i

THERMAL CRACK TIP BLUNTING IN HIGH
SPEED CRACKS

J. G. Williams

Deparpment ol Vechancal Drigmecrine Lopornd Colicee of Saence & Lechnodogy,
[ onndore SW T 2BNC eland

ABSTRACT

An elastic model of crack tip Llunting is developed in order to describe the
effect of decreasing yield stress. This is used in conjunction with a two-
parameter fracture criterion to describe rapid increases in K and G at both
verv long and very short rimes. At the latter, adiabatic crack tip heating
is invoked to give the decrease in yield stress. The theory gives good
agreement with observations in both impact tests and on high speed cracks.

4 criterion for crack bifurcation arises from the analysis.
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INTRODUCTION

This work was prompted by measurements of G -& curves for high speed cracks
in polymers (Crouch andé Willieams). Ligh speed here is taken as greater
than 1 m/e and vas typically in the region 100-700 m/s. The curves for

7

several polymers at several test temperatures had much the sane form with Y

remaining constant at about the initiation value, or somewhat pelou, until
ar some sreed in the 300-500 m/s region it increased very rapidly giving

increases of several cimes in Gc for very small crack speed 1ncreases. The

me-hod used to derteriiine these curves will be described elsewhere (Crouch

and Williems), but it should be mentioned that there is always some measure
of doubt zbout GC (or KC) calculations in this crack speed range because
of inertizl effects. However, tlie crack speeds are rarely more then half

half the shear wave velocity, so errors are unlikely to ve very lerge. In
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addition, the Gc—d curves are very steep, so the form will not be changed

significantly by GC calculation errors.

This view is supported by observations by other workers using very different
methods. (Yobayashi and co-workers 1980a, 1980b) have reviewed Homolite 100
and Araldite B data obtained using a photoelastic method. These results,
together with his own data from a caustic method, have also been reviewed by
(Ralthoff, 1983). All these results show rthe same very steep rise following
an initially almost constant value. Because this phenomenon appears to
happen in a wide range of polymers, including both thermoplastics and
thermosets, and is so distinct a change in behaviour, one is led to speculatc
if it is a true reflection of a micromechanism. Rather, perhaps, it is a
reflection of a transition in the mechanics of the crack propagation process.

The situation is closely parallel to that observed (Williams and Hodgkinson,
1981) in the impact testing of pclymers. Here, Gc was determined as a function

of loading time and a similar abrupt transition was noted from almost
constant values for £ > 0.1 ms to an almost vertical rise for £ < 0.1 ms.
This was explained in terms of thermal blunting mechanism at the crack tip.
The energy dissipzted in the plastic zone was retained locally at short
times and gave a consequent local rise in temperature. This in turn,
resulted in a drop in both yield stress and modulus which led to a blunting

of the crack tip from the local plastic deformation and a consequent rise in
GC' The predictions of this analysis generally explained the observations

quite well and there is an obvious parallel with the high speed crack data.
A note of caution is in order here, however, since the likely time-scales
for the running crack are very much less than those recorded in impact.

If plastic zone sizes are taken as being of the order of 25 um, then for a

crack speed of 250 m/s the time is approuimately 10_%
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(£ = ﬂp/d) compared

with a minimum of 10 ' s in impact.

The crack blunting theory drew on some much earlier work (Constable, Culver,
and Williams, 1970) and, recently, this has been successfully applied to
data obtained on a series of epoxy resins to explain stick-slip crack
propagaticn (Xinloch and Williams, 1980). The same basic argument was used
in that a decreasing vield stress, from vhatever cause, resulted in an
increasing crack opening displacement (COD) and consequent crack vlunting.
Direct measurements were made using mechanically blunted notches and those
for which the Llunting was celculated from the COD, end e:xcellent agreement
was obtzined. While this was a very useful analysis, it was not ccmpletely
consistent with that used in the thermal case in that the thermal analysis
did nét include a full coupling of the deformation and energy questioms.
Further anomalies also arose with regard to the very successful constant

COD criterion used for slowly rumning cracks (Marshall, Coutts and Williams,
1974) which is clearly at variance with a blunting analysis based on an
increasing COD. The opportunity provided by the attempt to extend the
anzalysis to the high speed crack case has therefore Leen taken to try and
remove some of these deficiencies in earlier versions which have become
apparent with the advantage of hindsight.

£
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CRACK BLUNTING ANALYSIS

This analysis is based on the assumption that the behaviour of a blunted
crack can be described by the elastic stress field for a crack with a finite
tip radius, R, in the same manner as the K field is used for sharp cracks.
From the solution for an elliptical hole (Williams, 1980b) subjected to a
stress p normal to its semi-major axis, a, we may derive an expression

for the stress j0, a distance HC from the crack tip as:

Po 2/a (R + nc)

; - (_.-————7—'2 - ,3 3 lR,IzC << a) (1)
c

(see Fig. 1). For the sharp crack, R = 0, we have:

e
— = Yalln
c

=

so that the KC criterion may be written as:
pVﬂa=pc mnn =K (2)

where fracture is defined by the single parameter KC’ but combines a critical
stress at a critical distance. If we assume that failure occurs at the same
conditions for the blunt crack, then we may write an expression for the

apparent X, Kb’ given by:

13/2
(1 + R/Z/Lc,

K, = pv/ma = K (3)

¥ s R/

It should be noted that two fracture parameters are needed when R is finite,
KC and 2o (or pc). Since R and dc are taken as very small, then in a manner
similar to that employed in LEFM we may use the elastic stress field
associated with Kb to determine the behaviour of the small scale yielding

and, if we use the line zone model, then we may write:
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cop, & = %)

s m
and: zone length, dp = 3

A fgr?hgr assumption is now introduced in stating that § determines R for
an initially sharp crack, so that:

n i w8

o= ad (5)
where a'depends on‘the blunting process. Figure 2 shows different forms of
?réck'tlp deformations which may be deduced from simple power-lawu models
(Williems, 1984) &nd suggests that for smooth Llunting (a = 3) we have

YoykfhaYdening and that as the work—-hardening decreases, O increases
Initiation data suggest that a =1 for some 1 1 :

; 1 d ne thermoset resins (K

Williams, 1980). (fntoch and

Combining equations (2), (4) and (5):

R Kk, 2p?

B = o c

= (2m o) {?TJ 6)
c ¢ Ep

which, in association with equation (3), gives a relationship between the
observed tough K i g
ghness, K., the true sharp notch value, KQ, and the deformation

parameter, £ p .

y

The form of the blunting equations may be expressed conveniently in terus
of the two parameters: 4
P
Ny

_ 2
x = EZ Ep T a and g = 7

&)

AN

L
J

e}

so that equation (3) becomes:

e a3
s ®
(1 + 8y°/x%)

The relationship between X and y is shown in Fig. 3, where it can be seen that
y t w as X - 1 and decreases rapidly as X increases, becoming unity at i
X ~ 1.6. Thereafter, y decreases to a minimum of about 0.92 at x = 2.5

and then rises to unity for large X. This decrease below the sharp crack
toughness has been observed in thermoset resins (Kinloch and Williams 1980)
and will be discussed later, but a useful approximation to the function is:

It is also convenient to introduce some further parameters. The yield strain,

ey, for several polymers is often independent of time and temperature, SO
that E may be removed via:
P
1
E g oL
e
Y

and if we refer Py to some reference value Py We may write X in the form:
4

P, P,
« = ¢ 8,4
/n_e—gpc'o
o p, 2
and we have: Nx = 4 with W = I e <) (10)
L, 4y P,

pc/po is the constraint factor in the crack tip region and would have a minimum

of unity and a maximum of up to ten. O3ince ey ~ 0.03 for most polymers,

this gives a range for M of .15 to 1.5 with a value of 0.5 for pn/po = 3.
c

Observations on the slow propagation of sharp cracks have shown very clearly
that they often occur at approximately a constant coD (Marshall, Coutts and
Williams, 1974), although direct measurements by Doll (1983) have shown that
this is an over-simplification and that at long times § increases rapidly.
In other cases (e.g. [Chan and Williams, 1983]) there are substantial
variations in COD, particularly for low yield stress materials. A model
consistent with this behaviour is obtained by assuming that for sharp crack,

we have a constant COD, 50, and that this provides the constant length

criterion and not HC. If pc is now taken as constant, then:

1(62:6;9E=2nn p2 (11)
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and decreases as b pj decreases with Po constant and, since R = a 60
for sharp cracks, it is this decrease in MC which gives rise to the blunting g i
effect via equation (3). 1In physical terms, the two fracture criteria are AR = A = _;) Q)
probably the attainment of a critical stress, P,, at some internal point
in front of the crack tip (Williams, 1680bL). This stress concentrstion is . P
: ; : N : : where 1 and T are material constants. For a2 stationary crack, we may thus
achieved by constralnt and can only occur at some distance greater than a o
minimum value because of crack front plane stress effects (see Fig. 1). deduce § as a function of L via equations (8), (13) and (17). Fig. 4(a)
The limiting condition may be written das: | shows such data for PMMA at 23°C (Doll, 1983) where n = 0.05, and the line
is fitted using x =1 at 107 s and 60 = 2.0 um.
a
o min 8, g 12)
! For a moving crack, the time-scale is determined by the crack speed, the zone
il length and the displacement distribution (Williams, 1584). This may be
i; The observed COD is thus: WrlEten ass
i 2 , n
g K K 5 1
i s = b - b,z s o s 2 a = 8 ;B where 8 = + for n << 1 (18)
i = — = ~ S, 5 Laek T = Y (13) z 5
g Ep c o
f Y 2 1 § 2
| : O L. N A . S R
é 1.e. a = R z 77T 3] 3 (QL) 7 (19)
o and from Figure 3, it can be seen that S = 60 until E p] decreases to the py Y
critical value when a rather rapid increase in 8 would be expected.
It is now convenient to express the various K parameters in terms of X and and the expression for X becomes:
y:
ZO n
§ P Hx = (=) (20)
2 2 0 Tyy2 2
K = E = o ¢
s 8, Py P, g ) lp ) B
y 0
a i 6o
where: Zo = = and do = B T
i ! = K N K = /8§7¢ ¢ ¥
i.e. (c ko X  where R Gu . P, (14) ! a, ey Io
K3
5 o ;
and: Kto= o = Hxy (15) Figure 4(b) shows the COD for PMMA at 20°C (D811, 16 ) for a running crack
o and the blunting data have been fitted to give a minimum at
10_8 m/s and with 60 = 3.1 um. The general trend is in accord with the
In terms of G, we have: theory, but the 50 is clearly larger tnan for the stationary crack. From
G these data, it is clear that § changes only slowly for & > 10—8 m/s and the
. H . . : . . .
G' = T - N x dz where GO = 50 P, (16) usual constant COD criterion 1s a useful criterion. From equations (15) and
(20), we may deduce a K-G relationship in this regiocn using Y = L@
TIME DEPENDENT EFFECTS
="
o

The effect of time is to decrease both £ and py as time increases DY
viscoelastic relaxation. This can be expressed in a power-law form:
giving a linear log K-log ¢ graph, as shown cchematically in Fig. 5. The same
form of curve will result for initiation time data from equation (17) with

Zo = ta/i. When blunting occurs, Y increases rapidly and for stationary
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cracks the limit as X = 1 is given by:

; 1/n
N
Zo (21)
while for the moving crack: ZO = Hj/n :
. . . ‘ 1-4n 5 2
in the limit, giving: o= KNy = N 74

[

Both of these asymptotic solutions are shown in Fig. 5 where the distinct
difference between the rapidly risiug stationary crack case and that for the
moving crack is apparent. The interaction of time-scale and the ctianging

sone size results in a minimum in the crack speed which can be achieved.

An approximation to this minimum nay be deduced from asymptotic form, equation
(¢) and equation (20), and is:

(1 + Zn)
7 (s 2] i NI/”
o,nin ) In (22)
[

(1+ nl

The onset of vlunting is app:i -imately when X = 2 and ¢ = la by

rox
Zo = (ZHJI/H, and this is also shown in Fig. 5.

THERMAL EFFECTS

The temperature rise in the zone at the crack tip may be modelled by using
the solution for an infinite strip of sidth © in whica energy is dissipated
at a constant rate per unit volurme (Carslaw and Jaeger, 1678). The
solution 1s:

AT = T [1 - 4% enfe €] (23)
where = erfc is the second integral of (1 - en4), where enf is the error
function, and:

= Gc o 1
AT = ——— and £ = 7= (24)
p e b Vit

(p is density, C specifies heat, and ® thermal diffusivity, 2/lp ¢), where
b is the thermal conductivity). Gc/b cepresents the energy per unit volume

Aissipated, and AT is the maximun (adiabatic) rise achievable since

AT » AT as & » o (L > 0).
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b is a crucial factor in this analysis since it controls AT and the rate
which it is achieved. Tor slow moving cracks with crazes, it would ve

expected to be some fractionm of the COD, say a 1/3 factor because oi the
approximately parabolic splacement distribution wvithia the craze aud 1/2

for the volume fraction of voids, giving h o= 50/6. Since GC = pu 50,

without blunting, then AT = (o )/lp 2). For most polymers, P C = 2 x 10
P, - y

3 ) % 3 »
J/m °K and, since P, = 10° J/m, we have AT = 300°C. The time scale to

. ; . . . -7 2

achieve AT may be approuimacZed by § = 1 &ud, since ™ ¥ 10 m /s, we have
£ = 0.2 us for 50 = 3 um ané @ = 40 w/s, whicn 1s of the order of the
observed high crack speeds. It seenms likely, therefore, that in the high

high speed region, the crack tip zones are adiabatic but the transition
to this behaviour can be modelled L concidering small values of

£ at Yy =1

The series for equation (23) gives:

. 4 =
o2 — AT E
v
which is shown in Fig. 6 compared with the full soiutiou. This form does
not depend on H and ve have:
Gc 1
AT = — (25)

while for the asymptotic case for large blunting:

G
AT - ——b % (26)

C

A tractable form of temperature dependence may be written as:

_ (X, AT -
Hx = (z ) S (27)

wvhere TO is the softening temperature at which pJ = 0. Combining this with

equations (25) and (26) gives:

N x (ﬁ_)'f (28)

1 ; . i ; s 2
The formulation of the complete solution is given in Appendix A
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p. & 2
. _ 9 o 1
where: I, | TO ) TpCk
anil Nx o= T Ny (29)
0

with ¥ = lbpo/(p CTOJ) for the asymptotic case. These expressions may now

be written in terms of a dimensionless thermal speed factor:

% a
Z] = (-Z—) = (.—)
1
m 50 TO z
where: a, =B§(e—] lpGJ mTpck
y 0 o
and the parameter Q = ‘d,/doln = (IO/II)H. For stationary cracks:
9 z,"
Ny = —— (30)
1+ 21
9 \z,/y*"
and for moving cracks: Nx = SR Y | (31)
1+ (Z,/y )
The onset of blunting for a moving crack is approximately when X = 2 and
y = 1 and equation (31) has two roots, omne at low speeds and one at high. For
PMMA, we have p, = 65 MPa at 105 s (Doll, 1983), so that do ~ 2 x 10_11 m/s
and pc/po ~ 3.5 from N = 0.76. Since W p C k = 106 Jz/m4°Kzs, we have
d, =~ 3 m/s and Q = 4.7, giving values for the roots of 2 x 10_8 m/s and
18 m/s. The former is the viscoelastic blunting threshold discussed
previously, while the latter is the onset of thermal effects. Between these
two limits, there is no blunting but there is a maximum in K given by:
gz ,
' 1 dK
K T e and ‘37— = 0
1+2,° 1
m 2 Zn (1 - 2n)
ie. A R = o lzn)™ (1 - 2n)

This peak in K has been discussed in some detail in previous work (Marshall,
Coutts and Williams, 1974).
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For PMMA, ?1 ~ 0.02 so that & = 6 x 10 2 m/s and K = 1.4 MPa/m , which
..rees well with observations [(Marshall, Coutts and Williams, 1974) and

(Doll, 1983)]. The peak frequently leads to instabilities since K'
decreases as & increases because of the heating effect.

The solutions for the two cases at high speeds (and short times) are shown
in Fig- 7 using the PMMA values. The trend to infinity at some time for
the stationary crack case is apparent, as at long times, and the limiting
value of speed for the moving crack also occurs. This corresponds to

96 m/s here with a corresponding temperature rise of 420°C assuming

To = 100°C. (Fuller, Fox and Field, 1975) reported about 500°C for

200 < & < 650 m/s using infra-red measurements and our estimate from b was
about 300°C. Adjusting b to 60/10 gives 500°C and, similarly, by increasing

TO the calculated & increases to about 200 m/s.

L
The limiting K may be derived and is:

;. _ N (1+2n,2(1+n1%
' 72 T +n n
and the minimum in K' on the curve is when X = 4/3 and Y = 2//3, i.e.
Eogy ™ L
3/3
& 2
. K
so we may write: x— - %%2 (; : in] (7 ; n)% (32)
min

This type of limit on the speed curve is frequently associated with
bifurcation phenomena (Thomson, 1982) and, it is proposed, should be used
as a criterion here.

As an illustration of the analysis, two final sets of data are given. In
Fig. 8, data for Homolite 100 (Metcalf and Kobayashi, 1980) is fitted
approximately by the theory with &, = 28 m/s, W = 0 and Yy = 1, and clearly
gives a reasonable form. 1 is very low for this material (see Metcalf and
Kobayashi, 1980) and the branching prediction of n = 0.0l is shown using
equation (32) to determine the ratio of the plateau to the observed
branching K value. 1In Fig. 9, some impact GC data for PMMA are given as a

function of loading time (Williams and Hodgkinson, 1981). The lines are
drawn for t] = 22 ps and GO = 0.4 kJ/mZ. This value of t, agrees well with
equation (28) with these rather high values of L, 50. The equivalent values

for running cracks are much lower and may reflect differences in the impact
test. It is this difference in the plateau toughness value which is mainly
responsible for the time-scale discrepancies in impact and fast running
cracks noted originally.
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CONCLUSIONS

The use of a constant COD fracture criterion coupled with a blunting mechanism
leads to a model of fracture behaviour in polymers which describes a wide
range of phenomena. Variations in COD at low rates are as predicted and

long time blunting is described. The inclusion of thermal effects gives

high speed blunting and the data are in reasonable quantitative agreement

with several observations on both high speed cracks and in impact. Much

more detailed study is required, but this initial evaluation is promising
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APPENDIX A

The full thermal blunting analysis may be written in terms of the following
equations:

2,2, 3/2
g = SLEHIE L /2 )Z (a.1)
(1 + 8y°/x°)
K G
K,:K—O:' Nxy  or G'=@%=ny2 (A.2)

_ AT .
VIR AR L - e L
% To a_ Y o

Q
A N
AT = NxT L1 - 4% enge y? vE/td (a.4)

A
where T= pa/(X/4)2 602/K and A = b/8, a consrant.
» 2
Ji/t = ya/\a yl), where & = (B 2mI/AT n/18, e ).

versus 4 may be calculated by iteration from the £
(Crouch and Williams, to be published).

AFR VOL l-uo

For crack sveeds,
A curve of X' or G'

our numbered equations
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