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Abstract  Ananalvsis is presented of the problem of residual stress-driven delamination in materials
or parts manufactured by successive laver deposition. A direct application of this work Is to parts
that are butlt using rapid prototyping-based layered manutacturing methods. A two-dimensional
model is presented that allows calculation of steady-state energy release rates for delamination
cracks. Results from a tinite element model of the problem are also presented. The results verify the
steady-state analysis and show that 11 is applicable over a wide range of part dimensions. Crack
displacement modes are also extracted from the finite element model. Results are presented for two-
and four-layer bi-material configurations, over a large range of material mismaitches. Examples arc
given of how this work can be used to identify critical interfaces where delamination is most likelv
to occur and thus to predict the susceptibility of multi-layers to delamination.

INTRODUCTION AND PROBLEM STATEMENT

This study addresses the problem of residual stress-driven delamination or debonding
between successively deposited isotropic material layers. Results from this work can be
applied to delamination problems associated with any process involving the successive
deposition of material lavers at elevated temperatures, such as multi-layered films or
coatings. Mcthods outlined in this study can also be applied to debonding problems in
laminated isotropic lavers subjected to thermal mismatch stresses duc to a temperature
change. The type of application serving as the motivation for this work is the problem
of residual stress-driven delamination in parts made by rapid prototyping-based layered
manufacturing methods. Such methods involve the automated manufacture of three-dimen-
sional parts by successive layering. starting with a three-dimensional computer-aided design
(CAD) representation of part geometry. The aim of research into these methods is to extend
rapid prototyping concepts to allow the manufacture of functional prototypes and:or
production-quality parts.

The particular layvered manufac uring method motivating this work has been termed
shape deposition. Shape deposition is @ process by which three-dimensional shapes or parts
arc built up incrementally by the successive application of molten material (primarily metal)
layers. The process allows the deposition of single or multiple materials as needed. Shape
deposition involves three major steps. In the first step. a three-dimensional CAD model is
made of the shape to be created. In the second step. this model i1s numerically divided into
layers and deposition and machining steps are programmed. The final step consists of the
repeated application und computer numerically controlled machining of lavers of the part
itself and also layers of support material. The support material. which is removed after the
part is completed. is deposited around the part as it is being built and helps to maintain
part shape. The deposition method currently used in this process has been termed micro-
casting. In microcasting. material 1s deposited in the form of molten metal droplets. The
diameter of microcast droplets is comparable with the layer thickness, which is typically of
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the order of 1.3 mm or more. Practical applications of shape deposition are directed towards
the automated manufacture of parts ol one or more materials, parts produced in small
quantities and or parts with complex internal geometries. A complete description of shape
deposition is given by Merz ¢ al. (1994).

An inherent compication associated with this process is the build-up of residual
thermal stresses as new ayers are deposited onto existing layers of the part. This 1s due to
the free thermal contraction newly deposited material experiences as it solidifies and cools.
Residual stresses can cause delaminations between layers by acting as the driving force in
the extension of intertacial cracks from the edges of the part toward its center. A delami-
nation may propagate tirough the entire length of the part. separating it into two pieces.
One objective of this study is to quantity the susceptibility of shape-deposited parts (and
deposited multi-layers in general) to residual stress-driven delamination. Another objective
1s to formulate simple delamination models that can guide the design of delamination-
resistant parts.

Delumination is on: of the principal sources of failure in laminated composites. As a
result. there exists a large amount of work on composite delamination in the literature. A
full account of previous work in this area is not provided here ; however, approaches to the
problem tend to full into one of two categories. In the first category, the stresses along an
uncracked interface are used as the basis for predicting delamination susceptibility. One
approach of this type has been to formulate approximate stress distributions near the
free edge to compare the delamination resistance of various laminate configurations [e.g.
Whitney (1973) : Pagano and Pipes (1973)]. A second approach in this category has involved
use of finite element modeling to study the details of the elastic stress distributions near the
free edge. with insights offered as to which stresses may be singular [e.g. the work on
thermally induced stresses by Herakovich (1976) and Crossman and Wang (1977)]. The
second category of approaches to the composite delamination problem involves using
fracture mechanics and caleulating energy release rates of delamination cracks as a function
of crack length. Thix approach 1s preferable because. unlike stress-based approaches, it
avolds (without ignoring) ditficulties associated with the stress singularities at the inter-
section of i tree edge und a fully bonded interface [see Bogy (1971) or Hein and Erdogan
(1971) for 1sotropic luvers or Wang and Chor (1982) for anisotropic layers]. Wang (1982,
1984) took this approach in studying delaminations in composites under axially applied
loads. O"Brien (1982) and O Brien ¢r «/. (1986) also used this approach by comparing strain
energy release rates assocrated with delaumination.

The approach taken in this study is 1o model the delamination problem in deposited
multi-layers as an intertacial fracture mechanics problem. In the next section, a simple
model based on steady-state cracking is tormulated for predicting energy release rates for
long delamination crucks. Previous models of this type have only been applied to problems
of single thin films debonding Irom thick substrate materials. In the section following the
next. a finite element model s presented tor mgorously determining the limits of the simple
model and for extracuing crack extension modes. Results from both models are presented
in the final section. These offer a full uccounting of the multi-layer residual stress-driven
delamination problem

STEADY-SUANTE DELAMINATION MODEL

In this section. a steady-state two-dimensional fracture mechanics-based delamination
model is presented. Figure 1 illustrates a delamination crack that has initiated at a free edge
and is propagating along the mid-plane interface of a four-layer part. The crack front is
straight and perpendicular to both the v- and r-axes. It is assumed that material in each
layer has expericnced a free thermal contraction with respect to the layer below it and that
this contraction is independent of the y-coordinate. Under this assumption, the potential
energy released by extending the crack a fixed distance in the x-direction reaches a steady-
state (constant in magnitude) value tor a crack of sufficient length. It is this potential energy
release. expressed in the form of an ¢nergy release rate. which acts as a driving force in
extending a delamination crack.



Residual stress-driven delamination 67

Ay

)

Material #1 I

-
X

2 —>|

Material #2

Fig. 1. Delununation crack propagaung along the midplane of a four-laver part.

By definition. the energy release rate. ¢ 1s the potential energy released per unit newly
created crack surtace. defined by the relation
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where PE is the potential encrgy in the part. B is the part width and « is the crack length.
For a sufliciently long delamination crack. the stcady-state energy release rate. G, can be
calculated as the difference in the potential energy per unit width per unit length between a
fully bonded four-laver part and a part that has becn separated into two two-layer pieces.
The physical rcasoning behind this model is that for a sufficiently long crack, the near-
crack-tip stress distribution simply translates in the v-direction as the crack extends. Under
such conditions, the potential energy released by extending the crack a unit distance in the
x-direction is the difference in potential energy between unit length portions of the part far
ahead and far behind the crack tip. A consequence of this steady-state condition is that a
solution that models the near-crack-tip fields is not needed in order to calculate G, of the
delamination crack. Instead. a model of the residual stress state in each layer of an uncracked
multi-layer can be used. The residual stress model also does not need to model stresses near
the ends of each laver.

This approach (which represents a significant simplitication of the problem) is based
on the concept of steady-state cracking as articulated in a review article by Hutchinson and
Suo (1991). The key point of this concept is that many cracking problems in multi-layered
materials reach configurations where the crack driving force becomes independent of crack
length. It is often this final value of the crack driving force which controls the physical
cracking behavior. A principal goal of this study is to use values of G, to predict the
susceptibility of a given mterface to delamination. It the critical energy release rate for
propagation along the interface. G . is greater than G, then no delamination will occur.
The work in the literature most closely related to that presented here is the work of
O’Brien (1982) and O'Bricn ¢7 «f. (1986) on the delamination problem in laminated fibrous
composite materials. Their work used the energy released in dividing a laminate into
“sublaminates™ to calculate the energy release rate of delamination cracks in axially loaded
and thermally loaded graphite-epoxy coupons. Additionally. the steady-state concept has
been used n studies of a single thin film debonding trom w thick substrate material by
Drory et al. (198%8). Evuns ¢f af (1988) and Thouless ¢7 al. (1989).

In this study. a simple model of residual stress build-up 1s used which is based on the
solution by Timoshenko (1925) for the stresses in a uniformly heated bi-material strip. The
current model s a gencralization of the Timoshenko model to any number of layers. It is
assumed that each layer experiences a uniform free thermal contraction (characterized by
an 2AT) relative to the laver below it. As in the model of Timoshenko. the layers behave
as beams with linear variations of stress in the v-direction (see Fig. 1) in each layer. All
results presented in this study assume global plance stress conditions. They are therefore
directly applicable to parts or portions of parts that are thin in the direction normal to the
x-and y-axes. A consequence of this assumption is that all calculated energy release rates
are independent of material Poisson’s ratios. By using the appropriate formula to convert
energy release rates to stress intensity tactors [see eyn (7)]. plane stress or plane strain
conditions can be maodeled near the crack tip. The results presented in this study can also
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be applied o delamination problems in thick parts. where each layer is in a global state of
biaxial tension. This can be done by substituting E/(1 —v) for E and multiplying energy
release rate values by a factor of two (corresponding to two stresses of equal magnitude
being relcased by the extension of the delamination crack). It is also assumed that all layers
are deposited and have cooled to room temperature before any bending deformation takes
place. This final assumption models a multi-layer which is fully constrained from bending
deformation during its construction. Although itis not addressed in this study. an analogous
residual stress mode!l can be constructed without a bending constraint. The constrained
condition is studied here because it more closely models the actual constraint conditions
applied 1o shape-deposited parts during their manufacture. This constraint is provided by
the surrounding support material and the base upon which the part is built.

The current residual stress model serves as a first-step approach to modeling the
delamination problem in multi-layers. which does not fully account for all of the charac-
teristics of the shape deposition process to which it is being applied. For example, the
current model cannot accurately predict residual stress magnitudes in shape-deposited
parts. since these are a function of high-temperature creep and yield behavior and the
temperature dependence of properties such as the elastic moduli and the coefficient of
thermal expansion, z. The model also does not account for non-uniform contraction in the
thickness direction within individual layers in shape deposition processes. For example, in
the microcasting process, each droplet solidifies essentially from the bottom up. A droplet-
level solidification model with temperature-dependent properties is under development that
will account for these effects. The current model can be used directly as a means for
comparison between some shape-deposited configurations. 1t will also serve as a basis for
comparison with future work based on more refined residual stress models.

In summary. a steady-state analytical delamination model is presented which involves
calculation of the energy release rate for delamination cracks in multi-layers using a simple
residual stress model. The goal of this work is to use the insight offered by a simple
model to formulate design guides for minimizing the steady-state energy release rate for
delamination cracks and thus to decrease the likelthood that delaminations will occur in
multi-lavered parts or materials. In the next section, a finite element analysis is presented
which is used to verify the steady-state concept and to extract crack tip opening and sliding
modes. which can only be extracted from a fracture analysis of the problem.

FINITE ELEMENT MODEL

The steady-state delamination model just outlined is sufficient to calculate values of
G for any layered configuration: however. a fracture mechanics-based model of the
problem is also needed. Although it is apparent that a constant energy release rate is reached
for a suthciently long crack. it is not known how long a delamination crack must be in
order for steady-state conditions to apply. 1t is also not known what dimensions of parts
can be modeled by a beam-based steady-state model. The steady-state delamination model
also does not ensure that G is the maximum energy release rate for all crack lengths. A
fracture model 1s therefore needed to evaluate the reasonableness of designing multi-layers
bascd on values of ¢ compared with values for G, the critical energy release rate for
interfacial crack propagation. Finallv, the mode of crack extension must be extracted from
a [racture mechanics model of the problem. This is required in order to compare G, values
with mode-dependent ¢, values from interfacial toughness tests.

The method of mode separation used in this study is that outlined by Matos et al.
(1989) tor separating modes in interfacial fracture problems. Definitions for stress intensity
factors and near-tip stress fields follow those given by (among others) Rice (1988) and Suo
and Hutchinson (1990). The singular stress field just ahead of an interfacial crack tip (along
() = 0) takes the following form:

a. +io, = KQnry ', 2)

where tor materials 1 and 2 (see Fig. 1)
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and K = K, +1K. is the complex stress intensity factor for interfacial crack problems. In
eqn (3) i, (= 1.2) is the material shear modulus and x; = (3 —v)/(1+v) (j = 1,2) for plane
stress and w, = 3-4v, (; = 1.2) for plane strain. K. the complex stress intensity factor, takes
the form

K = K, +iK, = ' x (applied stress) x [(/i)h "], 4)

where f'is non-dimensional and, in general, a complex function of the material properties
and the specimen geometry. The parameter 4 is the characteristic length of the problem.
For a steady-state delamination crack between layers of equal thickness, the characteristic
length is the layer thickness, 4.

The method used to extract the modes of crack extension from the finite element
delamination models involves fitting the near-tip crack displacements from the model to
the near-tip **K-field”™ opening and crack sliding displacements 6, and 4, given by

. . i C,+C, TAE:
Y. ), . SR - g Ié~ 5
2 F10 = 5 [(1 + 2ig) cosh (m;)}li(gn) ' ©)

where C, = (x;+ 1), (j = 1.2). The mode of crack extension is defined by the phase angle,
i, of the complex stress intensity factor K [see eqn (4)] defined by the equation

Im (Kh") .
Wwoe=tan V| ——— - |. (6)
{Re (K/z")J

where ¥ is defined to be independent of the characteristic length, 4. For a unit value of 4,
i =0 corresponds to pure K, and y = 90 corresponds to pure K. Inspection of eqn (2)
reveals that y represents the ratio of normal to shear stresses ahead of the crack tip
separated from the quantity (r/h)". As eqn (3) illustrates, the correlation of  with the
relative amounts of crack face opening and sliding displacements is less direct, due to the
additional complex factor {1+ 2ig). In order to extract a value of i for a given problem,
crack face displacements from the finite element solution at various distances from the
crack tip are substituted into eqn (5). The complex K is solved for and values of y are
obtained using eqn (6). At cach point where  is determined. the energy release rate, G, is
also calculated from the displacements using the formula for conversion between G and K':

ISR
(;;JK*[ e s ] (7)
l6cosh™ (i)

The value of 4 is taken at the node location that agrees the best with an independently
evaluated J integral calculation of ; [see Matos ¢1 af. (1989) for a discussion of the accuracy
of this method].

An example of the finite element model used in this study is shown in Fig. 2. The
model is constructed out of eight-noded plane stress quadrilateral interpolation elements
using the finite element package ABAQUS. Thus. values of the energy release rate extracted
from this model are for global plane stress conditions. Plane stress or plane strain conditions
near the crack tip can be modeled by using the appropriate form of eqn (7) for converting
the energy release rates to stress intensity factors. The vertical edge on the right side of the
model is a line of symmetry. A refined mesh consisting of quarter-point elements is used
near the crack tip to capture the I r near-tip strain dependence. The density of the near-
tip mesh was varied to check for convergence : however. for the results presented here, the
near-tip mesh consists of 18 rings of eiements meshed over a length equal to 4/2.
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RESULTS AND DISCUSSION

In this section. results from the steady-state delamination model and the finite element
model are presented. Methods are also demonstrated for using the results to predict
delaminauon resistance of multi-layered materials or parts. Energy release rates as a func-
tion of crack length arce extracted from the finite element analysis by cvaluation of a J
imtegral. In Fig. 3. a plot of normalized energy release rate vs normalized crack length is
given for the simplest case ot delamination of a two-layer part with equal layer thicknesses
and with both materals having equal clastic properties. The crack lengths are normalized
with respect to the laver thickness. /1. The half-length of the symmetric model is equal to 25
layer thicknesses in this case. Energy release rates for this and all other problems presented
in this study are normalized with respect to the steady-state energy release rate for this
problem. Because the debonded portion of the part is stress free for two-layer problems,
the energy release rate is the strain energy per unit width per unit length in the fully bonded
part. given by

1.25 J
1.00 j( 1/ O
0.75 i Steady-State G From
GiGo Residual Stress Model
0.50 4
Two Layers, Same Material
0.25 L = Symmetric Model Half-Length
] h = Layer Thickness
J Modulus Ratio = 1:1, L =25h
4
0.00 + v r—r S —
1} 5 10 15 20 25 30

a/h

Fie 3 Normalized Govs normahized erack fength tor two layers with equal elastic moduli.
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where H is the totad thichness of the part under constderanon. » A7 1s the tree thermal strain
mismatch between the lavers under consideration. and for the particular case £, 15 simply
the Young's modulus of the two materials. Subscquent (mulu-matertad) problems are
normalized using an £ which is a rule of nuxtures Young's modulus defined as
E..=XEnh H In this wav. all eacrgy release rates are nocmaiized with respect o the
energy release rate tor a single material, two-layer part thut 1s experiencing debonding along
its midplane.

The plot provided m Fig. 3 deronstrates the steads -state nature of this problem. A
steady-state value of G s rapidly reached (for a crack tength of approximately one layer
thickness or greater). This value is maintained anul the ssmmetrically extending cracks
have almost completely extended through the pare The steady -state values Irom the finite
element analysis arc also accurately predicted by the analvucal steady-state model. As the
plot in Fig. 3 indicates. if the cerincad energy release rate G tor this anterface is greater
than G then no delammation erack extension will occuy regardless of mitial flaw size.

Figure 4 gives a plot ol normalized G vs o ftor the case of debonding ol a two-layer
part with the bottom liver having o stiflness (hat i~ three times that of the top layer.
Additionallv, symmetiie model hali-lengths of 0 Ixrand £+ 250 are considered. Again,
the steady-state nature ot the problern is confirmed. Nddittonalls . the short crack and long
crack variations of encrgy release rate with crack fength are independent of the total length
of the part. For the case of w shor crack. the behavior s unallected by extra bonded
material far ahcad of the crack up. Simtlarly. Tor the case of a long crack. the energy release
rate is unallected by the wamount ol stress-free material e behind the erack tip. This also
sets a limit tor values of normalized part length /7 tor which o beam-hased steady-state
analysis of this probiem s valid. Because the short crack ¢ vs ocurve rises to the steady-

state value over a length of approxmuately one iver thickness. 4 and the long crack steady-
state curve falls from the steady-state value 1o sero over a length of approximately 2/ it is
reasonable to conciude that the steady-state (s reached by any part having a normalized
half-length . /r = 3 Farthermore. to values of /4 3 g design based on setting G, > G
will be conservative. because Gwill not be reached B the delanmmation crack.

Figure 5 provides a plot ol nornnalized G os o i for the case of a two-laver part and
the case of a bottom Lover having aos iffness that s 40 tinies that of the top layer. Again, a
predictable steady-state value of O iv achieved for crack lengths equal to approximately
one layer thickness. The hugh stiftness mismatch causes the tatl-otf in ¢ values for long
cracks to occur over o denuth of approximatels 300 Thas tar this case the steady-state
analysts applies for £ /i - bund the method s conser ative tow /< 40 The results in Fig,

SAS 33-1-r
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Fig. 5. Normalized (6 vs normalized crack length for two layers with a modulus ratio of 1:40.

5 are also of importance because in this case (as in the cases shown thus far) G, is the
maximum energy release rate achieved for any crack length. As mentioned previously, this
is by no means guaranteed. In fact, because a singularity in stresses exists at the intersection
of the interface and the free edge for the case of an uncracked interface, there is potential
for a local maximum in G to exist for short cracks. Small delamination cracks initiating at
the free edge are surrounded by a concentrated stress field. This could lead to large values
of G for short delamination crack lengths. The strength of the singularity for the uncracked
problem is greatest for cases with large stiffness mismatches. No short crack maximum in
G is evident, however, even in the case of a stiffness mismatch of 1:40.

A critical issue in this work is how G values can be used to predict the susceptibility of
a deposited multi-layer to delamination. In particular, it is of interest to determine whether
simple changes in part design can increase delamination resistance. Figure 6 provides an
illustration of two two-layer part “designs”. In design number 1 a compliant layer is
deposited onto a stiff layer. In design number 2 a stiff layer is deposited onto a compliant
layer. Arrows in the figure represent the direction of relative expansion/contraction of the

Design #1
Modulus Ratio = 1:3 g =79°

COMPLIANT
(a)
(b) —>l COMPLIANT L——

(c)
COMPLIANT

Design #2
Modulus Ratio = 1:3 yg = 101°
Crack Faces Interpenetrate on a Large Scale

(d)
COMPLIANT

Fig. 6. Ordering and symmetry arguments for two-layer parts.
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deposited layer. The question addressed in Fig. 61s whether one ““design™ is better than the
other with respect to its delamination resistance. For the sake of comparison, it is assumed
that the mismatch in free thermal strain between layers in both parts 1s the same. The
following symmetry arguments can be used to show that the two part designs are related.
In Fig. 6 the problem in drawing (a) (design number 1} is the same as the problem in
drawing (b) (the part has been tlipped over). Similarly. the problem in drawing (c) (the stff
layer expanding relative to the compliant layer) is the same as that in (b) because the
problem itself is driven by a relative strain mismatch between the layers. Finally, the
problem in drawing (d) (which is design number 2) is the opposite loading case as that in
drawing (¢). Thus. design number 2 is simply the opposite loading case to design number
I. Both designs have the sume value for G as predicted by the residual stress model:
however. a fracture analysis of design number 2 predicts interpenctration of the crack
faces. where for design number | the crack faces experience a positive relative normal
displacement. The difference in the two cases 1s demonstrated by the values of i [the
steady-state value ol w defined in egn (6)] given i Fig. 6. Design number 1 has a value of
Y. =79 . designating a positive A and design number 2 has a value of W, = 101 .
designating a negative K. The phasical significance of this result is that design number 2
will be more delamination resistant than design number [ A delamination crack for design
number 2 will have its crack faces pressed together while they attempt to slide relative to
one another. Frictional forces will serve to increase G, tor this case. Also. the true steady-
state energy released by o delamination crack tor design number 2 would be less than the
calculated G because the contribution to G, from crack face interpenctration would not
be allowed in an actual part. Svmmetry arguments have thus shown that for a simple two-
layer case. the order m which layers are deposited can affect the delamination resistance of
manufactured parts.

Figure 7 provides a plot of normalized ¢ vs o / for debonding along the midplane of
a four-layer part made of wiernating layers of two materials with a modulus ratio of 1: 3.
Each layer has the same thickness. /i and has experienced the same free thermal contraction
(characterized by AT relative to the layer below it Although a steady-state analysis s as
applicable to this casc asitis for the two-layer cases. in the tour-laver problem the debonded
ends are not stress free. As the plotindicates. the energy release rate for the four-layer case
reaches a predictable steady-state value within a distance of about 2/4. In general. for
deposited multi-layers experiencing debonding on any one mterface, the crack length over
which a steady-state ts achicved should be on the order of the thickness of the thicker
debonded section.

The difference in the behavior of G oas a function of crack length for this case is
evidenced by a local peak m (7 for short cracks. G 1s not the maximum G for all crack
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Fig. & Normahzed € vs normalized crack length for & single compliant tayer debonding from the
bottom of it four-laver part (modulus ratio of 1:3).

lengths. This short crack peak is not related to the singular character of the stresses at the
intersection of a fullv bonded intertace and the free edge (see the discussion related to Fig.
5). Itis instead due o the low normalized G for this case. For short cracks. the asymptotic
behavior is the same for a given material combination and strain mismatch (regardless of
the number and thickness of the lavers). Thus. the short crack behavior of ¢ vs « for this
problem is the same as that tor the two-layer case shown in Fig. 4. The steady-state energy
release rate tor long cracks. however, is relatively small for this case. The result is that the
short crack ¢ behavior overshoots the steady-state G value in the short crack limit. The
low value observed for ¢ in this case is a consequence of the shape of the debonded halves
of the four-laver part. The energy released by debonding along the midplane is due to a
mismatch in free thermal strain along the interface ; because each layer contracts relative
to the one below it. the two debonded portions of this part are curved. The curvature of
the debonded pieces decreases the strain mismatch along the interface (by decreasing the
length of the top of the bottom two layers and by increasing the length of the bottom of
the top two layers). The result is an unusually low G,,.

The existence of a short crack maximum in G is not unique to this case. For example,
it also occurs for the case of a single compliant layer debonding from the bottom of this
four-laver part. In Fig. 8 the normalized energy release rate for this case is plotted as a
function of normalized crack length. The very low value of G, for this case results in a
short crack peak in ¢ that is comparatively large in magnitude. Figure 9 provides a plot of
normalized energy release rates for the case of a single stiff layer debonding from this four-
layer part: because the steady-state G for this case is relatively large. G is the maximum G
over all crack lengths. In general. if it is important to prevent the extension of small
delamination cracks. it is necessary to consider the existence of short crack maxima in G
such as those exhibited in Figs 7 and 8. however. because the phenomenon is a consequence
of low G values. it would generally not affect delamination behavior on critical interfaces
(where. assuming G_ values are comparable. G, values are high). Concern over short crack
maxima in G should thus be limited to the analysis of comparatively brittle interfaces where
a low energy release rate can still result in delamination.

The behavior ol ( as a function of crack length for four-layer cases with stiffness
mismatches other than I:3 generally follows that demonstrated in Figs 7--9. For the case
of a four-layer part with no stiffness mismatch, short crack maxima in ¢ are exhibited for
debonding along the midplane and for debonding of a single layer. The problem of debond-
ing along the midplane of a four-layer part with no stiffness mismatch offers further insight
into the relationship between low G values and observed short crack peaks in energy
release rates. The curvature of the debonded portions in this four-layer problem is the only
physical difference between it and a two-layer configuration with no stiffness mismatch and
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Fig. 9. Normalized ¢ vs normalized crack length for a single stitf layer debonding from the bottom
of a four-layer part (modulus ratio of 1:3)

the same total thickness. 77 (see Fig. 3). This curvature leads to a steady-state energy release
rate (look ahead to Table 2) that is one-quarter of the steady-state energy release rate for
the analogous two-layer problem. The four-layver problem exhibits a short crack peak in
G-—the two-layer problem does not.

Figure 10 provides a plot of the mode parameter ¢ vs « /i for the four-layer case
depicted in Fig. 7: because the problem itself is a steady-state one. a steady-state value of
¢ 1s reached at essentially the same rate that G, is reached in the plot of Fig. 7. The steady-
state value of ¢ is very close to 90 . indicating primarily tangential displacement of the
crack faces. As the symmetric crack tips approach one another. the value of ¥ becomes
greater than 90 . Values of y greater than 90 do not imply crack tace interpenetration (in
fact, no large-scale crack face contact exists for these cases). This is due to an offset between
the phase of K and the phase of the crack face displacements due to ¢ effects. In any event,
the displacements of the crack faces for this case are primarily tangential for all crack
lengths.

Figure |l provides an illustration analogous to that given in Fig. 6. demonstrating
how symmetry arguments can be used to relate delaminations in two different four-layer
part “designs”. Using the symmetry arguments made in the discussion of Fig. 6. it can be

100 /
80 1 [
60 1
Y (deg)
40
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Modulus Ratio = 1:3, L=25h
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Fig 10y v~ normalized crack length for four lavers with debonding along the midplane (modulus
ranoof T:3.v = v. — 1 3},



6 IoL Beuth and S. HL Nuaravan

Design #1
Modulus Ratio = 1:3 y = 60°

(@ ESERRNSIRE ‘
| COMPLIANT ]
| COMPLIANT ]
(b) i Eiai i SEE
-] COMPLIANT b

COMPLIANT

Design #2
Modulus Ratio = 1:3 y = 120°
Crack Faces Interpenetrate on a Large Scale

—] COMPLIANT | -—
(d) — ‘
COMPLIANT
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shown that delamination of a single compliant laver off the bottom of design number 1 is
equivalent to the delamination of a single compliant layer off the top of design number 2
with the loading reversed. Thus G values are the same but the sign of K| is reversed. The
crack face interpenetration associated with design number 2. though physically impossible,
indicates that the delamination event associated with design number 2 would be much less
likely to oceur than that associated with design number | (assuming equal free thermal
strain mismatches). Figure 12 gives a summary of G and i values for these two designs
for the propagation of 4 delamination crack along any of the three material interfaces. If a
simple criterion is apphed that 1if delamination occurs, it will occur on the interface with
the largest G value and a positive value of K. then debonding would be predicted to occur
along the bottom mterface for design number 2. The case for design number 1 1s not as
clear. Part debonding could occur at the midplane or ulong the bottom interface. Although
debonding along the bottom interface would be associated with a positive K. the magnitude
of its G 1s lower than that for debonding along the midplane interface. where K is
essentially equal to zero. A comparison with mode-dependent G, values would be required
o offer more insight in this case. In any cvent. it is apparent from symmetry arguments
that the ordering of material lavers can have an effect on the location and the likelihood of
debonding in a deposited multi-layer part.

In order to predict mulu-layer delamination resistance. values of G and , are needed
for comparison with -dependent ¢;_values. Tables | and 2 offer a summary of normalized
G, and w  values for two-layer and four-layer deposited bi-material configurations up to a
stiffness mismatch of 1:40. Cases where ¢ s not the maximum energy release rate are
indicated and the maximum normalized G value is provided. For the two cases in Table |
having a stiffness mismatch. the values of ¥ are for a compliant layer deposited onto a
stiff layer. The values ol presented in Table 2 tor a single layer debonding from a four-
layer part are for that layer debonding from the bottom of the part. These are the cases
that exhibit large-scale opening of the crack faces.
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Fig. 12. Comparison of delamimatior behavior of two four-layer part designs (modulus ratio
ol 1:3),

Lable |- Steacy state G and w values for two deposited

layerst
Modulus ravie G G, w.. (deg)
11 1.0 90
I3 0.92 79+
30 0.29 641

+ Equal laver thickness and equal free thermal mis-
match. G, values are provided for cases where
G # G- U s defined in eqn (8), ¢ is defined in egn
(6) and w values are for cases with v, = v, = /2

T These .. values are for a compliant layer
deposited onto a stift laver.

Fable 2. Steady-stute (7 and y values tor four deposited layers¥

Modulus ratio Debond case G. G, GGy Y, (deg)

1:1 Midplane debond 0.249 0.35 90
One layer debond 0.360 0.42 631

13 Midplane debond 0.321 0.35 90
Compliant layer debond 0.182 0.27 60%
Sufl layer debond 0.555 - 681

1:40 Midplane debond 0.936 — 89
Comphant layer debond 0.0183 0.077 59%
Suft laver debond 0.984 — 84%

+Two alternating materials. equal layer thickness and equal free thermal mismatch.
(e Vitlues are provided for cases where G # G,,... G, is defined in eqn (8),  is
defined in eqn (&) and ¥ values are for cases with v) = v, = 1.3

T These v values are for single layer debonding from the bottom of the part.

CONCLUSIONS

This study involves modeling delamination problems in materials and parts manu-
factured by successive deposition of material layers. The delamination problem is modeled
as an interfacial fracture problem. exploiting its steady-state behavior for long delamination
cracks. This approach greatly simplifies understanding. The steady-state delamination
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energy release rate. Gooocan be caleulated direety rom a residual stress model. Also, the
parameter G is ideal for use i determining critical interfaces where debonding may occur
and can serve s i guide for the design of delamination-resistant multi-layer configurations.
For example. it could be used 1o determine. for a given combination of materials in
alternating Lvers. whether a particular distribution of layer thicknesses will decrease the
likelihood of delaminaton alone andentfied eritical interface.

Finite clement modeling of the tracture problem associated with delamination has also
been carned out in order to verily the applicability of the steady-state analysis and to
extract crack extenston mode and crack face contact information. The results show that
the steady-~tate analvsis apphies over o large range of crack lengths and part dimensions.
The finite clement results show that ¢ can be used to detcrmine the susceptibility of an
interface to restdual stress-driven delamination: however, for cases exhibiting low G
values. 7 tor short cracks can exceed (. Thus. care must be taken in using the requirement
that ¢ > G _ 1 applications where it is important to prevent the extension of small
delamination cracks on brittle terfuces. & values and symmetry arguments have been
used 1o show that the ordering of lavers can change the location where delamination
is most likeh 1o ocear and. o domg soo it can change the susceptibility of a part to
delamination,
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