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AN ANALYTICAL MODEL OF INTERGRANULAR CREEP CRACKING.
APPLICATION TO PRECIPITATION-HARDENED Al ALLOYS EMBRITTLED BY Pb.

B. QUANTIN®'and M. GUTTMANN X2

An analytical model has been developed to account
for the kinetic evolution of crack populations in
creeping alloys. Its application to measured crack
distributionsin precipitation hardened Al-base

alloys embrittled by Pb leads to simple equations
for crack growth v(x) and nucleation rate g(t) as
functions of time t and crack length x :

v(x) = v;x g(t) = goll-expa(t-t,)]

These equations allow the influence of microstruc-
tural and compositional variables and of creep

conditions on intergranular damage to be analysed
through their effects on the parameters vy and go.

INTRODUCTION

Creep damage has generally been thought of as occurring by either
of two distinct processes, wedge-type cracks and cavities. More-
over, the majority of microscopic models for creep cracking only
take into account a single, semi-infinite, plane crack, ignoring
deflections at triple junctions, and those for cavitation consider
the evolution of either a single cavity or that of a uniformly
distributed population of identical cavities.

Recent work has shown, however that these two types of dama-
ge often correspond to two different scales or stages of a single
damage process, since cavitation was observed to develop at the
tip of advancing cracks (1-6), and models were proposed to explain
this behaviour (7-10). However these microscopic models do not take
into account the experimental fact that creep damage takesthe form
of a non-uniform distribution of defects, cavities and/or cracks,
which may therefore develop unevenly according to their size and
the local values of other parameters.

In view of the complexity of these relationships, phenomeno-
logical models can be of some help in describing the kinetic evo-
lution of a defect population, concurrently with physical models

which shed light on the elementary mechanisms but overlook the
statistical aspect of creep damage.
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EXPERIMENTAL DETAILS

In a study (6,11,12) of creep embrittlement of precipitation-
hardened 6060-type Al-Mg-Si alloys by an unsoluble impurity, pb
a quantitative experimental analysis of intergranular cracking was
carried out by optical microscopy on four heats containing up to
164 ppm pPb,.

The partial densities of cracks were empirically defined as
the numbers pg of cracks per unit area of longitudinal sections
having a length in the interval [nA-—%, nAi—%], where n was an in-
teger and A, the width of all crackclasses,corresponded to one
division of the micrometer, A =5.75 um. It was considered that the
detection limit of the technique was about A/2, which is the size
of large inclusions and large intragranular cavities (6) with
which the incipient cracks might be mistaken. Defects shorter than
A/2 were thus ignored in the analysis.

Although a drastic decrease in Creep life with increasing
applied stress and pb content was straightforwardly observed (6)

characteristics and macroscopic rupture properties (ép, Or, ty,
Er, etc) or Pb content (11,12). An analytical model of cracking,
based on Statistically significant data ( ~ 120 000 cracks counted
and classified over 76 testpieces) was therefore developed in order
to isolate the incidences of the various parameters.

GENERAL MODEL
— oy PRILRL

The observed micro-mechanism of crack growth

A phenomenological model of creep-crack distribution evolu-
tion has already been developed by Lindborg (13), based on the
observation that the majority of intergranular cracks were arres-
ted at triple junctions at both ends, which implied that growth
was virtually instantaneous along individual grain boundary facets,
and was controlled essentially by re-nucleation beyond triple junc-
tions. Lindborg's probabilistic rationale, well suited to that
discontinuous type of growth, in not compatible with the mode of
crack growth in the present Al-base alloys, where the cracks advan-
ce by absorbing very small (0.3 um) cavities which develop imme-
diately ahead (i.e. within a few um) of their tip (6). This micro-

at triple junctions, resulting in the fact that more than 2/3 of
the observed cracks have at least one of their ends between two
triple junctions : crack distributions, fig. 1-b, do not exhibit
maxima when the crack length, expressed in terms of number of grain
boundary facets, is an integer, and the absolute maximum is for
cracks smaller than one facet. Conversely, the crack density conti-
nuously decreases with increasing crack length when the latter is
measured in absolute (metric) units, fig. 1-a, starting fromamini-
mum value A related to the detection limit A/2. Thus, only the
latter type of distribution has been considered, and a continuum
model had to be developed to account for the optical microscopy
observations.

Hypotheses of the model

a - Coalescence of, and interaction between, individual cracks are
neglected, which is reasonable in view of the small absolute den-
sity of cracks even at rupture (11).
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b - The growth rate v of an individual crack in a given alloy for
given heat treatment and testing conditions is essentially a func-
tion of its length x. In most of the microscopic models of crack
growth, v is found to increase as KM, where K is the applied
stress intensity factor, proportional to x1/2, and m is a constant.
Therefore v(x) is assumed to have the form

Iv(x) = %% = vq x4 (growth equation) (1)
where q = m/2. When vacancy diffusion is responsible for crack
growth and crack tip stress concentrations are not neglected as in
ref. 14,15, 2<m<4 (8,9,10) and thus 1<g<2. When crack exten-
sion is controlled solely by plastic deformation, m becomes equal
to the stress component of the creep law ¢ =Ac™ and can therefore
be much larger (7). Experimental values ranging between 3 and 30
have been obtained (16).
c - The partial crack density at time t, p(x,t), is an analytical
function of x and t whose values at x =nA are related to the expe-

rimentally measured p2 by the equation
Yy n q

o(na,t) = ph /A (2)

d - Only an empirical acceptation of nucleation is implied here :
the "nucleation rate" g®(t) is considered as the number of cracks
which become detectable, i.e. longer than A/2, per unit time. The
same conventionA reminded by the superscript A, applies to the
total density p®(t) and integrated length &2 (t) of cracks per unit
area at time t.

Basic equations of the model

The possibility of crack sintering being outruled, v(x) > 0
and the ranking of existing cracks according to their length
remains unchanged during growth. Therefore the number of cracks
having their lengths in the interval [x -3, x-#%]at time t, will
be found unchanged in the interval [(x -2) +v(x - $)dt, (x4»A)+
v(x-k%)dt] at time t+dt. This yields the distribition equa%ion,
which“is formally identical to a conservation equation :

[g_g P 0| (3)

IX
Similarly, the "nucleation" rate is equal to the number of
cracks whose lengths grow over A/2 per unit time

0" ) = vid e g0 (4)
The incubation time t, is that at which the first crack beco-
mes detectable (i.e. x=4A/2). Under the above assumptions, this

crack will remain the longest one throughout creep life. Its

length xpax at time t is related to t by the equation :
X

E-to = [ 2 [v(x)1 tax (5)
The total density and length of cracks can be calculated by :
X
ofie) = [ o (x,0)ax (6)
X
24 (¢) = fy " xolx, t)ax (7

Eleven boundary conditions can be written :
vEt, e € & < € T .
A E oA A
g (t) >0 ; p () >0 ;B () >0 (8)
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Vt, to < t < tr i VX, % SR T
3p 3p 3%p
> s ZB @ SE & . b
p/O'Bt’o'Bx\0'3X2>0 (9)
A A
o (A te) = 0" (te) =& (te) =0 (10)
p(Xmax,t) =0 (11)

Among these, conditions (9) are imposed to comply with the shape
and time dependence of the p vs. X curves, fig. 1-b. In particular
the condition on curvature is strictly valid for large x only.

Resolution of the equations

Integration of the growth equation 1 yields :

A
x = (3)- exp[vq(t-—tiﬂq] (12)
where t; is the time at which a given crack is first detected
i.e. xi = A/2. For the first crack tj =to and X =ZXpaxs €9n. 5.

A general solution of egn. 3 with separated variables has
been obtained (11), using the above expression of v(x), egn. 1

[0 x,0) = (go/vg) ¥ 11 -explalt - to) - ce (x) 1} | (13)
where go, o and C are constants,

c= (a/vg) (ay2)t 4 (14)
and |g # 1 etx) = - eyt -1 (15-a)

qg=1 g (x) = 1ln(2x/4) (15-b)

The"nucleation" rate and the total density of cracks as defi-
ned by egns. 4 and 6 have the expressions :

g (t) = go {1 -expla(t=-to)ll (16)

02 (t) = go(t-to) + (go/a) {1 -expla(t=to)]} (17)
Condition (11) leads to the time dependence of Xpax '

a(t-to) = CB(Xpax) (18)

The whole set of conditions (8-11) essentially reduces to (11) :

qg>1 |c] < 3qg (19-b)

The basic condition egn.19-adecomposes into two cases, fig.2:
a - If a>0 and go < 0, the "nucleation" rate and crack density
increase exponentially with time, egns. 16,17, and the majority
of cracks are formed at the end of creep life. This behaviour is
expected in case of essentially strain-controlled creep damage,
which dominates at high stresses and creep rates.
b - If a<0 and go > 0, gA(t) tends asymptotically towards a cons-
tant value g, which then has the simple physical meaning of a stea-
dy state "nucleation rate". Accordingly, the total density of
cracks p2(t) tends to become linear with time

oMiE) + gslt—Ee) (20)

The time necessary to establish this steady state regime is of
the order of 1/a.




PROCEEDINGS OF THE 4th E.C.F. CONFERENCE

APPLICATION OF THE MODEL TO Al-Mg-Si ALLOYS

The observed variations of total crack density with time, fig. 3-a,
being virtually linear (for 65 and 164 ppm Pb), at least after a
certain time (for 29 ppm Pb), imply that o« < 0 and go > 0 in the
alloys and creep conditions considered (T =373 Ka0.45Ty ; o =140
to 210 MPa). These linear plots also imply that the exponential in
egqn. 17 has become negligible, and, since g (x) increases with x
and C is negative (as o), egn. 13 is equivalent to :

p(x, £) =~ (go/vg)x 3 = Bq x 7 (21)
for short cracks. Similarly, according to egn. 2 :

pfi(n, t) a Bga' 79 5 (22)
Considering experimentally determined histograms of pp, fig. 4, it
appears that g = 1 is the best value consistent with the results

for the lower values of n, i.e. in the range where the approxima-
tion of egn. 21 applies. Only a few values of pﬁ appear somewhat
erratic, due to the difficulty in identifying the smallest cracks.
These conclusions hold for all the results obtained with 76 speci-
mens of 4 alloys in 3 heat treatment conditions, and creep times
ranging from 6 to 1 800 h (11,12).

The value q = 1 is consistent with the predictions of models
of crack advance involving vacancy diffusion-controlled growth of
cavities ahead of crack tip (8,9), i.e. veK2 for the larger stress
intensity factors, and with our experimental observations which
reveal the importance of diffusion processes in the creep-rupture
of these alloys (6,11,12) :

- cavities are themselves divided into smaller vacuoles bounded by
simple cristallographic planes, as occurs in the surface diffusion
controlled formation of equilibrium cavities ; this causes the sur-
faces of freshly formed cracks to appear pitted at an extremely
fine scale (< 0.1 uym), see fig. 5 of ref. 6 ;

- later on, these fine features smooth out by surface diffusion ;
- the embrittling effect of Pb is enhanced as the creep rate is
decreased, i.e. as time dependent mechanisms are allowed to prevail;
- Auger electron spectroscopy has demonstrated that Pb rapidly
covers fracture surfaces by surface diffusion even at low tempera-
tures ; this is probably the basic mechanism of embrittlement.

The influence of microstructural and compositional variables
upon "nucleation" and growth can be assessed by considering their
effects on the parameters vj and g, of the model. g, is the slope
of the straight lines in fig. 3-a, and B; can be graphically deter-
mined in fig. 4 with the help of egn. 22. Then vj =g./Bj. The log-
log plots of v; and go vs. the minimum creep rate ¢p, fig. 5,
reveal that remarkable correlations of the type

v, = v GmT go = go. (¢ ® (23)
hold over 4 orders of magnitude of ¢, which emphasizes the impor-
tance of plastic creep deformation process in crack nucleation and
growth. The parameters vi, g3, r and s are characteristic of the
material condition. Both v] and g3 increase with increasing Pb
content (11,12), which implies that both "nucleation" and growth
are enhanced by the embrittling impurity. A decrease in grain size
strongly increases B; by favoring "nucleation" (g, increases) and
hindering growth (v; decreases). In the precipitation-hardened
conditions, v;, g. and B; are virtually independent of aging time
and Mg content, which implies that, for a given type of micro-
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strucTure, crach sucleation and growth are not affected by hard-
ness intrinsically but only via its effect on creep rate.

In the case g=1, simple equations relating v; and go to

Xmax Can be established by combining edqns. 14, 15-a and 18 :
vy(t-te) = 1n (2xpax/A) (cf. egn. 12) (24)
go(t - to) = By 1n(2xpax/ D) (25)

Numerical values of v; and go can be consistently deduced from
1n(xpax) vs. t plots, but this often leads to negative values of
t,, as expected from fig. 4. In the present model, negative incu-
bation times allow to account formally for the existence of defect
nuclei prior to the onset of creep, as can be induced by cold
work (17), or for a regime of intense nucleation during loading
or primary creep (18), as depicted schematically in fig. 6.

CONCLUDING REMARKS

Due to its general character, the model is applicable to a variety
of materials, provided a number of crack distributions are known
experimentally. These are necessary to identify the parameters,
beginning with the sign of o, which allows to choose between type
a ("tertiary" cracking) or type b ("continuous" cracking) beha-
viours as depicted in fig. 2, and the value of g which may depend
on the material type and on the ranges of temperature and applied
stress. Even though they appear quite intricate in the raw experi-
mental results, the influences of the various microstructural-
compositional parameters and of creep conditions upon the cracking
and thus on the rupture-life behaviours, lend themselves to amore
straightforward analysis when the model equations and their para-
meters (go, Vg and probably a in other cases) are used, despite
the simplicity of the initial assumptions of the model.
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