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In situ observations of crack propagation in applied-moment double cantilever beam
specimens have been used to obtain the R-curve behaviour of Si;N,/50% BN-50% Al,O4
laminated composites, in which the BN-AI,O, layers function as weak interphases. The crack
plane and the crack direction were, respectively, normal and parallel to the plane of the
laminated layers. During crack propagation, both delamination and crack deviation from
the centreline of the specimen occurred. A deviated crack resulted in an uneven moment
of inertia in the two beams of the specimen. For a non-laminated material, a deviated
crack would become unstable, such that the crack would propagate towards the beam
with the smaller moment of inertia. It was found in the present study that delamination

in a laminated composite can stabilize the propagation of a deviated crack. The stabilization
of a deviated crack with delamination was due to a decrease in the inequality in the
moment of inertia of the two beams compared to that without delamination. © 7998 Kluwer

Academic Publishers

1. Introduction

The applied-moment double cantilever beam (DCB)
test has been used to characterize the fracture tough-
ness of brittle materials [1-4]. For ceramic
composites, the fracture toughness is often not
a single-value parameter but can increase and asymp-
totically approaches a plateau value as the crack ex-
tends (i.e. the R-curve behaviour) [5-10]. In situ
observations of crack propagation in an applied mo-
ment DCB specimen have been used successfully to
investigate the R-curve behaviour of whisker-rein-
forced, self-reinforced, and intermetallic-bonded ce-
ramic composites [2—4]. Recently, studies have been
extended to laminated ceramic composites. However,
due to the presence of weak interphases, the laminates
exhibit both partial delamination and asymmetric
cracking behaviour, to which the existing analyses for
applied moment DCB tests cannot be readily applied.
Also, compared to the propagation of a deviated crack
in a non-laminated material, the propagation of a de-
viated crack with delamination in a laminated com-
posite is found to be more stable during the applied
moment DCB test.

The purpose of the present study was to analyse the
fracture resistance of laminates exhibiting both partial
delamination and asymmetric cracking during the ap-
plied moment DCB test and to address the stability
problem for the propagation of a deviated crack. First,
experimental observations of partial delamination
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and asymmetric cracking in DCB specimens of
laminated ceramic composites, which contain center-
line grooves to guide the crack, are presented. Then,
the traditional analysis of assuming an even distribu-
tion of the applied moment between the two beams is
used to analyse the fracture resistance of the com-
posite with partial delamination and asymmetric
cracking. Also, new theoretical analyses of assuming
an uneven distribution of the applied moment are
developed, and the criterion of minimum total elastic
energy stored in the two beams during crack propaga-
tion is adopted to define the distribution of the applied
moments. Finally, the stability problem of the propa-
gation of a deviated crack with or without delamina-
tion is addressed.

2. Experimental procedure

The laminated ceramic composite used in the present
study consists of alternate layers of SizN, (~ 68 um
thick) and 50 vol % BN-50 vol % Al,O; (~30pum
thick). The average grain diameter of SizN, was
0.6um, and BN had platelet-shaped grains, which
were oriented more or less parallel to the layer plane
(Fig. 1). The processing procedures of this laminate
will be reported elsewhere [11]. The DCB specimen
had the dimensions 9.88 mm wide x 2.32mm thick
x25mm long. A 1.32mm deepx1.78 mm wide
groove was machined at the centreline parallel to the
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Figure 1 Scanning electron micrograph showing the cross-section
of the Si;N,/BN-Al,O; laminate.

length of the specimen on one wide surface
(9.88 mm x 25 mm) to guide the crack path. The oppo-
site surface was mechanically polished to facilitate
observation of the crack. One end of the specimen was
notched to form a tapered web to facilitate precrack-
ing of the specimen. An array of three to five indenta-
tions was positioned on the polished surface near the
notch tip such that the radial cracks due to indenta-
tions linked in the direction parallel to the length of
the specimen. Then, a 100-200pum long precrack
could be obtained by backcutting the tapered region.

In situ observations of crack propagation were
conducted with the applied-moment DCB test stage
(Fig. 2a) mounted in the chamber of a field-emission
scanning electron microscope (SEM, Hitachi S4100).
The prenotched and precracked DCB specimen was
attached to the specimen loading arms using an epoxy
adhesive, as shown in Fig. 2a. The downward move-
ment of the lower loading arm was controlled by a d.c.
drive motor and drive gears. The specimen loading
arm was subjected to loading through the loading
point pins, and a schematic drawing is shown in Fig.
2b. The total applied load was monitored by
a semiconductor load cell, which was attached to the
upper loading arm. The crack path was continuously
monitored during loading.

In the DCB specimen used here, the layers were
parallel to the polished surface of the specimen such
that the crack plane and the crack direction were,
respectively, normal and parallel to the layers. During
the test, the crack plane remained in the groove region
initially (when the crack length was less than
~0.5mm), and then began to deviate from the centre-
line. However, when the crack reached the edge of the
groove, the specimen delaminated along the plane of
the bottom surface of the groove, and the crack
propagated away from the groove (Fig. 3a). Due to
this delamination, the crack did not go through the
thickness of the specimen. Instead, the crack
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Figure 2 Schematic drawings showing (a) the loading fixture, and
(b) the load on the specimen loading arm for applied-moment
double cantilever beam tests.

propagated only in the layers containing no groove
(Fig. 3b). However, the crack turned back towards the
groove before it reached the edge of the specimen. This
turning-back occurred once or twice before the speci-
men failed with the crack reaching the end of the
specimen in the groove region. A schematic drawing of
an S-shaped crack (i.e. a crack with two turning-back
points) is shown in Fig. 3a. A cross-section of the DCB
specimen is shown schematically in Fig. 3b, where
ho (= 4.94mm) and b (= 2.32mm) are the half-width
and the thickness of the specimen, and w (= 0.89 mm)
and a(= 1.32mm) are the half-width and the depth of
the groove, respectively.

For the observed S-shaped crack (see Fig. 3a), the
deviated crack grew stably until just before the first
turn-back. Then, unstable propagation occurred until
the crack had just passed the centreline. With increas-
ing load, the crack propagated stably until slightly
before the second turn-back. This was then followed
by unstable propagation. A schematic drawing of the
crack path on the polished surface of the specimen
with one and two turn-backs is shown in Fig. 4. The
observed stable and unstable crack propagations are
indicated by solid and dashed lines, respectively. It is
noted that for a non-laminated material, the propaga-
tion of a deviated crack is usually unstable and does
not turn back. Hence, compared to the propagation of
a deviated crack in a non-laminated materials, the
propagation of a deviated crack with delamination in
a laminated composite is more stable.
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Figure 3 (a) Schematic drawing showing an S-shaped crack. The
specimen partially delaminates along the plane of the bottom sur-
face of the groove, and the crack deviates from the groove region
during crack propagation. (b) Schematic drawing showing a cross-
section of the specimen. Both the partial delamination and the
deviated crack are shown.
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Figure 4 Schematic drawing showing the crack path on the
polished surface of the specimen with one and two turn-backs. The
(—) stable and (- --) unstable crack propagation are indicated. (Q)
Positions for the data measured in Table 1.

3. Analyses
When the crack remains in the groove region, the
applied stress intensity (i.e. the toughness of the

material), K, can be calculated readily from [1]

M,

K=t —anm

(1)
where M is the applied bending moment on each
beam, and I, is the moment of inertia of the cross-
section of the beam (i.e. half of the specimen) with
respect to the neutral axis. The bending moment ap-
plied on each beam, M, equals half the total load
multiplied by the distance between the inner and the
outer loading pins (Fig. 2a). The moment of inertia of
the beam with a groove has been derived, such that

[12]

I bhi —aw®  (bh§ — aw?)? )
o 3 4(bhy — aw)

When the crack deviates from the groove, the speci-
men partially delaminates along the plane of the bot-
tom surface of the groove, and the crack propagates in
the layers containing no groove. In the presence of
asymmetric cracking, the cross-sections of both beams
vary along the length direction as the crack propa-
gates (see Fig. 3a). However, it has been proved that a
simple beam formula derived for a beam with a uni-
form cross-section can be used with sufficient accuracy
in calculating the normal bending stress in a beam of
variable cross-section [13]. Ignoring the variable
cross-section of the beam, the cross-section at the
crack front is considered in the present study to deter-
mine the change of the elastic energy during crack
propagation. Also, due to asymmetric cracking, the
applied moment induces mixed-mode loading on the
specimen [14]. Based on the elastic energy change
during crack propagation, the apparent applied stress
intensity (and hence the apparent fracture resistance of
the specimen) is calculated in the present study.

Assuming that the two beams have widths h; and
h,, respectively (see Fig. 3b), these widths satisfy

hy + hy = 2hg 3)

The moments of inertia of these two beams, I; and I,,
become

_ by — W — (b — ) (o — hy —w)?

[bilo W — (b —a) (hy —hy — 1T,
T b — W — (b —a) (ho—h —w] Y
bh3 — a(hy — hy + w)®
12 =
3
_ [bh3 — a(hy — hy + w)*]? (4b)

4[bhy, —a(hg — hy + w)]

Assuming an equal bending moment, M, applied
on each beam, the applied stress intensity, Ky, can be
related to the applied moment, M, by [15]

i i 112
Kb:MO[Z(b—a) I, +2(b—a)12} )
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Combining Equations 1 and 5, the normalized applied
stress intensity, K,/K, is

Ky |:Io(11 + 1) j|1/2

K 21,1, ©)

Owing to the asymmetric crack, it is reasonable to
assume that the applied load is unevenly distributed
such that loads F{ and F,, are applied, respectively, at
the two outer loading point pins (Fig. 2b). The applied
loads satisfy

F1+F2:2F0 (7)

where 2F, is the total applied load. These applied
loads would induce forces R; and R,, at the two inner
loading point pins (Fig. 2b). Using the condition of
equilibrium of the bending moment, it can be derived
that

Fi—F
Ry = F, T 15N (8)

F
Ry=F,+———— (8b)

where p (= 25.4mm in this case) is the half distance
between the two inner loading point pins, and
g (= 19mm in this case) is the distance between the
inner and the outer loading point pins.

Based on the forces, F{, F», R; and R, the applied
moments, M; and M, at the locations of neutral axes
of the two beams can be derived, such that

M;=Fiq+(Fy—Ry)[p—(hy —ho+y)] (9a)

M, =F,q+ (F, —Ry) [p—(y2— hy + ho)] (9b)

where y; and y, are the distance in the specimen width
direction from the neutral axes of the two beams,
respectively, to the crack front (Fig. 3b). The location
of the neutral axis has been derived [12], and y; and

Due to the non-uniform bending moment distribu-
tion (i.e. M, # M), a shear force, V, is induced, such
that V equals the bending moment gradient along the
specimen width direction [13]. The average shear
force on the specimen is hence

V= M,— M, (12)
Y1 +y2
Substitution of Equations 11a and b into Equation 12
yields
V:(FO_Fl)q (13)
14
Whereas the applied bending moments M and M,
induce a mode I load, the shear force, V, induces
amode II load at the crack tip. The total elastic energy
change, dW, during crack propagation is
1 (M} M5 Vv oV?
35 )
where E is Young’s modulus of the specimen, c¢ is the
crack length, and A4, and A4, are the cross-sectional areas
of the two beams, respectively, such that (see Fig. 3b)

Ay = b(hg —w) —(b—a) (hg —hy —w) (15a)
Ay = bhy — alhy — hy + w) (15b)

The corresponding apparent applied stress intensity,
K, is

1 M? M3 %6 V2N v?
K, =|——|— < - _
o |:2(b—a) <Il + 12 +A1 +A2>:|
(16)

To derive the uneven distribution of the applied
load, it is assumed that the total applied load is dis-
tributed between the two outer loading point pins in
such a way that dW is minimized. Using Equations
11, 13, and 14, the condition of minimum energy
change leads to

dw = de (14

I

F1=F0—

F<h2—ho+y1 yz—h2+h0>
Pro -

L (17)

(hy — ho + y1)°
I,

y, are

_ blho —w)* — (b —a) (hg — hy —w)?
YT b — w) — (b — ) (ho — hy — w)]

—(ho — hy —w) (10a)

_ bh3 — a(hy — hy + w)?
~ 2[bhy — a(ho — hy + w)]

y2 (10b)

Substitution of Equations 7 and 8 into Equations 9a
and b yields

(Fy — Fo)q(hy — ho + y4)

M, = Foq + ; (11a)
M, = Foq + (Fo — F1)q()/pz — hy + ho) (11b)
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It is noted that the condition of minimum energy
change (i.e. Equation 17) can lead to a negative value
of Ry or R, when the deviation of h; (and hence h,)
from h, exceeds a limit. However, based on the load-
ing fixture depicted in Fig. 2, Ry and R, cannot be
negative. Hence, a constraint exists for Equation 17 to
ensure non-negative values for R; and R,. Using
Equations 8a and b, this constraint is

qFo <F, < (2p +4q) Fo (18)

pt+q pt+q
When F; in Equation 17 is beyond the range defined
by Equation 18, the limiting value in Equation 18
should be used.

4. Results
Assuming h,/hy = 0.5, the calculated normalized for-
ces, R{/F, and R,/F,, at the two inner loading point
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Figure 5 The calculated (a) normalized forces, R;/F,, R,/F,, and
V/F, (b) normalized bending moment, M /M, and M,/M, and (c)
normalized apparent applied stress intensity as functions of the
normalized applied force, F/F,, for applied-moment DCB tests
performed on the Siz;N,/BN-Al,O; laminate and h,/h, = 0.5.

pins, and normalized shear force, V/F,, on the speci-
men as functions of the normalized applied force,
F{/F, are shown in Fig. 5a. The range of F; shown in
Fig. 5a satisfies Equation 18. In the case of symmetric
loading (i.e. Fy = F, =Fy),Ry =R, =Fgand V =0.
When F,/F, increases from ¢/(p +¢q) to (2p + q)
/(p + q), Ri/F, increases from 0 to 2, R,/F, decreases
from 2 to 0, and V/F, decreases from 0.43 to — 0.43.
The corresponding normalized applied bending mo-
ments on the two beams, M{/M, and M,/M,, are
shown in Fig. 5b where M, = Foq. Asymmetric
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Figure 6 The calculated normalized moments of inertia of the two
beams, I,/I, and I,/I,, during asymmetric cracking as functions of
the normalized width of the beam, h, /h,, for applied-moment DCB
tests performed on both the Si;N,/BN-Al,O; laminate (—) with
delamination and PSZ (- - -) without delamination.

bending moments on the two beams are induced by
asymmetric loading (i.e. M; # M, when F; # F,).
However, the bending moments on the specimen due
to the forces, R; and R,, partially compensate the
asymmetry in the applied bending moment caused by
asymmetric loading, F; and F,. As a result, the asym-
metry in the bending moment is far less than the
asymmetry in loading [i.e. |(M; — Mo)/M,o| <|(F; —
Fy)/Fol]. Whereas the asymmetry in loading, (F; —
F,)/Fy, can be as high as 57 %, the asymmetry in the
applied moment, (M; — My)/M, is only 7 % (Fig. 5b).
Based on applied bending moments in Fig. 5b, and the
shear force in Fig. 5a, the normalized apparent applied
stress intensity as a function of F{/F is shown in Fig.
5c. The apparent applied stress intensity decreases
with the decrease in F;. It is noted that the loading,
F required to give the minimum appparent applied
stress intensity (see Equation 17) in this case is beyond
the range defined by Equation 18.

Combining Equations 2 and 4, the calculated nor-
malized moments of inertia of the two beams, I,/I,
and I,/I,, during asymmetric cracking of the
Si;N4/BN — Al, O3 laminate as functions of the nor-
malized width of the beam, h/h,, are shown in Fig. 6.
When h; approaches zero, I, has a finite value. This is
due to the presence of delamination in the specimen
(see Fig. 3b). Using Equations 4, 10, 11, 15, 17 and 18,
the calculated normalized uneven applied moments
on the beam, M;/My and M,/M,, as functions of
the normalized width of the beam, h,/hg, are shown in
Fig. 7. When |(hy — hg)/ho| 2 0.05, the loading, F1, re-
quired to give the minimum apparent applied stress
intensity is beyond the range defined by Equation 18,
and is limited by the higher and the lower bounds
defined in Equation 18. As a result, the slope of the
curve in Fig. 7 has an abrupt change. For the case of
minimum total elastic energy change, the applied mo-
ment on the narrower beam is smaller than the evenly
distributed one, M, (i.e. M <M, when hy/hg<1).
However, the difference is not significant (e.g.
(M, — Mo)/Mo| < 0.06).
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Figure 7 The calculated normalized uneven applied bending mo-
ments on the beam, M,/M, and M,/M,, as functions of the nor-
malized width of the beam, h,/h,, for applied-moment DCB tests
performed on the SizN,/BN-Al,O3 laminate.
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Figure 8 The normalized applied stress intensity as a function of the
normalized width of the beam, h, /h, for applied-moment DCB tests
performed on the Siz;N,/BN-Al,O; laminate.

From equations 6 and 16, the normalized apparent
applied stress intensity as a function of the normalized
width of the beam, h,/h,, is shown in Fig. 8. When the
applied load remains constant and the applied mo-
ment is evenly distributed between the two beams, the
applied stress intensity (i.e. Ky) increases initially as
the crack deviates from the centreline. Then, K, de-
creases slightly when h; deviates from h, for more
than ~ 0.5h,, and increases again when h; deviates
from hg for more than ~ 0.75 h. If the increase in the
fracture resistance of the laminate with respect to the
crack length due to the R-curve behaviour is smaller
than the increase in the applied stress intensity due to
crack deviation, crack propagation will be unstable
when the deviation of the crack from the centreline is
from 0 to 0.5hy. Crack propagation is stable only
when the deviation is from 0.5 to 0.75 h,. This ration-
ale, based on the assumption of equal applied moment
on each beam, is in contradiction with the experi-
mental observation of the cracking behaviour.

If the applied bending moment is unevenly distrib-
uted between two beams, the applied stress intensity,
K,,, is insensitive to the initial crack deviation, and
then decreases when the deviation of the crack from
the centreline is less than ~ 0.8 hy and the applied
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TABLE I Insitu measurements of the applied load and the corres-
ponding position of the crack tip during an applied-moment DCB
test performed on a Si;N,/BN-Al,O; laminate with an S-shaped
crack (Fig. 4)

Applied load, Crack length Deviation from

F (N) C (mm) centreline, (mm)
60 0.365 0
64 2.14 1.338
84 3.552 2.727
86 8.302 —0.317
103 9.401 - 3141
8 T T T T \:;
; [ e}
E
S 6 o .
2
g 3
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Figure 9 The calculated fracture resistance as a function of the
crack length for applied-moment DCB tests performemd on the
Si3N4/BN-Al,O; laminate. ([J) Equal moment, (O) minimum
energy.

load remains constant. In this case, stable crack
propagation away from the centreline occurs as (i) the
fracture resistance of the laminate increases with crack
extension, and (ii) the applied stress intensity
decreases. On the other hand, crack propagation
towards the centreline will be unstable because the
applied stress intensity increases when the crack
reapproaches the centreline. This rationale agrees with
experimental observations.

The steady-state fracture toughness values of Siz N,
and 50 % BN-50% Al,O3 layers are, respectively,
~3.5and ~2MPam'?[16]. A significant toughen-
ing effect is expected for the laminate when both the
crack plane and the crack direction are normal to the
layers, and the fracture resistance of ~ 12 MPam?'/?
has been measured for long crack extensions [16]. On
the other hand, the toughening effect is not expected
to be as substantial when the crack plane is normal to
layers but the crack direction is parallel to layers.
Based on in situ observations of crack propagation,
the measured applied loads and the corresponding
positions (i.e. the crack length and the deviation from
the centreline) of the crack tip are listed in Table I for
an S-shaped crack. Here, the crack length is defined as
the distance between the crack tip and the notch tip in
the specimen length direction. The positions of the
measured crack tip during crack propagation are also
indicated by open circles in Fig. 4. Using the data in
Table I, the calculated apparent fracture resistance as
a function of the crack length is shown in Fig. 9.



Whereas the fracture resistance prediction based on
Equation 5 is unreasonable, as discussed above, the
prediction based on Equation 16 is more reliable.
However, the difference between the two predictions is
not significant. For laminates with the crack plane
normal to the layers but the crack direction is parallel
to the layers, a slight toughening effect is exhibited
based on results obtained from Equation 16.
Difficulties exist in explaining the turning-back of
the deviated crack (Fig. 4). Owing to the weak inter-
phase of the BN — Al,O; layer, the energy required
for delamination is not considered in the analysis.
Compared to crack propagation towards the centre-
line, crack propagation away from the centreline
induces a greater delamination area. Hence, the
turning-back of the deviated crack may be due to
delamination, because it is energetically favourable to
have a crack propagate towards the centreline when
the energy required for delamination is considered.

5. Effects of delamination

To examine the effects of delamination on the stability
of the propagation of a deviated crack, applied-
moment DCB tests were also performed on non-
laminated materials (partial stabilized ZrO,; i.e. PSZ
in this case) with a precrack and a groove machined
off the centreline (h{/hy = 0.5 and 0.67 in this case)
[17]. It is found that the crack propagates towards the
beam with a narrower width, becomes unstable, and
does not turn back towards the centreline. Consider-
ing the PSZ specimen geometry and following the
above analytical procedures, the moment of inertia of
the beam, the applied moment, and the apparent ap-
plied stress intensity can be analysed [17].

The calculated normalized moments of inertia of
the two beams, I/1, and I,/I,, of the PSZ specimen as
functions of the normalized width of the beam, h,/h,
are also shown in Fig. 6. Compared to a deviated
crack without delamination, a deviated crack with
delamination has a smaller difference between I; and
I, at a fixed h;/hy. The normalized apparent applied
stress intensity of the PSZ specimen as a function of
the normalized width of the beam, hy/h, is shown in
Fig. 10. The difference between the results derived
from the equal bending moment condition and the
minimum energy condition is negligible. The apparent
applied stress intensity increases with the increase in
the deviation of the crack from the centreline. Hence, if
the increase in the fracture resistance of the material
with respect to the crack length due to the R-curve
behaviour is smaller than the increase in the applied
stress intensity due to crack deviation, crack propaga-
tion will be unstable. Compared to a deviated crack
without delamination (Fig. 10), a deviated crack with
delamination (Fig. 8) has a much smaller applied stress
intensity at a fixed hy/ho. Hence, delamination in a
laminated composite helps to stabilize the propaga-
tion of a deviated crack. The stabilization of a devi-
ated crack with delamination is mainly due to a
decrease in the inequality in the moment of inertia of
the two beams compared to that without delamina-
tion (Fig. 6).
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Figure 10 The normalized applied stress intensity as a function of
the normalized width of the beam, h, /h,, for applied-moment DCB
tests performed on PSZ without delamination.

6. Conclusion

In situ observations of crack propagation in an ap-
plied moment DCB specimen have been used to ob-
tain the R-curve behaviour of Si;N,/BN-Al,O;
laminated ceramic composites. Owing to weak inter-
phases of the BN-Al,0; layers, the specimen is pre-
pared such that the crack plane and the crack
direction are normal and parallel to the layers of the
laminate, respectively. Despite a groove along the
centreline of the specimen to guide the crack, the
specimen partially delaminates along the plane of the
bottom surface of the groove, and the crack deviates
from the groove region during crack propagation
(Fig. 3). However, the crack turns back towards the
groove before it reaches the side of the specimen (see
Fig. 4). 1t is found that whereas crack propagation
away from the centreline is stable, crack propogation
towards the centreline is unstable.

Two approaches were used in the present study to
analyse asymmetric cracking in DCB specimens. First,
an equal applied moment on both beams is assumed.
This assumption leads to the result that crack propa-
gation is unstable when it deviates from the centreline
which is in contradiction with experimental observa-
tions. Second, the total elastic energy stored in the
specimen during crack propagation is assumed to be
minimum. This assumption leads to an uneven distri-
bution of applied moment between the two beams
when asymmetric cracking occurs (Fig. 7), and the
stability of propagation of the asymmetric crack (see
Fig. 8) agrees with experimental observations. How-
ever, the difference in the R-curves obtained by assum-
ing equal applied moment and minimum energy
stored in the DCB specimen during crack propaga-
tion, is not significant (Fig. 9). Also, despite the fact
that the applied forces on the two outer loading point
pins (Fig. 2b) can be quite asymmetric, the asymmetry
in the applied moment is significantly less (Fig. 5b).
This is because the bending moments due to the in-
duced forces at the two inner loading point pins
partially compensate the asymmetry in the bending
moment caused by asymmetric loading at the two
outer loading point pins.
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Without delamination, a deviated crack would be-
come unstable due to the increase in the applied stress
intensity with the increase in the deviation of the crack
from the specimen centreline during the applied mo-
ment DCB test (Fig. 10). It was found in the present
study that delamination in a laminated composite
helps to stabilize the propagation of a deviated crack.
The stabilization of a deviated crack with delamina-
tion is due to a decrease in the inequality in the
moment of inertia of the two beams compared to that
without delamination (Fig. 6).
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