPS(ll/Z./(l.+PROPSIZII 
F.II-Z."GSHEARt(1.-PROPS(211/(1.-2,·PROPS(211 
E12-2. tCSHEARtPROPS(21/(1.-2,tPROPSI211 

DO J-1,1 
DLOCAL(J, JI-E11 

6 

• 
DO 1-1,3 

IF (I.NE.JI DLOCAL(I,Jl-EI2 
END DO 

DLOCAL(J+3,J+3)-CSHtAR 
END DO 

ELSE 

C----- Cubic material 
DO J-l,3 

DLOCAL(J,J)-PROPS(l) 

DO 1-1,3 
IF (I.NE.JI DLOCAL(I,JI-PROPS(21 

END DO 

DLOCAL(J+J,J+JI-PROPS(JI 
END DO 

END If 

ELSE 

C----- Orthotropic metarial 
DLOCAL(I,l)-PROPS(11 
DLOCAL(I,21-PROPS(21 
DLOCAL(2,1)-PROPS(21 
DLOCAL(2,21-PROPS(31 

DLOCAL(1,JI-PROPS(41 
DLOCAL(1,11-PROPS(4) 
DLOCAL(2, J)-PROPS (5) 
DLOCAL(l, 21-PROPS (51 
DLOCAL(J, J)-PROPS (6) 

DLOCAL(4, 4)-PROPS (7) 
DLOCAL(5,5)-PROPS(8) 
DLOCAL(6,6)-PROPS(9) 

END IF 

ELSE 

C----- General anisotropic material 
ID-O 
DO J-l,6 

DO I-l,J 
1D-1D+l 
DLOCAL(I,J)-PROPS(IDI 
DLOCAL(J,I)-DLOCAL(I,J) 

END DO 
END DO 

END IF 

c----- Rotltlon matrix I ROTATE, i.e, direction COSines of (100/, (0101 
C and (0011 of a cubic crystal in qlobal system 
e 

CALL ROTATION (PROPS(57), ROTATE) 

c----- Rotation matrix: ROTD to transform local elastic matrix DLOCAL 
C to qlobal ellstlc m.trlx D 
C 

• • • 
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00 J-l.3 
Jl-l+J/l 
J2-2+J/2 

00 1-1.3 
n-lH/l 
12-2+112 

ROTDII.J\-ROTATEII.J\··2 
ROTDII.J+l\-2."ROTATEII,Jll·ROTATEII.J21 
ROTOII+l.J\-ROTATEIIl,J) "ROTATEII2,J) 
ROTDll+3.J+l)-ROTAT£(Il,Jll*ROTAT£(I2,J21+ 

2 ROTATEIIl,J2) "ROTATE(I2,Jl\ 

END DO 
END DO 

c----- Elastic matrix In global sYltem: 0 
c: 101 - (ROTDI ' (DLOCALI • IROTDltranspose 
c 

DO J-l,6 
DO 1-1.6 

011. JI-O. 
END DO 

END DO 

DO J-I,6 
DO I-l.J 

DO K-I.6 
DO L-I.6 

OII,J)-D(I.JI+DLOCAL(K,LI·ROTD(I,KI*ROTO(J,LI 
END DO 

END 00 

D (J, 11-0 II, JI 

END 00 
END DO 

c----- Total number or sets o{ slip systems: NSET 
NSET-NINT(PROPSI2~1) 

IF INSET.LT.I) THEN 
WRITE 16.'1 ····ERROR - zero .ets of slIp .ystems· 
STOP 

ELSE IF (NSET.GT.ll THEN 
WRITE 16.·) 

2 ····ERROR - more than three s.ts of slIp .y.t.ms· 
STOP 

END IF 

c----- Implicit Integration paramet.r: THETA 
THETA-PROPS(14~) 

c----- Flnlt. deformation? 
c----- NLGEOM - D. small deformAtion theory 
C otherwise. theory of finite rotation and finite straIn, Users 
C must d.clare -NLGEOM- In the Input fll., at the ·STEP card 
C 

IF IPROPSI1461.EO.O.1 THEN 
NLGEOM-O 

ELSE 
NLCEOM-I 

END IF' 

7 

c----c-----
C 
C 
C 

I~eratlon? 

ITRATN - O. no It.ratlon 
otherwls., It.ratlon (solving Incr.ment. 

solutIon dependent stat. varlabl •• ) 

IF (PROPS(15ll.EO.O.1 THEN 
ITRATN-O 

ELSE 
ITRATN-l 

END IF 

ITRHAX-NINT (PROPS 11541 I 
CAMERR-PROPSllS5\ 

NITRTM--l 

DO I-l,MTENS 
DSOLO III -0. 

END DO 

DO J-l,NO 
DCAMODIJI-O. 
DTAUODIJI-O. 
DCSPODIJI-O. 
00 1-1,3 

DSPMRO II, JI -0. 
DSPORO(I, JI-O. 

END DO 
END DO 

of .tr ..... and 

C----- Increment of spIn a.loclat.d wIth the mat.rIal .l.ment: DSPIN 
C (only n •• d.d for finlt. rotatlonl 
C 

IF INLGEOM.NE.OI THEN 
00 J-l,3 

DO 1-1,3 
TERM(I,JI-DROT(J,I\ 
TRMO(I,J\-DROTIJ,I) 

END DO 

TERMIJ.J\-TERMIJ.JI+l.DO 
TRMO(J,JI-TRMO(J,JI-l.DO 

END DO 

CALL LUDCKP (TERK, J, 3, ITRK. DOCKPI 

DO J-l,3 
CALL tuBKSB ITERM. 3. 3, ITRM. TRMOll,Jl1 

END DO 

DSPIN(11-TRKO(2,11-TRMO(1,21 
DSPIN(21-TRMO(1,31-TRMO(3.11 
DSPIN(JI-TRMO(3,21-TRMO(2,JI 

END IF 

C----- Increment of dilatational ItraIn: DEV 
DEV-O.DO 
DO I-I,NDI 

DEV-DEV+DSTRAM(II 
END DO 

c----- Iteration Itlrt. (only when Iteration method i. UledI 
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1000 CONTINUE 

:: 

Parameter NITRTN: number of Iterations 
NITRTN - 0 --- no-Iteration solution 

NlTRTN-NITRTN+ t 

c----- Cheek whether the current stress state Is the Initial state 
IF (STATEYlll.EO.O.1 THEN 

C----- Initial state 
c 
r.----- Cener.tlnq the followlnq parameters and v.rlables at Inltl.l 
estate: 
r: Total numbf!r of slip systems In all the sets NSLPTL 
r: Number of slip systems In eltch set NSLIP 
C Unit vllctors In Initial slip directions SLPDIR 
C Unit normals to Inilial slip planes SLPNOR 
c: 

2 

NSI,PTL-O 
no I-I,NSI:T 

ISPNORIII-NINTIPROPSI2S+S'III 
ISPNOR(21-NINT(PROPS(26+S'III 
ISPNOR(ll-NINT(PROPS(27+S'III 

ISPDIR(II-NINT(PROPS(2S+S'III 
ISPDIR(21-NINT(PROPS(29+S'III 
ISPDIR(31-NINT(PROPSI30+S'III 

CALL SLIPSYS (lSPDIR, ISPNOR, NSLIP(II, SLPDIR(l,NSLPTL+ll, 
SLPNOR(l,NSLPTL+II, ROTATEI 

NSLPTL-NS LPTL+NSLIP (II 
END DO 

I riND. LT. NSLPT!.I TIt!,N 
WRITE (6,·1 

2 ····£RROR - parameter ND chosen by the present user Is less than 
J the total number of slip systems NSLPTL' 

STOP 
END IF 

c----- Slip deformation tensor: SLPDEF ISchmld flctors) 
DO J-I. NSLPTL 

SLPDEF 0, JI-SLPDIR 11, JI'SLPNOR (1, JI 
SLPDEF(2.JI-SLPDIR(2,JI·SLPNOR(2,JI 
SLPD£F(J.J)-SLPUIRIJ,JI·SLPNORIJ,J) 
SLPD£r(4,J)-SLPDIRll,J)'SLPNOR(2,J)+SLPDIR(2,J)'SLPNO~~l,J) 

SLPDErIS.J)-SLPDIR(l,J)·SLPNOR(3,J)+SLPDIR(3,J) "SLPNOR(l ,JI 
SLPDEr 16, J) -SI,PI)/R 12, J) ·SI.PNOR (3, J) +SLPDIR(3, J) *SLPNOR(2, J) 

END DO 

C----- Initial value oC state varIables: unit normal to a slIp plane 
C and unit vector In a slip direction 
C 

STATEV(NSTATV,-rLOAT(NSLPTL' 
DO l-l,NSET 

STATEVINSTATV-4+1)-FLOATINSLIP(I) I 
END DO 

IONOR-3'NSLPTL 
IDDIII-"NSLPTL 
DO J-l, NSLPTL 

DO 1-1,3 

8 

IDNOR-IDNOR+1 
STATEV(IDNORI-SLPNOR(I,J~ 

IDDIR-IDDIR+l 
STATEV(IDDIR)-SLPDIR(I,J) 

END DO 
END DO 

C----- Initial value of the current strenqth for all slip systems 
C 

CALL CSLPINIT (STATEVI1), NSLIP, NSLPTL, NSET, PROPS(91)) 

C----- Initial value of .he.r str.ln In slip systems 
DO I-l,NSLPTL 

STATEV(NSLPTL+I)-O. 
END DO 

STATEV(9*NSLPTL+I,-O. 

C----- Inilial value of the resolved she.r .tre.s In slip .ystem. 
00 I-l,NSLPTL 

c-----
C 

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

TERMI-O. 

DO J-l,NTENS 
Ir (J.LE.NDI' THEN 

TERM1-TtRH1+SLPDEF(J,II*STRESS(JI 
ELSE 

TtRH1-TtRH1+SLPDEF(J-NDI+3,II'STRESS(JI 
£ND IF 

END DO 

STATEV(2*NSLPTL+II-TERHI 
END DO 

ELSE 

Current at res. st.te 

Copying frOM the array of state variable. STATVE the following 
p'rameters .nd variables .t current stress state: 

Total number of slip systems 1n .11 the .ets NSLPTL 
Number of .llp sYltems In each set NSLIP 
Current sllp directions SLPDIR 
Normals to current slip planes SLPNOR 

NSLPTL-NINT(STAT£VINSTATV)) 
DO I-l,NS£T 

NSLIP(I)-NINT(STAT£V(NSTATV-4+I)' 
END DO 

tDNOR-3'NSLPTL 
IDDIR-'*NSLPTL 
DO J-l,NSLPTL 

DO 1-1,3 
IDNOR-IDNOR+l 
SLPNORII,J,-STAT£VltDNOR) 

IDDU-IDDIR+l 
SLPDIRII,J'-STATEVIIDDIR' 

END DO 
END DO 

c----- Slip deformltlon tensor: SLPDEr (Schmid factors) 
DO J-l,NSLPTL 
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SLPDEFII,JI-SLPDIRII,JIOSLPNORI1,J) 
SLPDEFI2,JI-SLPDIRI2,JloSLPNORI2,JI 
SLPDEFI3,JI-SLPDIRll,J)·SLPNORI3,JI 
SLPDEFI4,JI-SLPDIR(1,JI·SLPNORI2,JI+SLPDIRI2,JI·SLPNOR(l,JI 
SLPDEFIS,J)-SLPDIRI1,J\·SLPNORI3,J)+SLPDIRI3,J)OSLPNORIl,J) 
SLPDEFI6,JI-SI,PDIRI2,J)·SLPNORll,J)+SLPDIRI3,J)·SLPNORI2,JI 

END 00 

END IF 

c----- Slip spin tensor: SLPSPN loniy needed (or (inite rotation) 
IF INLGEOH.NE.OI THEN 

DO J-1,NSLPTL 
SLPSPNI1,J)-O.So ISLPDIRI1,J)OSLPNORI2,J)-

2 SLPDIRI2,J)OSLPNOR(1,J)) 
SLPSPNI2,JI-O.soISLPDIRll,J\OSLPNOR(1,J)_ 

, SLPDIRI1,J)·SLPNOR(l,JI) 
SLPSPN 13, J)-O. SOISl.PDU 12, J)"SLPNOR13, J)-

, SI,PDtRll,JloSLPNOR(2,JII 
END DO 

END If 

c----- Double dot product of elastic moduli tensor with the slip 
C deformation tensor ISchmid factors) plus, only (or finite 
e rotation, the dot product of slip spin tensor with the stress: 
C DDEHSD 
c 

DO J-l, NSLPTL 
DO 1-1,6 

DDEHSD II, J)-O. 
DO K-l,6 

DDEHSD(I,JI-DDEHSDII,JI+DIK,I)OSLPDEFIK,J) 
END DO 

END DO 
END DO 

If INLGEOH.NE.O) THEN 
DO J-1,NSLPTL 

DoEHSD 14, J)-DDEHSD 14, JI-SLPSPN 11, J)·STRESS (1) 
00EHSD(S,JI-DDEHSDIS,J)+SLPSPNI2,J)*STRESSI1) 

IF INDI.GT.11 THEN 
OOEHSD(4,J)-OOEHSOI4,JI+SLPSPNI1,J)*STRESS(2) 
ODEHSDI6,JI-DDF~SDI6,J)-SLPSPNIJ,JI*STRESS(2) 

END IF 

IF (NDI.GT.2) THEN 
OOEHSOI5,JI-DOEHSO(5,J)-SLPSPNI2,J)*STRESS(JI 
DDEHSD(6,JI-DDEHSD(6,JI+SLPSPNll,JloSTRESS(ll 

END IF 

IF INSHR.GE.l) THEN 
DDEHSD(l,J)-DDEHSDll,J)+SLPSPN(I,JI*STRESS(NDI+11 
ODEHSDI2,J)-DOEHSD(2,J)-SLPSPN(I,J)*STRESS(NDI+11 
DDEHSD(S,JI-DOEHSD(5,JI-SLPSPN(J,J) * STRESS (NDI+ll 
DDEHSD 16, JI-DDEHSD (6,JI +SLPSPNI2,J) *STRESS(NDI+11 

END IF 

IF INSHR.GE.2) THtN 
DDEHSD(1,JI-DDEHSD(1,J)-SLPSPN(2,J) * STRESS (NDI+2) 
DDEHSD(l,JI-OOEHSDll,JI+SLPSPNI2,J)·STRESSINDI+21 
ODEHSOI4,JI-OO.J1SD(4,JI+SLPSPN(l,J)*STRESSINDI+2) 
DDtHSDI6,JI-OOEMSDI6,JI-SLPSPN(1,J)OSTRESSINDI+2) 

9 

END If 

If INSHR.EO.JI THEN 
DDEHSDI2,JI-DDEHSDI2,J)+SLPSPN(3,J)*STRESS(NDI+3) 
DDEHSD(3,J)-ODEHSO(3,J)-SLPSPN(3,J) * STRESS (NDI+3) 
DDEHSDI4,JI-DDEHSD(4,JI-SLPSPNI2,JI·STRESSINDI+ll 
DDEHSD(5,JI-DD.~SDIS,JI+SLPSPN(1,J)*STRESS(NDI+l) 

END If 

END DO 
END IF 

C----- Shear Itrain-rate in a Blip IYltem at the Itart of increment: 
C fSLIP, and its derivative: DFDXSP 
C 

2 
3 

ID-l 
DO l-l,NSET 

If II.GT.I) IO-IO+NSLIP(I-I) 
CALL STRAINRATE ISTATEVINSLPTL+ID), STATEV(Z*NSLPTL+ID), 

STATEV(IDI, NSLIP(II, FSLIP(ID), DfDXSP(IDI, 
PROPS (65+S· III 

END DO 

C----- Self- and latent-hardenino laws 
CALL ~ENTHARDEN (STATEV(NSLPTL+l), STATEV(2*NSLPTL+l), 

2 STATEVII), STATEV('*NSLPTL+I), NSLIP, NSLPTL, 
1 NSET, H(l,l), PROPSI"), NO) 

C----- LU decompolition to lolve the increment of Ihear Itrain in a 
sllp sYltem C 

C 
TERMl-THETA*DTIHE 
00 1-1, NSLPTL 

TAUSLP-STATEV(Z*NSLPTL+I) 
GSLIP-STATEV II) 
X-TAUSLP/GSLIP 
TERM2-TERM1*DFDXSPIII/GSLIP 
TERMl-TERM1*xoDFDXSPIII/GSLIP 

00 J-1,NSLPTL 
TERM4-0. 
DO K-I,6 

TERM4-TERM4+DDEHSD(K,I)*SLPDEf(K,J) 
END DO 

WORKSTII,JI-TERM2°TERH4+HII,JIOTERMl*DSIGNI1.DO,FSLIPIJII 

IF (NITRTN.GT.O) WORKST(I,J)-WORKSTII,J)+TERMl*DHDGDG(I,JI 

END DO . 

WORKST(I,I)-WORKST(I,I)+l. 
END DO 

CALL LUDCHP (WORKST, NSLPTL, NO, INDX, DDCHP) 

C----- Increment of Ihear Itrain in a Ilip IYlte.: DGAMHA 
TERMI-THETA*DTIME 
DO I-l,NSLPTL 

If (NITRTN.EQ.O) THEN 
TAUSLP-STATEV(2*NSLPTL+I) 
GSLIP-STATEV (J I 
X-TAUSLPlGSLIP 

~ 



umatcryspl.inp Fri Jun 14 08:59:59 1991 

'1 

TERHZ-TERHIODFDXSP(II/GSLIP 

DGAHHAIII-O. 
DO J-l,NOI 

DG~HHAIII-DGAHHA(II+DDEMSDIJ,IloDSTRAN(JI 
END DO 

IF INSHA.GT.OI THEN 
00 J-l,NSHA 

DGAHHA III-DGAHHA (II +DDEMSDIJ+3, II °DSTRANIJ+NDII 
END DO 

END IF 

DGAHMAIII-DGAHMAIII"TERM2+FSLIPllloDTIM£ 

ELSE 
DGAMHA(II-TERMloIFSLIPIII-FSLIPI(III+FSLIPI(IIODTIME 

-DGAHODIII 

END IF 

END 00 

CAM. 1.U9KSR IWOAKST, Nsr.PTJ., NO, INDX, DGAMMAI 

DO I-l,NSLPTL 
DGAHHAIII-DGAHHAIJI+DGAHODIII 

END DO 

c:----- Update the shear steain in a slip system: STATEV(NSLPTL+l) _ 
r: STATEV(ZONSLPTLI 
r; 

00 l-l,NSLPTL 
STATEV (NSI.PTL+ I1-STATEV (NSl.PTLH I +DGAHMA 1II-00AMOD II I 

END DO 

c----- Increment of current strength in a slip system: DGSLIP 
DO r-l,NSLPTL 

DGSLIP II 1-0. 
DO J-l,NSLPTL 

DGSLIPIII-DGSLIPIII+H(I,JloABS(DGAHMAIJII 
tND 00 

END DO 

"----- Upd .. t .. the currcnt alrcnqlh In a sUp system: ST~T£VI11 -
STATEV INSLPTLI 

c 
00 r-I,NSLPTL 

STATEV(I)-STATEV('I+OOSLIP(I)-OOSPOD(I) 
END DO 

c----- Increment of strain associated with lattice Itretchlnq: DELATS 
DO J-l,6 

DEl"'TS (JI-O. 
END DO 

DO J-l,3 
IF (J.Lt.NDII DEl.ATS(JI-OSTRANIJI 
DO I-l,NSLPTL 

DELATS(JI-DELATS(JI-SLPOtrIJ,IloDGAMHA(JI 
END DO 

FoND DO 

DO J-l,l 

10 

c-----
c 
c 
c 
c 

2 

2 

IF ·IJ. LE.NSHRI OELATS IJ+31-0STRAN (J+NOI) 
00 I-I,NSLPTL 

DEL~TSIJ+31-DE~TSIJ+31-SLPDEFIJ+3,IloDGA~III 
END DO 

END DO 

Increment of deformation gradient associated with lattice 
stretching in the current state, i.e. the velocity gradient 
lassociated with lattice stretchlngl times the increment of 

DVGRAD (only needed for finite rotatlonl 

IF INLGEOM.NE.OI THEN 
00 J-l,3 

DO 1-1,3 
IF II.EO.JI THEN 

DVGRAOII,JI-DELATS(I) 
ELSE 

DVGRAD(I,JI-DELATSII+J+11 
END IF 

END 00 
END DO, 

00 J-l,3 
00 r-l,J 

IF (J.GT.II THEN 
IJ2-I+J-2 
IF (HOD(IJ2,21.EO.11 THEN 

TERMI-I. 
ELSE 

TERMI~-l. 
END IF 

OVGRAO(I, JI-OVGRADIJ,JI +TERMI °DSPIN (IJ21 
OVGRAD(J,I)-DVGRAD(J,II-TERMIODSPIN(IJZI 

DO K-l, NSLPTL 
DVGRAD(I,JI-DVGRAD(I,JI-TERHltDGAHMA(K)° 

SLPSPN (IJ2, KI 
DVGRAD(J, II-DVGRAD(J, II +TERMloDGAHMA(KI ° 

SLPSPN (IJ2, KI 
END 00 

END IF 

END DO 
END DO 

END IF 

time: 

c----- Increment of resolved shear atre.a in a alip .y.tem: DTAUSP 
00 I-I,NSLPTL 

DTAUSP 111-0. 
DO J-I,6 

DTAUSP(II-DTAUSP(I)+DDEMSD(J,IloDELATS(JI 
END DO 

END DO 

c----- Update the resolved .hear atre.a In a .lip system: 
c STATEY(2 t NSLPTL+ll - STATtv(3 t NSLPTLI 
C 

c-----

DO I-l,NSLPTL 
STATtY (2 t NSLPTLtll'-STATEY CZoNSLPTLtll +DTAUSP (l1-DTAUoo III 

tND DO 

Increment of .tre •• : DSTREI • 
, 
• 
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IF (NLCECH.EO.O) THEN 
00 I-l,NTENS 

DSTRES III -0. 
END 00 

ELSE 
00 I-I,NTENS 

OSTRES (lI--STRESS II I -OEV 
END 00 

END IF 

DO I-I,NDI 
DO J-l,NDI 

OSTRESIII-DSTRESIII+Dll,JI-DSTRAN(J) 
END 00 

IF INSHR.GT.OI THEN 
00 J-l,NSHR 

OSTRESII)-DSTRF.SIII·DII,J+3)*DSTR~NIJ+NOI) 
END DO 

END IF 

00 J-I, NSLPTL 
OSTRESII)-OSTRESIII-OOEMSOII,JI*DCAMMAIJ) 

END DO 
END 00 

IF INSHR.CT.O) THEN 
DO I-l,NSHR 

00 J-I,NOI 
OSTRESII+NDI)-DSTRESII+NOII+0(I+3,J)*DSTRANIJI 

END DO 

DO J-l,NSHR 
OSTRESII+NDII-DSTRESII+NOII+0II+3,J+3)*DSTRANIJ+NDII 

END DO 

DO J-I,NSLPTL 
OSTRESII+NOII-0STRESI1+NOII-ODEMSDII+3,J)*OC~~IJI 

END DO 

END DO 
END IF 

c----- Update the stress: STRESS 
DO l-l,NTENS 

STRESS II)-STRESS II) +OSTRES III-OSOLDII) 
END DO 

c----- Increment oC normal to a slip plane and a Ilip direction lonly 
r. needed Cor finite rotatlonl 
r: 

IF INLeECH.NE.OI THEN 
00 J-l,NSLPTL 

DO 1-1,3 
DSPNOR II, JI-O. 
OSPDIR (I, JI-O. 

DO K-l,3 
DSPNORII,JI-DSPNORII,JI-SLPNORIK,JI*OVGRADIK,II 
DSPDIRII,JI-DSPDIRII,JI+SLPDIRIK,JI*DVCRADII,KI 

END 00 

END DO 

'11 

END 00 
.or' e----- Update the noraal to a slip plane and a slip direction lonly 

C needed Cor Cinlte rotatlonl 
C 

IONOR-3 - NSLPTL 
IDOIR-'-NSLPTL 
DO J-l,NSLPTL 

DO 1-1,3 
IDNOR-IDNOR+1 
ST~TEVIIDNORI-ST~TEVIIDNORI+DSPNORII,JI-DSPNROII,JI 

IOOIR-IDOIR+l 
ST~TEVIIDDIRI-ST~TEVIIDOIRI+DSPDIRII,JI-OSPDROII,JI 

END DO 
END 00 

END IF 

C----- Derivative oC shear straIn increment In a slip systea v.r.t. 
e straIn increment: DOCDDE e . 

TERMI-THET~-DTIHE 
DO I-1,NTENS 

00 J-1,NSLPTL 
T~USLP-STATEVI2*NSLPTL+JI 

CSLIP-STATEV IJI 
X-TAUSLP/GSLIP 
TERM2-TERMl*DFDXSPIJI/GSLIP 
IF II.LE.NDII THEN 

DDCDDEIJ,II-TERM2*DDEMSDII,JI 
ELSE 

DOGODEIJ,II-TERM2*00EMSDII-NDI+3,JI 
END IF 

END DO 

CALL LUBKSB IWORKST, NSLPTL, NO, INOX, 00CDDEl1,III 

END DO 

C----- Derivative oC stress increment v.r.t. strain increment, i.e. 
e Jacobian matrix 
e 
C----- Jacobian matrix: elastic part 

00 J-l,NTENS 
00 I-1,NTENS 

DOSDDEII,JI-O. 
END DO 

END DO 

DO J-l,NDI 
00 I-I,NDI 

DDSOOEII,JI-OII,JI 
IF INLeEOM.NE.OI DDSDDEII,JI-DOSODEII,JI-STRESSIII 

END 00 
END DO 

IF INSHR.cr.OI THEN' 
00 J-l,NSHR 

00 I-l,NSHR 
00SOOEII+NDI,J+NOII-0II+3,J+31 

END DO 

DO l-l,NDI 

• 
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2 

c-----

DDSDDE(I,J+NDII-D(I,J+31 
DDSDDE(J+NDt,II-D(J+3,tl 
IF (NLGEOH.NE.OI 

DDSDDE(J+NDI,II-DDSDDE(J+NDI,II-STRESS(J+NDII 
END DO 

END DO 
END IF 

Jacobian matrix: plastic part (sllpl 
DO J-l,NDI 

DO t-l,NDI 
DO II-I, NSLPTL 

DDSDD£(I,JI-DDSDD£(I,JI-DDEMSD(I,III"DDGDDE(II,JI 
£ND DO 

END DO 
END DO 

tF (NSHA.GT.OI THEN 
DO J-l,NSHA 

DO I-l,NSHR 
DO II-I, NSLPTI, 

DI)SI)I)f". (I f NIH, J fNI)I I -llI>SI>IlF. (I>NDI, J+NDII-
I)m:M5U It fl, III "DOGDDE(K, J>NDJI 

END DO 
END DO 

00 t-l,NDl 
DO K-l,NSLPTL 

DDSDD£(I,J+NDII-DDSDDE(I,J+NDII-
, ODEHSO(I,KI"DDGDDE(K,J+NDII 

DDSDDE(J+NDI,II-DDSDDE(J+NDI,II
DD£MSD(J+3,III'DDGDDE(K,II 

£ND DO 
END DO 

FoND DO 
£NIl IF 

IF (tTRATN.N£.OI THEN 
DO J-I,NTENS 

DO I-l,NTENS 
ODSDDEIl,JI-DOSDOElt,JI/(l.+DEVI 

END DO 
END DO 

END tF 

c----- tteration? 
tF IITRATN.NE.OI THtN 

c----- Save solutions (without Iteratlonl: 
C Shear strain-rate in a slip system FSLIPl 
C Current strenQth In a slip system GSLPI 
C Shear strain In a slip system GAMMA 1 
C Aesolved .hear stress In a slip sYltem TAUSPl 
C Normal to a slip plane SPNORI 
C Slip direction SPDIRI 
': Strolll STR£S] 
c: Jacobian matrix DDSDtl 
C 

IF INITRTN.EO.OI THEN 

10NOR-l"NSLPTL 
10DIR-'"NSLPTL 
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DO J-l,NSLPTL 
FSLIPIIJI-rSLIPIJI 
GSLPl(JI-STATEV(JI 
GAHHAl(JI-STATEV(NSLPTL+JI 
TAUSPl(JI-STATEV(2"NSLPTL+JI 
DO 1-1,3 

IONOR-IONOR+l 
SPNORlII,JI-STATEV(IDNORI 

IDDIR-IDDIR+} 
SPDIRI (1, JI-STATEV(IDOIRI 

END DO 
END DO 

DO J-l,NTENS 
STRESIIJI-STRESS(JI 
DO l-l,NTENS 

DDSD£l(I,JI-DDSDDE(I,JI 
END DO 

END DO 

END IF 

C----- Incrnmcnts of stress DSOLO, and .olutlon dependent .tato 
variables OGAHOO, OTAUOO, DGSPOO, DSPNRO, DSPDRO (Cor the next 
Iteratlonl 

C 
C 
C 

00 I-l,NTENS 
DSOLD(II-DSTRESIII 

£ND DO 

DO J-l,NSLPTL 
DGAMOD(JI-DGAMMA(JI 
DTAUOD(JI-DTAUSP(JI 
DGSPOD(JI-DGSLIP(JI 
DO 1-1,3 

DSPNRO(I,JI-DSPNOR(I,JI 
DSPDRO(I,JI-DSPDIR(I,JI 

END DO 
END 00 

C----- Cheek If the Iteration solution converQes 
IDBACK-O 
10-0 
DO l-l,NS£T 

DO J-l, NSLIP (I) 
ID-ID+I 
X-STATEV (2"NSLPTL+IDI ISTATEV (IDI 
RESIDU-THETA"DTIHE"F(X,PROPS(6S+8"I)I+DTIHE*(1.O-THETAI" 

2 FSLIPl(JD)-DGAHHA(ID) 
IF (ABS(RESIDU).GT.GAHERR) IDBACK-l 

END DO 
END DO 

IF IIDBACK.NE.O.AHD.NITRTN.LT.ITRHAXI THEN 
C----- Iteration: array. for Iteration 

CALL ITERATION (STATEV(NSLPTL+ll, STATEVIZ*NSLPTL+ll, 
2 STATEV(ll, STATEV('"NSLPTL+ll, NSLPTL; 
J NSET, NSLIP, ND, PROPS I"), DGAHOD, DHDGDGI 

GO TO 1000 

ELSE If INITRTN.GE.ITRHAXI THEN 
C----- Solution not converv_ Within maxl.um number of Iteration (the 

'. 
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C solution without Iteration will be uledI 
C 

DO J-l,NTENS 
STRESS(JI-STRES1(JI 
DO I-l,NTENS 

DDSODEII,JI-DDSDElll,J) 
END DO 

END DO 

JONOR-J*NSLPTL 
IDDU-6*NSLPTL 
DO J-l,NSLPTL 

STATEVIJI-G5LPIIJI 
STATEVINSLPTL+JI-CAHHA1(JI 
STkTEV(2*NSLPTL+JI-TAUSP1(JI 

00 I-l,l 
IONOR-IONOR+l 
STATEV(IONORI-SPNORl(I,JI 

JODIR-IDOIR+l 
STATEV(IDOIRI-SPOIR1(I,JI 

END 00 
END DO 

END H· 

END IF 

C----- Total cumulative shear strains on all Ilip Iy.teml (sum of the 
e absolute values of shear strains In all slip IYltemsl 
r. 

DO I-I, NSLPTL 
STATEV(9*NSLPTL+l)-STATEV(9·NSLPTL+l)+ABS(OCAMMA(III 

£NO 00 

RETURN 
END 

c----------------------------------------------------------------------

SUBROUTINE ROTATION (PROP. ROTATE) 

c----- ThIs subroutine calculates the rotation matrix. 1.e. the 
C direction cosines of cubic crystal (100\, (010\ and (DOl) 
r. directions In qlobal system 

e----- The rotation matrix Is stored In the array ROTATE. 

~----- Use 51nqle precision on cray 
c: 

IMPLICIT REAL·& (A-H.o-ZI 
DIMENSION PROPI161, ROTATE(l,ll, TERMI(l,ll, TERM2(l.3). INoX(l) 

C----- SUbroutines: 
C 
c 
c: 
I: 
C 
C 
!; 

CROSS 

LUDCMP 

LU8KS8 

cross product of two vectors 

LU decomposition 

linear equation solver based on LU decomposition 
method (mult call LUoCK' firstl 
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c----- PROP -- constants characterizinq the crystal orientation 
C (INPUTI 
C 
C 
C 
C 
C 
C 

PROP III - PROP III -- direction of the first vector In 
local CUbic crystal system 

PROP (41 - PROP 161 direction of the first vector In 
qlobal IYltem 

C PROP(9) - PROP (11)-- direction of the .econd vector in 
C local cubic crYltal IYltem 
C PROP(121- PROP(141-- direction of the second vector in 
C qlobal .ystem 
C 
C----- ROTATE -- rotation matrix (OUTPUT): 
C 
C 
C 
C 
C 
C 
C 

ROTkTE (l, 11 

ROTATE 11.2) 

ROTATE (1,3 I 

direction .collnes of direction 11 0 0) In 
local cubic cryltal Iystem 
direction co.ines of direction 10 1 0) in 
local cubic crystal sYltem 
direction cosines of direction 10 0 1) in 
local cubic crYltal sYltem 

C----- local matrix: TERMI 
CALL CROSS (PROP(ll. PROP(9). TERMI. ANGLE I I 

C----- LU decompOSition of TERMI 
CALL LUOCMP (TERMI, l. J, INDX. DCHPI 

C----- inverse matrix of TERMl: TERM2 
DO J-I.J 

DO 1-1,3 
IF (I.EQ.J) THEN 

TERH2 (I. J) -I. 
ELSE 

TERM2 II. J) -0. 
END IF 

END DO 
END 00 

DO J-I.3 
CALL LU8KS8 (TERMI. 3. 3, INoX. TERM2(1,J)) 

END 00 

C----- qlobal matrix: TERMI 
CALL CROSS (PROP(41, PROP(12), TERMI. ANGLE2) 

C----- Check: the anqle between first and lecond vector in local and 
C qlobal IYltems must be the lame. The relative difference mUlt be 
C lei. than 0.1'. 
C 

IF (ABS(ANCLE1/ANGLE2-1.).GT;0.oOll THEN 
1fJlITE (6.·' 

2 ····ERROR - anqlel between two vectorl are not the lame' 
STOP 

END IF 

C----- rotation matrix: ROTATE 
DO J-l.3 

DO 1-1.J 
ROTATE II. JI-O, 
DO 1t-1.l 

ROTATt(I.JI-ROTATEII,J)+TERH1(I.K)·TERH2(K.J) 

, . . . . 
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tND DO 

END DO 
F.ND DO 

RETURN 
END 

e-----------------_________________ _ 

SUBROUTINE CROSS IA. B. c. ANGLE I 

c----- III normalIze vectors A and B to unit vectors 
e 121 store A. Band A'B Icross productl In C 

e-----
c: 

, 

Use single precision on crav 

IMPLICIT REAL'8 IA-H.O-ZI 
DIMENSION Aili. Bill. C(l.ll 

SUHI-SORTIAIII"2+AI21"2+Alll"21 
SUM2-S0RTIBIll"2+BI21"2+BI31"21 

IF ISUM1.EO.0.1 THEN 
WRITE 16.'1 ····ERROR - first vector Is zero' 
STOP 

ELSE 
DO I-l.l 

ell.ll-AIII/SUMl 
END DO 

f:NU IF 

IF ISUM2.EO.0.1 THEN 
WRITE 16.') ····ERROR - second vector Is zero' 
STOP 

ELSE 
DO I-l.l 

ell. 2) -B II) /SUM2 
END UO 

FoNI> IF 

ANGLE-O. 
DO 1-1.3 

ANGLr.-ANGLE+CII.ll·CII.21 
END 00 
ANGLE-ACOSIANGLEI 

C 11. ll-C 12.11·CIl. 21-C Il.11'C 12.21 
e 12. ll-C 13.11·C 11. 21-C 11.1) 'c 13.21 
C Il. ll-c l1.ll·CI2. 21-C 12.1I·CIl. 21 
SUMl-SORTICll.31··2+CI2.31··2+Cll.ll··21 
IF ISUM3.LT.l.E-81 THEN 

WRITt 16.'1 
• "'ERROR - first and second vectors are parallel' 

STOP 
END IF 

RETURN 
END 

C----------------------------------------------------------------------
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SUBROUTINE SLIPSYS IISPDIR. ISPNOR. NSLIP. SLPDIR. SLPNOR. 
2 ROTATEI 

C-----
C 
C 
C 

C-----
C 
C 

This SUbroutine generates all slip systems In the •• me set for 
a CUBIC crystal. For other crystals le.g •• HCP. Tetragonal. 
Orthotroplc •••• 1. It has to be modified to Include the effect of 
crystal aspect ratio. 

Denote s a. a slip direction and m as normal to a slip plane. 
In a cubic crystal. Is.-ml, I-s,ml and (-s,-ml are NOT considered 
Independent of Is.ml. 

C----- Subroutines: LINEI and LINE 

C----- Variables: 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

ISPDIR 

ISPNOR 

NSLIP 

a typical slip direction In this set of slip systems 
Untegerl (tNPUTI 
a typical normal to Slip plane In this set of slip 
systems (tntegerl (INPUTI 
number of independent slip systems In thl •• et 
IOUTPUTI 

SLPDIR -- unit vectors of all slip directions 10UTPUTI 
SLPNOR -- unit no~als to all slip planes (OUTPUT I 
ROTATE -- rotation matrix (INPUTI 

ROTATE (1,1) dIrectIon cosines of [1001 in global .y.tem 
ROTATE II. 21 direction cosines of (0101 In global system 
ROTATEII,ll direction cosines of [0011 In global system 

NSPDIR 
NSPNOR· 
lWKDIR 
IWKNOR 

number of all possible slip directions in this set 
number of all possible slip planes In this set 
all possible slip directions IIntegeri 
all po.slble slip planes lintegerl 

C----- U.e sln91e precision on cray 
C 

IMPLICIT REAL'8 IA-H.o-tl 
DIMENSION ISPOIRI31, ISPNORI31. SLPDIRIl,SOI, SLPNORll.SOI. 

NSLIP-O 
NSPDIR-O 
NSPNOR-O 

ROTATEIJ.ll. IWKDIRll,241. IWKNORI3,241. TERMlll 

c----- GeneratIng all possible slIp dIrections In this set 
C 
C 
C 
C 

c 

c 

Denote the .llp dlre~tion by (lmnl. 11 i. the minimum of the 
absolute value ot 1, m and n, 13 11 the maximum and 12 Is the 
mode, e.g. 11 -l 21, II-I, 12-2 and Il-l. Ile-12e-ll. 

II-MINIIABSIISPDIRlllI, IABS(ISPDIRI21),lABS (ISPDIR(llI ) 
13-HAXIIABSIISPDIR(II), IABSIISPDIRI211, lABS (ISPDIRI31 II 
I2-IABSIISPDIRIlll+IABSIISPDIRI211+IABS(ISPDIRllll-Il-13 

RHODIR-SORTIFLOATIIl·Il+I2·I2+I3·I311 

11-12-13-0 
IF 113.£0.01 THEN 

WRITE (6,') ····ERROR - Illp direction is (0001' 
STOP 

n-n-o, u>O (0011 type 
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c 

C 

<: 

c 

C 

c 

c 

ELSE IF (12.tO.01 THtN 
NSPOIII-l 
DO J-l,3 

00 1-1,3 
IWKDlII (I, JI-O 
IF (I.EO.JI IWKOIII(I,J)-Il 

END 00. 
£NO DO 

11-0, t3>-I2>0 
ELS£ IF (11.£0.01 TH£N 

11-0, 13-12>0 
IF 112.£0.131 TH£N 

NSPOIll-6 
00 J-l,fi 

DO 1-1,l 

(0111 type 

IWKDIR (I, JI-12 
1 F (l.EO.J.OR.J-1.£0.31 IWKDIR (1, JI-O 
IWKOIR (1,61--12 
IWKOI R (2,41--12 
IWKOIR13,51--12 

£NO DO 
ENO 00 

11-0, 13>12>0 (0121 type 
F:LSF: 

NSPOIR-12 
CAI.I.I.INEI (12,13, IWKDlR(1,lI, 11 
CALLLINtl (13,12, IWKOIR(1,ll, 11 
CALL LIN£l (12, 13, IWKOIR(1,51, 21 
CALL LINE1 (1l, 12, IWKOIII(1,1), 2) 
CALL LINE1 (12, Il, IWKOIR(I,91, 31 
CALL LINE1 (Il, 12, IWKOIR(l,lll, 31 

END IF 

11-12-13>0 (Ill) type 
ELSE IF (11.EO.Ill THEN 

NSPOIIl-4 
CALL LINE (II, II, 11, IWKOIRI 

13>12-11>0 (112) type 
ELSE IF (ll.EO.121 THEN 

NSPOIR-12 
CHL LINE Ill, 11, 13, lWKOIRI1,111 
CHI. LINE Ill, Il, 11, lWKOIRI1,51) 
CALL LINE (13, 11, JJ, IWKOIR(I, " I 

13-12>11>0 (1221 type 
ELSE IF (12.tO.lll THtN 

NSPDIR-12 
CALL LINE (ll, 12, 12, IWKOIR(1, 11 I 
CALL LINE (12, H, 12, IWKOIR(I,511 
CALL LINE (12, 12, II, IWKOIRI1,911 

Il>I2>I1>O 11231 type 
ELSE 

NSPOIR-24 
CALL LINE (11, 12, 13, IWKOIR (1, 11 ) 
CALL LINE (13, II, 12, IWKOIR(1,511 
CALL LINE (12, 13, II, IWKOIR(I,911 
CALL LINt (II, 13, 12, IWKOIR(1,1311 
CALL LINE (17, 11, 13, IWKDIR(I,1111 
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CALL LINE (ll, 12, H, IWKDIR(1,2111 

END IF 

C----- Generatinq all possible slip planes In this let 
C 
C Denote the normal to slip plane by (pqrl. Jl i. the minImum of 
C the absolute value of p, q and r, J3 IS the maXImum and J2 Is the 
C mode, e.o. II -2 11, Jl-l, J2-1 and J3-2. Jl<-J2<-J3. 

C 

C 

C 

JI-HINIIABSIISPNORIlll,IABSIISPNORI211,IABS(ISPNORI311) 
J3-HAXIIABSIISPNORI11 I ,IABS(ISPNOR(21 I, lABS (ISPNORI31 II 
J2-IABS(ISPNORllll+IABSIISPNORJ21)+IABSIISPNORI31)_Jl_J3 

RHONOII-SQRTIFLOATIJl'Jl+J2'J2+J3'J3)1 

IF IJ3.tQ.0) THEN 
WRITE (6,') ""ERROR - slIP plane 1. (000)' 
STOP 

100l) type 
ELSE IF (J2.EO.OI THEN 

NSPNOR-3 
DO J-l,3 

DO 1-1,3 
IWKNOR II, JI-O 
IF (I.EO.JI IWKNOR(I,J)-J3 

END DO 
END DO 

ELSE IF (Jl.£O.OI TH£N 

1011) type 
IF (J2.EO.J31 THEN 

NSPNOR-6 
00 J-l,6 

DO 1-1,3 
I WKNOR (I , JI -J2 
IF (I.£0.J.OR.J-I.EO.31 IWKNOR(I,J)-O 
IWKNOR (1 , 61--J2 
IWKNOII(2,4)--J2 
IWKNOR(3,5)--J2 

END DO 
ENO 00 

(012) type 
ELSE 

NSPNOIl-12 
CALL LIN£1 IJ2, J3, IWKNOR(l,ll, 11 
CALL LINEI IJ3, J2, IWKNORll,31, 1) 
CALL LINEI (J2, J3, IWKNOII(I,5), 21 
CALL LINEI IJ3, J2, IWKNORll,11, 21 
CALL LIN£l IJ2, J3, IWKNOR(1,9), 3) 
CALL LINE1 (J3, J2, IWKNOR(I,11), 3) 

£NO IF 

C (111) type 
tLSE IF (Jl.EQ.J3) THtN 

NSPNOR-4 
CALL LINE IJl, J1, J1, IWKNOR) 

C (112) type 
ELSE IF (Jl.EQ.J2) THEN 

• • 
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NSPNOR-12 
CALL LINE (JI, Jl, J3, IWKNOR(l,l)) 
CALL LINE (Jl, J3, JI, IWKNOR(1,5)) 
CALL I,INE (J3, JI, J\, lWKNOR (l, 911 

(122) type 
ELSE IF' (J2.EO.J3) THEN 

NSPNOR-12 
CALL LINE IJ1, J2, J2, IWKNORI1,111 
CALL LINE IJ2, JI, J2, IWKNORI1,5)) 
CALL LINE (J2, J2, Jl, IWKNORI1,91) 

(123) type 
ELSE 

NSPNOR-24 
CALL LINE IJl, J2, J3, IWKNORll,111 
CALL LINE IJ3, Jl, J2, IWKNORll,511 
CALL LINE IJ2, J3, Jl, IWKNORI1,911 
CALL LINE IJl, J3, J2, IWKNORI1,1311 
CALL LINE IJ2, Jl, J3, lWKNORll,1111 
CALL LINE IJ3, J2, Jl, IWKNORII,2111 

END IF' 

"----- GeneratlnQ all slip systems in this set 

:----- UnIt vectors In slip directions: SLPDIR, and unit normals to 
slip plantls: SI,PNOR In local cubic crystal system 

WRITF. 16,·1 ' 
WRITE 16,'1 ' 

DO J-l,NSPNOR 
DO l-I,NSPDIR 

100T-0 
DO K-l,3 

Siip plane 

IDOT-I 1l0T+'WKDIR IK, 11° IWKNOR IK, JI 
END 00 

IF' (IOOT.EO.OI THEN 
NSLIP-NSLIP+l 

Slip di rection' 

00 K-t,l 
SLPDIR(K,NSLIPI-IWKDIRIK,II/RMODIR 
SLPNOR(K,NSLIPI-IWKNORIK,JI/RMONOR 

END 00 

WRITE (6,101 NSLIP, 
2 I1WKNOR IK, J), 1t-1, 31, CIWKDI R IK, II , K-l, 31 

END IF' 

END DO 
END 00 

10 rORMATIlX, 12, 'x,' 1',3 (lX, 121, lX,'I' ,lOX,'" ,3UX, 12), lX,'1'1 

WRITE 16,·1 'Number ot slip systems In this set - ',NSLIP 
WRITE 16,·1 ' 

IF' INSLIP.EO.OI THEN 
WRITE 16,'1 

'There Is no slip direction normal to the slip plan.s" 
STOP 

16 

ELSE 

C----- Unit vectors in slip directions: SLPDIR, and unit normals to 
C slip planes: SLPNOR In Qlobal system 
C 

DO J-l,NSLIP 
DO 1-1,3 

TERM III-D. 
DO K-l,3 

TERMI11-TERHIII+ROTATEII,KloSLPDIRIK,JI 
END DO 

END DO 
DO 1-1,3 

SLPOIRII,JI-TERMIII 
END DO 

00 1-1,3 
TERM(n-O. 
DO K-l,3 

TERMIII-TERMIII+ROTATE(I,KI"SLPNOR(K,JI 
END DO 

END DO 
DO 1-1,3 

SLPNOR(I,JI-TERMIII 
END 00 

END 00 

END IF' 

RETURN 
END 

C-----------------------------____ _ 

SUBROUTINE LINE 111, 12, 13, IARRAYI 

C----- GeneratlnQ all possible slip directions <lmn> lor slip planes 
C 11mnl) tor a CUbic crystal, where i,m,n are not zeros. 

C----- Use sinQle precision on cray 
C 

IMPLICIT REAL'e IA-H,O-Z) 
DIMENSION IARRAYI3,4) 

DO J-l,4 
IARRAY (1, JI-ll 
I ARRAY (2, JI-I2 
IARRAY (3, JI-13 

END DO 

DO 1-1,3 
·00 J-l,4 

IF' IJ.EO.I+11 IARRAYII,JI--IARRAY(I,JI 
END DO 

END DO 

RETURN 
END 

c-----------------------------------

, 

". • • 
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SUBIIOUTINE LINEl (Jl, J2, IAllRAY, 10) 

c----- Gener.tlnq all possible slip directions <Omn> lor slip planes 
c 10mnll for a cubic crystal, where m,n are not zeros and m does 
C not equal n. 

c----- Use slnqle precision on cray 
r. 

IMPLICIT IIEALOB (A-H,o-Z) 
DIMENSION IAllRAYI3,2) 

I All RAY (lD, 1)-0 
IAJlIU\Y 110, 21-0 

101-10.] 
IF U01.GT.3] 11)\-101-3 
IAllRAY (101,11 -Jl 
IAIIRAYIID1,2)-JI 

102-10·2 
IF 1I02.GT .31 10'-102-3 
IARRAYIID2,l]-J2 
IARRAYIID2,2]--J2 

RETURN 
ENIl 

c-----------------------------------__________________________________ _ 

SURIIOUTlNF. GSI.P1NIT (GSL1PO, NSLIP, NSLPTL, NSET, PROP) 

c----- This subroutine calculates the Initial value of current 
e strenqth for each slip sYltem In a rate-dependent Ilnqle crYltal. 
e Two sets oC Initial values, proposed by Asaro, Pierce et ai, and 
r. by Bassanl, respectively, are used here. Both sets assume that 
r: the Initial values Cor all slip system. are the same Clnltlally 
( Isotropic). 

c----- These Initial values are a.sumed the same for all slip systems 
e In each set, thouqh they could be different from set to set, e.q. 
r <110>1111\ and <110>1100\. 

c----- Users who want to U~P. their own Initial values may chanqe the 
t' funct Ion subpruqum (;SI.PO. The parameters ch.racterlzlnq these 
e InitIal values are passed Into GSLPO throuqh .rray PROP. 

(----- Use slnqle preciSion on cray 
c 

IMPLICIT REAL·B IA-H,O-Z) 
EXTERNAL GSLPO 
DIMENSION GSLIPOCNSLPTL), NSLIPINSETI, PROP(16,NSET) 

c----- FunctIon lubproqr.ms: 
C 
r. GSLPO -- Usp.r-supplled function subproqr.m qlven the InitIal 
.: vatuft oC current strenqth at Inltl.l st.te 

c----- V.rlables: 
c 
r 
c 

GSLtPO -- Initial value of current strenqth IOUTPUT) 

17 

c 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
c 
C 
C 

NSLIP 
NSLPTL 
NSET 

PROP 

10-0 

number of slIp sYltems In each set (INPUT) 
total number of Illp Iystems In .11 the letl (INPUT) 
number of letl of slIp systems (INPUTI 

material constantl characterlzlnq the initial value of 
current Itrenqth IINPUTI 

For Asaro, Pierce et ai's lav 
PROP(l,ll Initial hardenlnq modulus HO In the Ith 

set of slip Iystems 
PROP(2,11 saturation strell TAUI in the ith set of 

slip systems 
PROP 13, 11 InItial critical relolved Ihear stre.s 

TAUO In the Ith set of slip systems 

For Bassanl's law 
PROP(I,I\ Initial h.rdenlnq modulul HO In the Ith 

set Of slip sy.tems 
PROP(2,1) staqe 1 stress TAUI In the Ith set of 

slip systems (or the breakthrouqh stress 
where larqe plastic flow Inltl.tes) 

PROPI3,i) -- inItial critical resolved shear stresB 
TAUO In the Ith set of slip systems 

DO I-1,NSET 
ISET-I 
DO J-1,NSLIP(I1 

10-10+1 
GSLIPO(ID)-GSLPO(NSLPTL,NS£T,NSLIP,PROPI1,1),ID,ISET] 

END DO 
END DO 

RETURN 
END 

c----------------------------------

c----- Use slnqle precision on cray 
C 

REAL". FUNCTION GSLPO(NSLPTL,NSET,NSLIP,PROP,ISLIP,ISETI 

c----- User-Iupplled function subproqram qlven the Initial value oC 
C current strenqth .t Initial state . 
C----- Us. Ilnql. preclslon on cr.y 
C 

IMPLICIT RtALoB (A-H,O-I) 
DIMENSION NSLIP(NSETI, PROP (16) 

GSLPO-PROP (31 

RETURN 
END 

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

SUBROUTINE ST~INRAT£ (GAMMA, TAUSLP, GSLIP, NSLIP, FSLIP, 
2 OFDXSP, PROP) 

•• • 
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c----- This subroutine calculates the shear strain-rate in each slip 
C system for a rate-dependent sinqle cryatal. The PONER LAW 
r. relation betveen shear strain-rate and resolved shear stress 
e proposed by Hutchinson, Pan and Rice, is uaed here. , 

C----- The pover lav exponents are ,ssumed the same for all slip 
C systems in each set, thouqh they could be different from set to 
C set, e.q. <110>,1111 and <110>'1001. The strain-rate coafficient 
C: In front of the pover lav form ara also assumed the sama for all 
C slip systems In each set. 

c----- Usera vhD want to use their own constitutive relation may 
t: chanqe the functlnn RllbproQraml r and Its derivative OFOX, 
r. vhere F Is the slraln hardenlnq lav, dGAMMA/dt - F(X), 
!; X-TAUSLP/GSLIP. The parameters characterlzinq F are passed into 
C F and DFDX throuqh array PROP. 

c----- Function subproqrams: 
I: 
r; 
C 
C 
c 
C 
c 

c-----
<: 
C 
C 
C 

C 
C 
C 
C 
C 

c: 
r: 
r 

F User-supplied function aubproqram which qives shear 
strain-rate for each slip system based on current 
values of resolved shaar stre.s and current strenoth 

DFDX -- User~supplled function subprooram dF/dX, vhere x is the 
ratio of resolved ahear atrea. over current atrenoth 

Variables: 

GAMMA 

TAUSLP 
CSLIP 
NSLIP 

FSLIP 
DrDXSP 

PROP 

shear strain In each slip system at the start of'time 
step (INPUT) 
resolved shear stress in each slip system (INPUT' 
current Itrenoth (INPUT) 
number of slip systems in thil let IINPUTI 

current value of r for each slip system (OUTPUT) 
current value of DrDX for each slip system (OUTPUT) 

malerlal constants characterizino the strain hardenino 
lav IINI'UT, 

c ror the current power law strain hardenino law 
,: PROP (II - - ""we r Iav ha rden I nQ exponent 
" Pltol'lIl - Inllnlty corrnsponds to a ute-Indcpc!ndent 
I: matpllal 

PROP(?) -- coefrlclent In front of pover lav hardenino 

':----- Use sinole prClclslon on cray 

IMPLICIT REAL'S (A-H,O-Z) 
EXTERNAL r, DrDX 
DIMENSION GAMHA(NSLIP), TAUSLP(NSLIP), GSLIP(NSLIP), 

2 rSLIP(NSLIP), DFDXSP(NSLIP), PROP(!) 

DO r-l,NSLIP 
X-TAUSLP(II/GSL1P(11 
FSLIP(I)-F(X,PROP) 
DFDXSPIII-OFDXIX,PROP) 

END DO 

flnURN 
r.ND 

18 

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

C----- Use sinole precision on eray 
C 

C-----
C 
C 
C 

C-----
C 

REAL'S FUNCTION FIX,PROPI 

User-supplied function subproqram vhieh oives shear 
strain-rate for each slip syste. based on current value. of 
resolved shear stress and current stranoth 

Use slnole precilion on cray 

IMPLICIT REAL'S IA-H,O-ZI 
DIMENSION PROP(el 

r-PROP(21'IABS(XI)'·PROPIII'DSIGN(I.DO,X) 

RETURN 
END 

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

C----- Usa sinole precision on cray 
C 

C-----
C 

c-----
C 

REAL'! FUNCTION DFDXIX,PROP) 

User-supplied function subprooram dF/dX, where x I, the 
ratio of resolved shear stress over current strenoth 

Use linole precilion on cray 

IMPLICIT REAL'! IA-H,O-ZI 
DIMENSION PROP (8) 

DFDX-PROPlll 'PROP (2) ' CABS(XI I"(PROP (11-1.1 

RETURN 
END 

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

SUBROUTINE LATENTHAROEN I GAMMA, TAUSLP, GSLIP, GAMTOL, NSLIP, 
2 NSLPTL, NSET, H, PROP, NO) 

C----- Thl. subroutine calculate. tha currant self- and latent-
C hardenino moduli for all slip syste.s In a rate-dependent sinole 
C crystal. 'Two kInd. of hardenino law ara used here. The fIrst 
C lav, proposed by Alaro, and Pierce et ai, assumes a HYPER SECANT 
C relatIon betv .. n le1f- and latent-hardenino moduli and ovarall 
C 'hear strain. Tha Bauschlnoer effect has been neolected. The 
e second is 8assanI'. hardeninq law, whIch qives an explIcit 
C •• prassion of slip interactions between slip systems. The 
e elasllcal three staqe hardenino (or rcc slnole crystal could be 
C simulated. 

e----- The hardanino coefflciants ara assumed tha same for all slip 
C syste .. in each sat, thouQh they could be different from .at to 
e sot, e.9. <110>11111 and <110>11001. 

. " 
olio -
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e----- Users who want to use their own self- and latent-hardening law 
c m~y change the function subprograms HSELF I.elf hardening) and 
c III.ATNT lIatent hardening). The parameten character1zlng these 
e hardening laws are passed Into HSELF and HLATHT through array 
C PROP. 

C----- Function subprograms: 
C 
c 
C 
C 
C' 

c:- ___ _ 
<: 

r: 
(" 

C 
C 
c 
r. 
r. 
c 
c: 
r. 
c 
r: 
c: 

c 
(; 

c 
C: 

r. 
c 
c 
c 
c 
c: 
c 
~ 

" 
c' 
r. 
c
(' 

C: 
c 
c: 
t' 

r: 
C 
e 
r. 
c 
c 
t 
l' 

HSELF User-supplied self-hardening function In a slip 
system 

HLATNT -- User-supplied latent-hardening function 

Variable.: 

GN4MA 

TAUSLP 
GSLIP 
GAHTOL 

NSLIP 
NSLPTL 
NSET 

H 

PROP 

shear strain In all slip systems at the start of time 
step IINPUT) 
resolved shear stress in all slip systems IINPUT) 
current strength IINPUT) 
total cumulative shear strains over all slip systems 
11NPUT). 
number of slip systems in each set IINPUT) 
total number of slip systems In all the sets IINPUTI 
number of sets of slip system. IINPUTI 

current value of lel[- and latent-hardening moduli 
IOUTPUTI 
H II, II 

H II, ') 

self-hardening modulul of the ith slip system 
Ino Bum over II 
latent-hardening molulus of the lth slip 
system due to a slip In the jth slip sYltem 
U not equal 1) 

material constants characterizing the .elf- and latent
hardening law (INPUTI 

For the HYPER SECANT hardening law 
PROP(I,11 Initial hardening modulus HO In the Ith 

set of slip systems 
PROPI2,II saturation stress TAUs In the lth set of 

slip systems 
PROPll,l) Initial critical resolved shear stresl 

TAQO In the Ith let of Illp Iystems 
PROPI9,1) ratio of latent to lelf-hardenlng 0 In the 

Ith set of slip sYlteml 
PROPIIO,II-- ratio o[ latent-hardening from other letl 

of Illp .y.tems to .elf-hardenlng In the 
Ilh set of slip .ystems 01 

For 8usllnl' s hardening law 
PROPII,II Initial hardening modulus HO In the Ith 

let of slip .ystems 
PROP", I) stage 1 stre .. TAUI in the Ith set of 

slip systems lor the breakthrough stress 
where large plastic flow Inltlstesl 

PROPll,l) Initial criticsl resolved .hear .tre.s 
TAUO in the ith .et of .lip sy.tem. 

PROP 14, 11 hardenln9 modulus dur1n9 e .. y 911de H. In 
the Ith .et of .llp .ystems 

PROP(5,11 amount of .llp Ga..aO after which a given 
I"teractlon between dip .y.te ... s in the 
'lh snt reaches peak Itrength 

19 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

NO 

PROPI6,il -- amount of .Iip GammaO after which a given 
interaction between Ilip IYltems in the 
lth set and jth let II not equal 11 
reaches pelk Itrength 

PROP I', i) representing the maqnitude of the strenqth 
of Interaction in the lth let of Illp 

~~-
PRoPla,11 -- representing the magnitude of the strenqth 

of Interaction between the Ith set and jth 
set of Iystem 

PROPI9,il ratio of latent to self-hardenin9 0 in the 
Ith set of Ilip Iystems 

PROP(lO,I)-- ratio of latent-hardeninq from other setl 
of slip sYlteml to lelf-hardenlng in the 
Ith .et of slip .yste •• 01 

le.ding dimension of arrays defined in subroutine UKAT 
IINPUTI 

C----- Use lingle precilion on cray 
C 

IMPLICIT REAL· a IA-H,o-ZI 
EXTERNAL HSELF, HLATNT 
DIMENSION GAHHAINSLPTL), TAUSLPINSLPTL), GSLIP(NSLPTL), 

2 NSLIPINSETI, PROP 116,N5ETI , HIND,N5LPTLI 

CHECK-O. 
DO I-l,NSET 

00 J-4,1 
CHECK-CHECK+ABS(PROPIJ,I)I 

END 00 
END DO 

C----- CHECK-O 
C otherwise 

lSELF-O 
DO I-1,N5ET 

lSET-I 

HYPER SECANT hardening law 
Baslani'l hardenlnq law 

00 J-l, NSLIP III 
ISELF-ISELF+1 

DO LATENT-l,NSLPTL 
IF (LATENT.EQ.ISELFI THEN 

HILATtNT,ISELFI-HSELFIGAHHA,GAHTOL,NSLPTL,NSET,NSLIP, 
2 PROP(l,II,CHECK,ISELF,ISETI 

ELSE 
HILATENT,ISELFI-HLATHTIGAHMA,GAMTOL,NSLPTL,NSET, 

2 N5LIP,PROPI1,I),CHECK,I5ELF, 
l ISET,LATENTI 

END IF 
END DO 

END 00 
END 00 

RETURN 
END 

c----------------------~------------

. ~ .,. . ' 
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c----- Use single precision on cray 
r; 

REAL'S fUNCTION HSELf(GAHHA,C AHTOL,NSLPTL, NSET,NSLIP, PROP, 
2 CHECK,ISELf,ISET) 

c:----- User-suppllr.d sr.lf-hardenlng (unction In a silp system 

c----- Use slnqle precision on crav 
c 

IMPI.ICIT REAl.'" (A-II,O-:U 
DIMENSION GAMHI\(NSLPTI.), NSI.IP(NSET), PROPI16) 

If (CHECK.EO.O.I THEN 

c----- HYPER SECANT hardening law by Asaro, Pierce et al 
TERHI-PROP (11 'CAMTOL/(PROP(2)-PROP(3)) 
TERH2-2.'EXP(-TERH11/(1.fEXP(-2.·TERH1)) 
HSELf-PROP(1I'TERH2"2 

ELSE 

c----- Bassanl's hardenIng law 
TERMI-iPROPIII-PROP(41I'GAMMA(ISELf)/(PROP(2)-PROPIJ)1 
TERM2-2.'r.XPI-TERMlI/Il.+EXPI-2.·TERH1)) 
r-(PROP(11-PROP(41I'TERM2"2+PROP(41 

10-0 
G-1. 
DO I-I, NSET 

If (I.EO.ISETI THEN 
GAHHAO-PROP(SI 
fAB-PROP 171 

ELSE 
GAHMAO-PROP (61 
fAB-PROP (8) 

END IF 

DO J-l,N51.1P(1) 
10- till} 

If (tt>. NE. J SEI.r) G-C+fAB'TANH (GAMMA lID) IGAHHAOI 
END DO 

ENI> DO 

HSELr-f'G 

END If 

RETURN 
END 

r' - - - - - _ -- -- - ___ ---- ______ - ____ - -- _ -_ 

c----- Ulle .inqle precision on cray 
C 

REAL'S FUNCTION HLATNTIGAMMA,GAHTOL,NSLPTL,NSET,NSLIP,PROP, 
, CHECK, ISELf, ISET, LATENTJ 

c----- User-supplIed lalent-hardenlnq function 

(:----- Ulle sinqle precision 0'1 cray 
r; 

IMPLICIT RE"I.'1I (A-H,O-a) 

20 

DIMENSION GAMMA(NSLPTL), NSLIPINSET), PROP(16) 

I LOWER-O 
IUPPER-NSLIP (1) 
If (ISET.GT.l) THEN 

DO K-2,15ET 
ILOWER-ILOWER+NSLIP(K-I) 
IUPPER-IUPPER+NSLIP(KI 

END DO 
.:NI) IF 

If (LATENT.GT.ILOWER.AND.LATENT.LE.IUPPER) THEN 
0-PROP(9) 

ELSE 
O-PROP(lO) 

END IF 

If ICHECK.EO.O.) THEN 

C----- HYPER SECANT hardenlnq law by Asaro, Pierce et al 
TERMI-PROPII)'GAHTOL/IPROPI2)-PROPIJ)) 
TERM2-2.·EXP(-TERHII I (1.+EXP(-2 •• TERH111 
HLATNT-PROP(11·TERH2··2'O 

ELSE 

C----- Bassanl's hardening law 
TERM1-(PROP(1)-PROP (41)·GAMMA(ISELFII (PROP (21-PROP 131 I 
TERM2-2.·EXP(-TERH11 I (1.+EXP(-2 •• TERH111 
f-(PROP(1)-PROP(411·TERH2··2+PROP(41 

10-0 
C-l. 
DO I-l,NSET 

If (I.EO.ISET) THEN 
GAMMAO-PROP(SI 
FAB-PROP (7) 

ELSE 
GAMMAO-PROP(61 
FAB-PROP (8) 

END If 

DO J-l, NSLIP II) 
IO-IOH 
IF (ID.NE.ISELFI G-G+FAB·TANH (GAHMA(IDI IGAMMAOI 

END DO 
END DO 

HLATNT-r·c·o 

END IF 

RETURN 
END 

c----------------------------------------------------------------------

SUBROUTINE ITERATION (GAMMA, TAUSLP, GSLIP, GAHTOL, NSLPTL, NSET, 
2 NSLIP, NO, PROP, DGAHOD, DHDGDGI 

c----- This subroutine generate. arrays (or the Newton-Rhap.on 
C iteration method, 

, 
• • 

. .. 
" . 
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c-----
c 
c 
c 
c 

1;-----
C 
r: 
c 
C 
r: 
(" 

Users who want to use their own self- and latent-hardenlno law 
~Ay chanoe the function subproorams DHSELF (.elf hardening) and 
OHLATN (latent hardening). The parameters characterlzlno these 
hardening laws are passed Into DHSELF and DHLATN throuoh array 
PROP. 

Function .ubprogra~s: 

OHSELF -- User-supplied (unction of the derivative of lel(
hardenlno moduli 

DHLATN -- User-supplied function of the derivative of latent
hardeninq ~oduli 

c----- Variables: 
C 
c 
c 
c 
c 
c 
c 
c 
r: 
(' 

r: 
C 
c 
r: 
c 

(" 

f: 
f: 
r: 
C 
r: 
r: 

c: 
r. 
c 
(" 

f: 
f: 
C 
c 
C 
c 
r: 
r: 

c 
c 
c 
C 
c: 
c: 
c 
c 
c 

CMMA 

T"USI.P 
CSLIP 
CIIHTOL 

NSLPTL 
NSET 
NSLIP 
NO 

PROP 

shear strain In all slip systems at the start of time 
step (INPUT) 
resolved shear stress in all slip IYlte~s (INPUT) 
current strength (INPUT) 
total cumUlative shear strains over all slip systems 
(INPUT) 
total number of slip systems In all the sets (INPUT) 
number of sets of slip sYlte~s (INPUT) 
number of slip systems in each set (INPUT) 
leadlno dimension o( arrays defined in subroutine UMAT 
(INPUTI 

material constants characterizing the lelf- and latent
hardening law (INPUT) 

For the HYPF.R SECANT hardenlno law 
PROP(I,I) Initial hardening modulus HO In the Ith 

set of slip systems 
PROP(2,1) saturation stress TAUs in the ith set of 

slip systems 
PROP(3,1) Initial critical resolved shear stress 

TAUO In the Ith set of slip systems 
PROP(9,1) ratio of latent to self-hardenlno 0 In the 

Ith set of slip systems 
PROP(IO,II-- ratio of latent-hardeninO from other sets 

or slip systems to seif-hardenino In the 
Ith set of slip systems 01 

For Rassanl's hardr.nlnq law 
PRopel, il InItial hardenlno modulus HO In the Ith 

set of slip systems 
PROP(2,11 staoe 1 stress TAUI In the ith set of 

slip systems (or the breakthrouoh .tres. 
where laroe plastic flow initiate.' 

PROP(l,11 Initial crltlc.l resolved .hear .tres. 
TAUO In the lth set of siip systeml 

PROP (4, I) hardenIng modulus durino ea.y olide Hs in 
the ith set of slip systems 

PROpeS, I) amount of slip CammaO after which a olven 
Interaction between slip .ystems in the 
Ith set relchel peak .trenoth 

PROP(6,1) -- amount of slip CammaO after which a given 
Interaction between .lip .ystems in the 
Ith let and jth .et (i not equal,) 
reaches pelk strenoth 

PROP(', II -- representino the maonitude of the strength 

21 

c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
c 

PROP(e,i) --

PROP(9,1) --

PROP (10,11--

of Interaction in the ith .et of".lip 
.ystem 
representino the maonitude of the strength 
of Interaction between the ith .et and jth 
.et of .ystem 
ratio of latent to self-hardenino 0 in the 
Ith set of slip systems 
ratio of latent-hardenlno from other sets 
of .lip system. to self-hardenino in the 
ith .et of .lip sy.tem. 01 

C----- Array. for iteration: 
C 
C DGAMOD (INPUT) 
C 
C OHDGDC (OUTPUT) 
C 

c----- U.e slnole precision on cray 
C 

IMPLICIT REAL·8 (A-H,o-Z) 
EXTERNAL DHSELF, 'DHLATN 
DIMENSION GAHMA(NSLPTLI, TAUSLP(NSLPTL), GSLIP(NSLPTL), 

2 NSLIP (NSET), PROP (16, NSET) , 
3 OGAMOO (NSLPTL), DHDCDC (NO, NSLPTL) 

CHECK-O. 
DO I-I,NSET 

DO J-4,8 
CHECK-CHECK+ABS(PROP(J,II) 

END DO 
END DO 

C----- CHECK-O 
C otherwise 

ISELF-O 
DO I-1,NSET 

ISET-I 

HYPER SECANT hlrdenlng Ilv 
Bassanl'. hardenino law 

DO J-1,NSLIPII) 
lSELF-ISELF+l 

DO KDERIV-l,NSLPTL 
DHOCDG(ISELF,KDERIV)-O. 

DO LATENT-l,NSLPTL 
IF I LATENT. EO. I SELF) THEN 

DHOC-OHSELF(GAMMA,GAHTOL,NSLPTL,NSET,NSLIP, 
2 PROP (I,ll ,CHECK, ISELF, ISET,KDERIVI 

EUE 
DHOC-DHLATN(GAMMA,GAHTOL,NSLPTL,NSET,NSLIP, 

2 PROP(l,II,CHECK,ISELF,ISET,LATENT, 
J KDERIVI 

END IF 

DHDCDG(iSELF,KDERIVI-DHOCDC(ISELF,KDERIV)+ 
2 DHOC.ABS(DCAMOD(LATENT)I 

END DO 

END DO 
END DO 

END DO 

RETURN 

~ ... 
• '. JI • 
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END 

c---------------___________________ _ 

r:-____ Use sl nqle precision on cray 
r; 

, 
f:-- __ _ 

REAL'S FUNCTION oHSELFICAMHA,GAHTOL,NSLPTL,NSET,NSLIP,PROP, 
CHECK, ISELf', ISET, KoERIVI 

Usp.r-supplled (unction oC the derivative of .elf-hardenlng 
modulI 

!.----- Usn slnqle precision on cray 

IMPLICIT REAL*S IA-H,O-ZI 
DIMENSION GAMMAINSLPTLI, NSLIPINSETI, PROPI161 

IF ICHECK.EO.O.I THEN 

c----- HYPER SECANT hardening law by Asaro, Pierce et al 
TERMl-PROPIII*GAMTOL/IPROPI21-PROPI311 
TERM2-2.*EXPI-TERMII/11 •• EXPI-2.*TERMIII 
TERM3-PROPllI/IPROPI21-PROPI311·oSICNI1.DO,CAHMAIKDERIVII 
DHSELF--2.·PROPlll·TERM2··2·TANH(TERMll·TERM3 

ELSE 

c----- Bassani's hardening law 
TERM1-(PROP Ill-PROP (41 I'GAMMA(ISELFI/IPROP(21-PROP(311 
TERM2-2.·EXPI-TERMIII (1 •• EXP(-2.*TERMII I 
TERM3-(PROPIII-PROPI411/IPROPI21-PROPI311 

IF IKDf;RIV.EO.ISELrJ TIIEN 
F--2.· (PROP(11-PROP(41 I'TERM2"2'TANH(TERMII'TERM3 
10-0 
C-1. 
00 l-l,NSET 

IF (I.EO.IS£TI THEN 
(:AMMAO-PROP (51 
FI\B-PROP ("IJ 

ELSE 
GAMMAO-PROP 161 
FAB-PROP (SI 

END IF 

DO J-l, NSLI P (II 
10-10+1 
IF (ID.NE.ISF.LrJ G"'G+FAB*TANH(GAMHA(lDI/GAMHAOI 

EHD 00 . 
END 00 

ELSE 
r-(PROP(11-PROP(41 I *TERHZ*'Z+PROP(41 
JI.OWER-O 
IUPPER-NILIP (11 
JF II SET .CT.1\ TIIEN 

00 K-2,15ET 
ILOWER-iLOWER·NSLIP(K-ll 
JUPPER-IUPPER'NSLJP(KI 

END 00 
EHO IF 

22 

IF (KoERIV.GT.ILOWER.ANo.KOERIV.LE.IUPPERI THEN 
G~O-PROP(SI 
FAB-PROP 171 

ELSE 
GAMMAO-PROPI61 
rAR-PROPI81 

END Ir 

TERM4-GAMHA(KDERIVI/GAMMAO 
TERMS-2.'EXPI-TERM41 111.+EXP (-2.·TERM411 
C-FAB/CAMMAO'TERMS**2 

FoND n' 

DHSELF-F*C 

END If' 

RETURN 
END 

C----------------------____________ _ 

c----- Use single preCision on cray 
c 

2 
REAL'S rUNCTION oHLATN(GAMMA,CAMTOL,NSLPTL,NSET,NSLJP,PROP, 

CHECK, ISELf',ISET,LATENT,KDERIVI 

C----- User-supplied function of the derivative of latent-hardening 
C moduli 

C----- Use single preclsion,on cray 
C 

IMPLICIT REAL*8 IA-H,O-ZI 
DIMENSION CAMMA(NSLPTLI, NSLIP(NSETI, PROP (161 

I LOWER-O 
IUPPER-NSLIP III 
If' (IS~:T.CT.JI THEN 

1)0 1("2, IStT 
I LOW£R-JLOWER+NSLIP (K-ll 
IUPPER-IUPPER+NSLIP(KI 

END DO 
END If' 

IF IIATENT.CT.ILOWER.AND.I.ATENT.LE.IUPPERI THEN 
0-PROPI91 

ELSr. 
0-PROP(101 

END IF 

IF ICHECK.EO.O.I THEN 

c----- HYPER SECANT hardenlno law by Asaro, Pierce et al 
TERMl-PROPlll'G~TOL/IPROP(2)-PROPIJ)) 
TEMHl-2.'EXP(-TERHlI/(1.+EXPI-2,'TERHIII 
TEAM3-PROP (11 I (PAOP (21-PROP (311 *DSIGN (l.DO,GAHHA(KDERIVI I 
DHIATN--2.*PROP(II*T£RHZ*o2*TANHIT£RMll·TERMJ*0 

£LSE 

c----- a •• sanl·. h.rdenlng l.w 

eo .. 

. " " . 
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TERHl-(PROP(1)-PROP(4))OGAHMA(ISELFI/(PROP(2)_PROP(3)) 
TERH2-2.oEXP(-TERMll/(I.+EXP(-2.oTERMlll 
TERH3-(PROP(11-PROP(41 II (PROP(21-PROP(311 

IF IKDERIV.EO.ISELFI THEN 
F--2.oCPROP(1)-PROP(4))OTERM2 oo2°TANHCTERMl)OTERM3 
10-0 
G-l. 
DO I-l,NSET 

IF II.EO.ISET) THEN 
GAHHAO-PROPI!» 
FAB-PROP (7) 

ELSE 
GAHMAO-PROP(6) 
FAR-PROP IS) 

END IF 

00 J-l,NSLIP(1) 
10-10+1 
IF IIO.NF.. 1 SF.I.n G-G+FABoTANH IGA ... A (IOI/GAHMIIOI 

END DO 
END 00 

ELSE 
F-IPROPI11-PROPI411°TERH2oo2+PROP(41 
I LOWER-O 
IUPPER-NSLIP (1 ) 
IF IISET.GT.l) THEN 

DO K-2,15ET 
ILOWER-Il.oWER+NSLIP IK-ll 
IUPPER-lUPPf:R'NSI.IP IK) 

END DO 
END IF 

IF IKOERIV.GT.ILOWER.ANO.KOERIV.LE.IUPPERI THEN 
GAHHAO-PROPI5, 
FAB-PROP (7' 

ELSE 
GAHHAO-PROP 16, 
FIIB-PROP 181 

END IF 

TERH4-GAHMA(KOERIV)/GA ... AO 
TERH5-2.oEXP(-TERH4,/ll.+EXP(-2.oTERH4" 
G-FAB/GAMHAooTERM!>oo2 

END IF 

DHLATN-FOGOO 

tNO IF 

RtTURN 
END 

t _____________________________________________________________________ _ 

SUBROUTINE LUDeMP lA, N, NP, INOX, 01 

c----- LU decomposition 

:"----- Unc slnqlc prrclllon on cr~y 

23 

C 
IMPLICIT REALo8 IA-H,o-Zl 
PARAMETER (NMAX-200, TINY-1.0E-20' 
DIMENSION A(NP,NPI, INDX(NI, VVINMAXI 

0-1. 
DO I-l,N 

MMAX-O. 

DO J-l,N 
IF (ABS(IIII,JII.GT.AAHAXI IIAMAX-IIBSIII(I,JII 

END DO 

IF (AAKAX.EO.O., PAUSE 'S1ngular matr1x.' 
VV II l-l./AAMAX 

END DO 

DO J-l,N 
DO l-l,J-l 

SUM-II II, JI 

DO K-l,l-l 
SUH-SUM-AII,K)OAIK,J) 

END DO 

II II, J'-SUH 
END DO 
""",,X-O. 

DO I-J,N 
SUM-A (J,J) 

DO K-l,J-1 
SUH-SUM-II(I,K)OAIK,JI 

END DO 

A(J,JI-SUM 
OUM-VVIII"IIBS(SUMI 
IF IDUM.GE.MMAX, THEN 

IMAX-I 
MMAX-DUM 

END IF 
END DO 

IF IJ.NE.IMAXI THEN 
DO K-1,N 

DUM-AIIMAX, KI 
IIIIMAX,KI-AIJ,KI 
A(J,KI-DUM 

END DO 

0--0 
VV (IMAXI-VV (J) 

END IF 

INOXIJI-IMAX 
IF (AIJ,JI.EO.O., A(J,J'-TINY 
IF IJ.NE.N, THEN 

DUM-1./AIJ,JI" 
DO I-J+l,N 

AII,JI-IIII,JloDUH 
END DO 

END IF 

'. J. • 
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RI:TURN 
I:NI) 

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

SUBROUTINE LUBKSB (A, N, NP, INDX, B) 

c:----- Linear equation solver based on LU decomposition 

c----- Use slnQle precision on cray 
c 

IMPLICIT REAL"e (A-H,O-ZI 
DIMENSION A(NP,NP), INDX(N), B(N) 

II ·0 
DO I-l,N 

LL-INDX II) 
SUM-B(LL) 
B(LL)-BIII 

If (I1.NE.O)"THEN 
DO J-n, 1-1 

SUM-SUM-A(t,J)"BIJ) 
END DO 

r.LSE If ISUM.Nr..O.1 Til EN 
II-I 

END If' 

8m-SUM 
END DO 

DO I-N,I,-1 
:;UM-811 I 

I r II.I.T .NI Tllf:N 
flO J"HI,N 

SUM-SUM-A(I,J) "RIJ) 
f;NI> 110 

END Ir 

II(II-SUM/AII,I1 
I:NO 00 

II I:,. 1111 N 
I:ND 

· ... , .............. . I~ad slep follows 

• RI:5TI\IIT, Wit ITE. fREOUF.NCY-SO 

••••••••••••••••••••••••••••• 

• :;n:r, 1 Ne:- SOO, CYCI,r.-7.!>. NI.r.r.OM, R01TOI.-O. 0'-
• ~"r 1\1"\ r:. 1'101.-0." 
G.OI,I.O,O.VOOOI,O.' 
'IILOAI> 
()Nr.,P',-2.0E' 

·:;-.;:;r PRnIT, rlIEOUF.NCY-SOO 
",H 
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"EL PIUNT,rRt:OUf,NCY-SOO 
S 
"EL PRINT,FREQUENCY-SOO 
E 
"EL PRINT,FREQUENCY-SOO 
SDV13,SDV14,SDV15,SDV16,SDV17,SDVle,SDV19,SDV20 
SDV21,SDV22,SDV23,SDV24,SDVI09 
II 

"NODE FILE,FREOUENCY-l 
U 
"EL FILt,FRtOUENCY-l 
S,E 
"EL FILE,FREOUENCY-l 
SDV 
II 

"END STEP 

,. .. , , 
• I .. 


