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STRESS INTENSITIES AND CRACK GROWTH

IN PHOTOELASTIC MOTOR GRAIN MODELS
C. W. Smith, D. M. Coristantinescu and C. T. Liu*

Department of Engineering Science and Mechanics
Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

ABSTRACT

Preliminary studies of cracks emanating from the fin tip
surface of generic photoelastic Models of Motor grain
showed two preferred locations, at the confluence of an
edge radius with the central radius of a fin, and on the
fin axis itself. The latter cracks were planar and well
behaved. The former cracks, called off-axis cracks were
complex, beginning as Class II cracks and only later be-
coming Class I cracks. The sequel describes the stress
intensity factors and crack growth surfaces measured in
two basic forms of these cracks during growth.

INTRODUCTION

‘Two dimensional thermal shrinkage tests on photoelas-

tic models and tensile tests on single fin sections of mo-
tor grain have suggested that, for a specific fin geometry
consisting of a small edge radius coalescing with a large
central fin tip radius, the critical locus for stress in a ho-

. mogeneous model lies at the points of confluence for the

two radii on the fin surface. On the other hand, some mo-
tor grain manufacturers have reported cracks emanating
from the fin tip along its own axis of symmetry as a result
of defects collected there during the casting process. One
aspect of the problem just beginning to be studied is how
cracks grow from these two critical points. Cotterell [2]
classified cracks which extended in a particular direction
as Class I cracks. Those located on the axis of symme-
try of a fin were such cracks which were always under
Pure Mode I loading due to symmietry in both load and
geometry. Other cracks, such as those emanating from
the points of coalescence of the two fin tip radii (here-
after called off-axis cracks) were initially called Class II
cracks, the growth direction being initially unknown due
to mixed mode states along the crack border, but after

turning and growing in a new direction become Class I
cracks. A series of experiments on photoelastic motor
grain models under internal pressure were conducted on
models containing such cracks in which the frozen stress

" method was used together with a two parameter algo-

rithm in order to extract the Mode I and Mode II stress
intensity factors (SIFs) at certain points along the crack
borders.

THE EXPERIMENT & RESULTS

The test geometry for all models is shown in Fig. 1 to-
gether with the locus of a symmetric and an off-axis crack
separated by an uncracked fin. Each model contained
two starter cracks which were analyzed separately using
the algorithm for converting optical data into SIF values
described briefly in Appendix A.

' length of cylinder 376 mm

9151.56

all dimensions are in mm

Fig. 1: Model Geometry
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After inserting the starter cracks by striking a shaft with
a blade on the end held normal to the inner fin surface,
the models were capped with RTV rubber caps which
were glued with PMC-1 adhesive and were then subjected

~-to-the stress freezing eycle-under-internal-pressure.-The- -

cracks were grown under internal pressure above critical
temperature to desired size, after which the pressure was
dropped to about one third of its value and stress freez-
ing was completed. After cooling, thin slices in the nz
plane (Fig. A-1) were removed and analyzed at maxi-

mum crack depth and near the fin surface using the al-

gorithm in Appendix A. Data and results are found in
Table I where the crack projections were treated as semi-
elliptic.

DISCUSSION

All of the cracks on the fin axis remained in the plane
of the axis of symmetry and grew as semi-elliptic cracks.
‘The behavior of the off-axis cracks was complicated by
the presence of shear modes. Two main types of off-axis
cracks were observed, neither of which were planar. The
first type [Fig. 2], shown by Model #4, exhibited a semi-
elliptic projected crack shape but some Mode 2 as well
as Mode 1 remained. Presumably, with further exten-
sion, the crack will straighten out and eliminate Mode

2 [3].The second type, [Fig. 2] exhibited by Model #
8, shows ”river patterns” between the fin surface and
maximum depth which suggests the presence of Mode
3*. Development of these patterns clearly retards the
erack-growth-in-those regions;-but-in-the figure, growth
in those regions had eliminated all shear modes so that
only Mode I remained along the crack front as shown.
It appeared that the river patterns were exacerbated by
slight misalignments in the initial off-axis cracks.

This paper summarizes results from two tests typical of
ten tests (20 cracks) on the motor grain geometry of Fig.
1. On the basis of these studies, which covered cracks of
projected a/c values of 0.5 to 0.9 and a/t values from 0.2
to 0.6, it appears that both SIF values and crack geome-
try during growth are quite variable due to shear modes
during the class II stage for the off-axis cracks. On the
other hand the ”symmetric” cracks on the fin axis are
quite predictable in their behavior (as are the off-axis
cracks after eliminating the shear modes).

During the test program, it was noticed that the cracks
along the fin axis tended to grow much more readily than

" the off-axis cracks, always in the plane of the fin axis. The
off-axis cracks, once the shear modes were eliminated by
turning, tended to follow the direction of the fin axis to-
wards the outer boundary of the motor grain.

Table I
3 szx’l,lg/pf\/m i=-1,2
Loads' Crack l)ucriptionz depth (d) surface (s) .
(dimensions in mm) top bottom
Model 4 fin tip surface
. Off-axis inclined .
P=8897N a=8.71 Aa=~2.18 F;=1.90 “ns 20° | ns20°
Pmax = 0.049 MPa c=11.15 Ac=3.02 Fz=0.48 2.62* 2.55%
Py=0.035MPa | a/=0.78 at=023
Model 8
Off-axis inclined
P =88.97N a=12.50 Aa=3.4 1.99* ns 30° ns 30°
Pmax = 0.103 MPa c=21.1 Ac=10.4 2.12* 2.13*
Py=0049MPa | 4/c=0.59 a/ir=034
* F; values

Notations: .
1.° P = axial compressive load

©  Pmex = maximum internal pressure to grow crack
Ppyr= stress freezing pressure .
2. a = crack depth; Aa = crack length growth
< = half length of crack in fin tip surface; Ac = half crack growth in fin tip surface
3. -J © = approximation of elliptic integral of second kind

1.65
g=1+1.464‘ 1) £s1
< -4

a

1.68
Q=1+1.464(£J Z>1
a <

All flaws were characterized as sermi-elliptic flaws of depth @ and length 2c.
However, off-axis cracks were neither perfectly semi-clliptic nor planar.
4. ns = near surface slices were used in place of surface slices to avoid

a possible surface fringe

S. Slices at 9 = 60° revealed a shear mode in Model 4 but not in Model 8.

* Since the river patterns involve: a separation of the fracture surface along them, no calculations can be made for

Mode 3. -




s/ /
Starter crack

Mixed mode region

Model 4 Off-Axis Inclined Crack Showing Starter Crack and Final Crack Front

Mixed mode region

Starter crack

FS — fin surface
C — crack front

Eliminating Mode III

D — camera view of the photegraph
Model 8 Off-Axis Inclined Crack Showing Starter Crack and Final Mode I Crack Front’

Section S-S

magnification factor= 4.1

Section S-S

Eliminating Mode III

magnification factor = 2.4

Fig. 2: Projected Crack Profiles and Path of Center-point
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APPENDIX A

- ———{Mode L-Algorithm}—

Beginning with the Giffith-Irwin Equatlons we may
write, for Mode I, for the homogeneous case

Oij = (2 )lfn( )+a%

where: o;; are components of stress, K; is SIF, r,4 are

measured from crack tip (Fig. A-1), of; are non-singular
stress components.
Then, along # = 7 /2, after truncating o;;

K, o_ Kap
7 =—+7"=—F 2
(Tne)mas (87r)% (8r)z @
where 7° = f(07;) and is constant over the data range,
K4 p = apparent SIF, 7,,= maximum shear stress in nz
plane

) d(ra):  &(ma): &

Kap_ K +*/§T°(5)% 3)
a

where (Fig. A-1) a = crack length, and & = remote nor-
mal stress i.e. ’

Kap T
————1 VS. 4/ — is linear.
&(mra)?2 a

Since from the Stress-Optic Law (Tn:) mez = nf/2t
where, n = stress fringe order, f = material fringe value,
t = specimen (or slice) thickness, then from Eq. 2,

Kap = (877)% (Tnz) mas = (87r)3nf/2t

A typical plot of normalized Kap vs. 1/7/a for a homo-
geneous specimen is shown in Flg A-2. For mixed mode

~ analysis, see [4].

(G.j.=n,z) (1

Fig. A-1: Mode I Near Tip Notation

Model 8, off-axis inclined,
a/c = 0.59, a/t = 0.34, depth (d)
s .
4
y=100x+199
2
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Fig. A-2 Determination of F; from Test Data




