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MECHANICAL MODEL FOR DUCTILITY LOSS 

W. L. Hu and G. L. Wire 
Hanford Engineering Development Laboratory 

ABSTRACT 

A mechanical model was constructed to probe into the 
mechanism of ductility loss. Fracture criterion based on 
critical localized deformation was undertaken. Two micro
structure variables were considered in the model. Namely, 
the strength ratio of grain boundary affected area to the 
matrix, f2, and the linear fraction, X, Of grain boundary 
affected area~ A parametrical study was carried out. The 
study shows that the ductility is very sensitive ,to those 
microstructure pa:r.ameters. The functional dependence of 
ductility to temperature as well as strain-rate, suggested 
by the model, is demonstrated to be consistent with the 
observation. 



INTRODUCTION 

The high-temperature fracture of austenftic stainless steels and nickel 

base superalloys is generally identified as intergranular. It has been 
widely accepted that the grain boundary fracture process is often associated 
with loss of tensile ductility. (1, 2, 3) Several models {4,s, 5} have been pro-

posed on the contribution of the grain boundary sliding to the inter

granular fracture process •. Unfortunately, most of the models only treated 
·the micromechanisms involved and, hence, were. limited to certain specific 
materials under specific testing conditions. A correlation between the gross 
mechanical properties and the.microfracture process is yet to be established. 
Th.is study, based .on an extension of Hart's model (7) of intergranular fail

ure, is intended to provide a linkage between the gross mechanical proper

ties and the microstructures. The effects of microstructural characteris

tics on the ductility and fracture mode, under various strain rates and 

testing temperatures, are discussed. 

EXPERIMENTAL OBSERVATION AND .EVIDENCE 

Before going into the derivation of the mechanical model, a brief dis
cussion of the experimental observations assoc~ated with ductility loss is 

appropriate. ·It has been noted that the fracture morphoiogy indicated that 
ductility loss is normally associated with intergranular failure at elevated 
temperature.(l, 2) If the material behaves in a truly brittle manner, a 

single crack will lead the specimen to a premature failure. Microstructure 
investigation revealed,( 3) however, that multiple microcracks do form prior 

to failure, preferably normal to the applied stress, which suggested that 
failure is not crack-sensitive in the same way that ferritic steels are at 
low temperature. By this, it is meant that these materials are not subject 

to cleavage. Other supporting evidence resulted f~om the fact that fracture 
strength is close to the yield strength of the m·aterial. (The yield strength 

at elevated temperature, where total ductility loss occurs, is net measured 

but extrapolated from the data at lower testing temperatures.) Consequently, 
sizable plastic detormat1on mu~t take place Jhead of ;;1.riy mir.rocni,cks before 
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failure. The nature of the microstructural observation, together with the 

high fracture strength to yield strength ratio, led us to conclude that 

failure is likely caused by highly localized ductile fracture mechanisms. 

It is also interesting to note that loss of ductility is strain-rate sensi
tive and it occurred at temperatures near one-half of the me.l ting point of 

the material. Both of the above observations are consistent with the charac
teristic of the grain boundary sliding model proposed by Hart. 

MECHANICAL MODEL 

Hart showed that if the boundary sliding velocity were related to the 
tangential stress of the boundary in the Newtonian form 

or= kv (1) 

and if the matrix flow stress depended on the matrix strain-rate as conven
tional power law form 

{2) 

then, by taking due account of the mechanical interactions of boundary and 

matrix, it was not difficult to deduce a cr-€ behavior for most of the poly
crystalline materials. 

The physical picture of the present model is shown on the left side of , 
Figure 1 and the rheological diagram is shown at the right. This model 
deviates from Hart's original model on two counts. First, in Hart's model, 
the accommodation of grain boundary sliding is confined in a narrow area 

.. 

adjacent to the grain boundary. A previous investigation(B) showed that based on 

differences deduced between sliding measured longitudinally and transversely, 
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that sliding takes place in a zone considerably wider than the actual bound

ary transition. This is represented by a parameter x which represents the 

fraction of the grain in the grain boundary affected zone. Considering the 
small gage length of grain boundary, it is not surprising to see that ductil

ity is a sensitive function of x. Second, within this grain boundary 
affected zone, the strength of the material is allowed to be different from 

that of the matrix. The strength ratio of the grain boundary affected zone 
to the matrix is denoted as n. Because failure o·ccurs intergra~ularly, the 

grain boundary appears to be the weaker link in the whole system. 
I 

Therefore, n is always taken to be smaller than 1. 

The detailed schematic illustration near the triple point is shown in 
Figure 2. The applied stress, a, is decomposed into normal and tangential 

components, aN and aT, respectively. At the triple point, the tangential 
component is reduced by an amount equal to kv because of the resistance of 

Newtonian flow. The triple point now behaves as a pseudo-crack tip subjected 
to the boundary condition aN and aT - kv. Following the standard elastic ~olu
tion of a cracked body( 9), the shear .stress ahead of the crack tip is of the form 

(3) 

where a is the angle measured from the loading direction to the inclined 
crack surface, and e and r are defined in Figure 2. Further, material compati
bility requires that sliding velocity be accommodated by the integration of 
shear strain-rate ahead of sliding boundary, 

( 4) 
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where the shear strain-rate, i.xy' is related to shear stress, crxy' in an 

expression like Equation (2) with ncr
0 

substituted for cr
0

, 

( 5) 

In this study, cr
0 

is the ultimate tensile strength of the material at 

lower test temperatures where the failure morphology is transganular, and 

hence it represents the strength of the matrix. ·Strain-rate sensitivity, µ, 

is approximately equal to 0.07.(lO) 

At this point, some understanding of plastic behavior ahead of a crack 

tip might be helpful for further derivation. Considering an inclined crack 

in a homogeneous material under the boundary stresses 

(6) 

OT = o Sina Cos a - kv 

we a~sume 

k v = ( 1 - R ) o Sina Cosa. (7) 

in which R, changing from 0 to 1, indicates various degress of shear resist

ance along the cracked surface. A crude estimation of plastic zone size may 

be obtained by cal~ulating the effective stress, cr, ahead of the crack tip 

and identifying the locus of a= cry as the end of the plastic zone. The 

locus shape for two values of a is shown in Fi_gure 3 for various Rat ap

plied stress equal to 0.8cry· It is demonstrated that the plastic zone 

size is in the range of 0.1 of the crack length, which means that fracture is 

accompanied by a significant amount of local deformation. In switching from 
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the aforementioned homogeneous material behavior to the more realistic com
posite structure of grain boundary and matrix, it is reasonable, therefore, 

to assume that all the accommodation be plastic and that it be confined 

within the grain boundary affected zone. Moreover, recognizing the relatively 

low work-hardening behavior at elevated temperatures, the shear stress 
can be assumed to be independent of distance from crack tip and to be only a 
function of e and a, i.e., 

{8) 

where d is the length 9f the sliding boundary, which is directly proportional 

to the linear dimension of the grain size. D. Substituting Equations (5) and 
(8) into Equation (4) and noting that the grai~ boundary strain rate, i , g 
is identified by v/d, it follows that 

The range of the integration is extended over the grain boundary 

affected region, xD. Introducing two geometrical factors A and A' as 

,,JJ . I . r;:u;, ,,µ 
"A x d = (" d/ D A 1) d y 

ti.'/µ x d = f ( ~ d/D Az)"µ d y 

(10) 

Apart from a shape factor, '1di'D: _A, and A' are practically the average value 

of A1 and A2 over the range of integration. For further calculation, A and A' 
are taken to be 0.1 and 0.2 respectively. Inserting Equation (10) into Equa
tion (9) and rearranging, the applied stress can now be relaleu explicitly 
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to grain boundary strain-rate as 

a=OaoX0.5-µ.µ +LkdE 
A eg A g (11) 

Equation (2) and Equation (11) give the required stress and strain-rate 

behavior. It can be further reduced by the fol lowing substitutions: 

• • • eg = e 91 e 0 

S = o I o 0 e0µ 

. 0 05-µ. Y =-x . 
A 

1 

.• = (Oo0 0.5-:µ)1-µ 
eo - A'kd x 

The normalized form is 

. µ . 
S ;; Y .(eg + e9) · 

s = e~ 

(12) 

( 13) . 

Although this derivation follows a different path, Equation (13) is identical 

to the results previously obtain by Hart. The essential difference is that 

a better understanding of the parameters involved can now be obtained. The 
1ntrins1c relationship between the microstructure properties and mechanical 
paramet=rs may be examined. 

The total elongation of the specimen is the sum of the displacement from 
the grain boundary area and grain matrix. Accordingly, the total strain is 

6 



the sum of the strain components from both regions~ each weighted· by its 

gage length. The overall stain-rate is then 

. . . 
e = n-x> em + x eg {14) 

FAILURE CRITERION AND DUCTILITY 

The commonly accepted ductile fracture criterion is the J-intergral 
developed by Rice.(ll) A critical J value at fracture identifies a criti-

cal elastic-plastic stress and strain field ahead of the crack tip. In the 
case of a tensile test while the load is monotonically increased~ problems of 

plasticity can be treated as problems of nonlinear elasticity. Therefore, 
the interrelationship between stresses, strains, and J values is uniquely 
defined. At elevated temperatures, the material exhibits nearly perfect plastic 

behavior. As a consequence, the stress field ahead of the crack may be 
treated as constant with applied load. A critial strain for failure is, hence, 

reasonable. Accordingly, the fracture criterion employed here is critical 
grain boundary strain. This criterion is also consistent with the critic_al 
crack opening displacement that has been widely accepted, especially in other 
countries. (l 2) 

The choice of a grain boundary strain failure limit is consistent with 

behavior observed in creep. Intergranular failure is generally observed in 
creep fracture of most metallic materials at elevated temperatures. It is 
well known(l3) that the following equation describes the relationship be

tween the steady~state creep rate E:s and the time to fracture t( 

Est f = Constant (15) 
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The proportionality of the creep strain and sliding displacement has been 
demonstrated elsewhere.( 14 ) If the steady-state creep is the main portion 

of the whole creep duration up to the fracture, Equation (15) confirms the 

critical grain boundary strain criterion, i.e., 

Ege = Constant (16) 

where cgc is the grain boundary strain at fracture. 

Total strain to failure is expressed by the following series of self
explanatory equations, where the assumption of no strain hardening is 

invoked. 

(17) 

An imme-Oiate deduction of the ductility in this present model is indicated 

by the ratio of total strain-rate to the grain boundary strain-:rate e/eg. 
From Cquat'iom. (13) and (14), it is easy to see that 

e i = (-L-1 )[n.JX"( . 1-µ Jt/µ 1eg x . A 1 + e9 ) + x (18) 

If the critical grain boundary strain is taken to be 10% and if the minimum 
measurable total strain is 0.1%, then Practically speaking, zero ductility 

is realized when ~/~g is smaller than 0.01. 

a· 



RESULTS AND DISCUSSIONS 

.The graphical representation of Equations (13) and (14) are shown in 

Figure 4 for two values of x. It is clear that at low stress and strain

rate, the grain boundary sliding is the controlling mechanism; whereas at 

high stress and hence high st~ain-rate, the matrix deformation becomes the 

major contribution to the t<?tal strain-rate. An interesting point in this 

figure is when e, em, and eg intersect each other. _This relationshi~ can be 

easily realized by studying Equation (14). It is clear that when the strain

rate is smaller than the particular strain-rate at the intersection point 

(denoted by_ec), e/eg starts decreasing sharply and, hence, the ductility de

creases sharply. The ~elationship between ec, x, and n can be derived by 

combining Equations (15) and (14) and setting e =em= eg. It follows that 

{19) 

and is plotted in Figure 5. 

It is also shown in Figure 4 that th_e stress-strain rate behavior 

appears sensitive to x. The strain-rate sensitivity is shown in Figure 6, 

which indicates that ductility will increase with the total strain-rate. 

The functional dependence is insensitive to the strength ration. It was 

previously indicated that e is normalized by a temperature compensating 

parameter £
0 

which is defined in Equation (12) as 

1 

. (Oo0 
Eo = A1kd 

0.5-µ)1-µ x . (20) 

The major temperature dependent variable in Equation (20) is the viscosity, k. 

Because the sliding process is dependent on diffusion, it is reasonable 

to assume k changes with temperature in the form as 
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k = K eO/RT (21) 

where K is a mate.rial constant, 

Q is the activation energy of grain boundary sliding, 

which is closely approached by .the activation energy of 
diffusional creep, 

T is the temperature in absolute scale, 
R ·is the gas constant. 

For a nickel base superalloy, Q may be taken to be 0.273 MJ/mole (65 Kcal/ 
mole).( 16 ) The viscosity at stress-relief annealing temperature is 1013 

poises ( -108 lb-s/in. 2). (l7) In our calculation, k is equal to 1014 

poises ( -109 lb-s/in. 2) at temperature equal to half of the melting point. 

Viscosity values at other temperatures can be evaluated by Equation (21) with 
the preceeding information. ConsequentlY., £

0 
and, hence, € can be calcula

ted for various temperatures. Figur'e 7 shows the ductility dependence on 
strain-rate at various testing temperatures. Even though the shape of the 
·curves remains the same, the ductility is very sensitive to temperature and 
strain-rate. It becomes evident that ductility loss is likely to occur 
within a small temperature ranQe as temperature increases. 

Figure 8 illustrates the ductility change for two x values and two 
strength ratios. It is shown that ductility can be improved by an order of 
magnitude, while xis increased by a factor of 2.5. A weaker improvement in 

ductility by increasing n is also demonstrated. Figure 8 also indicates 

that the ductility approaches a limit as e decreases. Such limiting values 
as a function of x,as well as n,are shown in Figure 9. It appears that 
significant loss of ductility would only occur for x smaller than 0.01. 

Ductility can actually be estimated from Equations (13) and (18) by 

assigning apprcpriate ·1a1ues to each parameter. If we .take 
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n = 0.8 

A' = 0.2 

ao = 1034 MPA (150 ksi) 
x = 0.001 

lJ = 0.07 
k = 1014 poises (-109 lb-s/in. 2) 

d = 0.051 rrm (0.002 in.) 

A = 0.1 

a = 552 MPa (80 ksi) 

we have e/eg = 0.015; and if e:gc is 10%, the ductility is then 0.15%. Recog
nizing the uncer~ainties in the choice of parameters, the success of the 
model, in describing the experimentally observed features, provides confi
dence in its further development as a quantitative description of ductility 

1 oss. 

CONCLUDING REMARKS 

Based on Hart's roodel of intergranular failure, a mechanical roodel 

describing the tensile ductility loss at e~evated temperatures for 

austenitic stainless steels and nickel base superalloys was derived. It was 
determined that the nature of failure is a highly localized ductile fracture 
mechanism. The roodel introduced t\vO microstructure parameters, namely the 

fraction of the affected zone of the grain boundary to th~ grain size, x, and 
the strength ratio of the affected zone to the matrix of the grain, n. It 
is demonstrated that x is the dominant factor and that the ductility loss is 

not likely to occur when x is iarger that 0.01. 

The model developed here is qualitatively very successful in describing 
ductility trends in the intergranular failure regime. The success achieved 

suggests that detailed microstructural examinations of the grain boundary 
region be performed to provide data for more quantitative calculations. 
Further, generalization of the mechanical model. to incorporate non-Newtonian· 

grain bound;:iry c;liding ~nc;I strain-hardening ef.fects may be warranted. 
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Fig. 5 Functional Dependence of Critical Strain-Rate Below which the Loss of 
Ductility Occurs with Respect to Microstructure Parameters x and n 
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