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Abstract An anal\slS IS presented "llhe problem of residual stress-dri\CI1 delamination in materials
or parts manufaclur~d by suceessi\e Llyer deposition. A direct application of this work is to parts
thaI arc buIlt usmg rapid prototypmg-based layered manufacturing metliods. A two-dimensional
model is presenkd that allows cakulation of steady-state energy release rates for delamination
cracks. Results from a finite element model of the prohlem are also presented. The results \erify the
steady-state analY'sis and show that 11 is applicable over a wide range of part dimensions. Crack
displacement modes arc also extracted from the finite element model. Results are presented for two
and four-layer hi-material configurations. over 'I large rang~ of material mismatches. Examples arc
given of how this work can he used to identify critical interfaces where delamination is most likelv
to occur and thus to predict the susceptibility of multi-layers to delamination.

II\TRODLCI ION /\:\0 PROBLE\l STATFME'H

This study addresse~ the problem of residual stress-driven delamination or debonding
between successively deposited isotropic material layers. Results from this work can be
applied to delamination problem~ associated with any process involving the successive
deposition of material layers at elevated temperatures. such as multi-layered films or
coatings. Methods outlined in this study can also be applied to debonding problems in
laminated isotropic layers subJeckd 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-dimcn
sional parts by successive layering. ~tartingwith 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 part~

The particular layered manufacuring method motivating this work has been termed
shape deposition. Shape deposition is a 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 t1e second step. this model is numerically divided into
layers and deposition and machining steps are programmed. The final step consists of the
repeated application and computer numerically l'<l!1trollcd machining of layers of the part
itself and also layers of support matenal. The support material. which i~ 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 proce~s has been termed micro
casting. In microcasting, material is deposited in the form of molten metal droplets. The
diameter of microcasl droplets is comparable with the layer thickness. which is typically of
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the order of 1.5 mm or more. Practical applications of shape deposition are directed towards
the automated manutauure of parts of one or more materials, parts produced in small
quantities and or parts with comple" internal geometries. A complete description of shape
deposition is given bv Merz 1'{ at. (ll)l)4)

An inherent comp'lcation associated \\ith this process is the build-up of residual
thermal stresses as new ayers arc deposited onto nisting layers of the part. This is 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 or intertalial cracks rmm the edges of the part toward its center. A delami
nation may propagatt: tHough the entIre length or the part. separating it into two pieces.
One objective of this study is to qu,lIltify the susceptibility of shape-deposited parts (and
deposited multi-layers in general) to residual stress-driven delamination. Another objective
is to formulate simple delamination models that can guide the design of delamination
resistant parts

Delamination is ('11.' of the pnnllpal sources or failure in laminated composites. As a
result. there exists a larfe amount of \\ork (In 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 fall 1I1to 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 elemcnt 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 mduced stres~es by Herakovich (197h) and Crossman and Wang (1977)]. The
second category of apr roaches to the composite delamination problem involves using
fracture mechanics and laiculating energy release rates of delamination cracks as a function
of erack length. This approach IS prererable because. unlike stress-based approaches, it
avoids (without ignonng) difficulties assoeiatcd with the stress singularities at the inter
section of;] free edge and a fully bonded interface [see Bogy (1971) or Hein and Erdogan
( 1971) for Isotropic layers or Wang ,lIld Choi (19X2) for anisotropic layers]. Wang (1982,
19R4) took thi, approalll in studying delaminations in composites under axially applied
loads. O'Brien (19X2) and O'Brien ('/ iii. (ILJX6) also used this approach by comparing strain
energy release rates asso':lated with delamination.

The approach taken in this study is to Illodel the delamination problem in deposited
multi-layers a, an inll:rt'acial rracture rnechanics problem. In the next section, a simple
model based on steady-,tate cracking i, formulated for predicting energy release rates for
long delamination crack .;. Previous models of this type have only been applied to problems
of single thin I1lms dcbonding I'rom thick substrate materials. In the section following the
next, a finite element model is presented for rigorously determining the limits of the simple
model and for e"traumg crack extension modes. Results from both models are presented
in the final section The;e offer a full accounting of the multi-layer residual stress-driven
delamination problem

"TL\D"" 1.\1 f 1)11\MI'<o\TtO\l MODEL

In this section. a ste,ldy-state t\\o-dilllensional fracture mechanics-based delamination
model is presented. Figu:"e I illustrates a delamination crack that has initiated at a free edge
and is propagating along the mid-plane interl~lCe of a four-layer part. The crack front is
straight and perpendicular to both the .\- and )-axes. It is assumed that material in each
layer has experienced <I free thermal contractIon with respect to the layer below it and that
this contraction is independent of the\-coordinatc. Under this assumption, the potential
energy released by extending the crack a tlxed dis!<lllce in the x-direction reaches a steady
state (constant in magnitude) value for a cr<lck of sumcient length. It is this potential energy
release. expressed in the form of an energy release rate. which acts as a driving force in
extending a delamination crack.
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By definition. the energy re!e;ISt· rak. G. I~ thl' p(\tentlal energy released per unit newly
created crack surface. defined hv tlw relation
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where PE is the potential energy in the part. B is the pan width and 0 is the crack length.
For a suftleiently long delamination crack, thc steady-~tate cnergy release rate, G", can be
calculated as the dilTercncc in the potential energy per umt width per unit length between a
fully bonded four-layer part and a part that has been separated into two two-layer pieces.
The physical rcasoning behind tIllS model is that for a sutliciently long crack, the near
crack-tip stress distribution simply translates in the x-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. L\ 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 layerofan uncracked
multi-layer can be used. The residual stress model also docs not need to model stresses near
the ends of each layer.

This approach (v\hich represents a significant simplitication of the problem) is based
on the concept of stcady-state cracking as artlcuIated in a reviev\ article by Hutchinson and
Suo (1991). The key pomt of this concept is that many cracking problems in multi-layered
materials reach configurations when.' the crack driving force becomes independent of crack
length. It is often this tinal value ;1f the crack drl\ing force which controls the physical
cracking behavior. A pnncipal goal of this studv is to use values of G" to predict the
susceptibility of a given Il1terface to delamination. It the critical energy release rate for
propagation along the interface. ('.' is greater than (" then no delamination will occur.
The work in the literaLure most closely related to that presented here is the work of
O'Brien (1982) and O'Bnen ('[ 01. (19:-16) on the debminalion problem in laminated fibrous
composite materials. Their \\ ork L1sed the energy reka~ed in dividing a laminate into
"sublaminates" to calculate the energy release ra te of delamination cracks in axially loaded
and thermally loaded graphite-epoxy coupons. Additiomlily. lhe steady-state concept has
heen used in studies of a sll1gle thin film debond1l1g Irom a thick substrate material by
Drory c[ 01. ( 1988). Evdns ('[ ,,( ( 198x) and Thoule,s c! o( (J 989).

In this study, a Simple model Df I'csidual stress buIld-up is used which is based on the
solution by Timoshenko (1925) for the stresses in a uniformly heated bi-material strip. The
current model is a generalization of the Timoshenko model to any number of layers. It is
assumed that each layer experience~ a uniform free thermal contraction (characterized by
an 'l.b..T) relative to the layer below it. As in the model of Timoshenko, the layers behave
as beams vvith linear variations of ~itress in the l-direclion (see Fig. I) in each layer. All
results presented in this study assume global plane stress conditions. They are therefore
directly applicable to parts or portion, of parts that arc thm in the direction normal to the
x- and )"-axes. A consequence of this assumption h that all calculated energy release rates
are independent of material Poisson's ratios. By uS1l1g the appropriate formula to convert
energy release rates to stress intemit.v factors [sec eqn (7)]. plane stress or plane strain
conditions can be modeled ncar the crack tip. The result~ presented in this study can also
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he applIed It) delaminali,m problems in thick parts. where each layer is in a global state of
hiaxial tensIon. This can be done by substituting E/( I - v) for E and multiplying energy
release rate \alues by a factor of two (corresponding to two stresses of equal magnitude
being released by the extension of the delamination crack). It is also assumed that all layers
arc 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 it is not addressed in this study. an analogous
residual stress model can be constructed without a bending constraint. The constrained
condition is studied here because it more closely models the actual constraint conditions
applied to 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
ddamination problem in multi-layers. which does not fuBy 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 arc 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. 'l.. The model also does not account for non-uniform contraction in the
thicknes~ direction withm individual layers in shape deposition processes. For example, in
the mieroeasting process. each droplet solidifies essentially from the bottom up. A droplet
le\el solidification model with temperature-dependent properties is under development that
\\ill account for thcse effects. The current model can be used directly as a means for
comparison between some shape-deposited configurations. It 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 likelihood that delaminations will occur in
multi-layered parts or materials. In the next section, a finite element analysis is presented
\\hich is used to verif\ the steady-state concept and to extract crack tip opening and sliding
modes. \\hieh can only be extracted from a fracture analysis of the problem.

f I" ITE HEM Et\T MODEL

The steady-state delamination model just outlined is sufficient to calculate values of
(;" 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 sutliciently long crack. it is not known how long a delamination crack must be in
order for steady-state conditions to apply. It is also not known what dimensions of parts
can be modeled by a heam-based steady-state model. The steady-state delamination model
also doe~ not ensure that G" is the maximum energy release rate for all crack lengths. A
!"racture model is therelore needed to evaluate the reasonableness of designing multi-layers
hased l1n \,Liues of (;" compared with values for G" the critical energy release rate for
interfaCial crack propagation. Finally. 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
\\ith mode-dependent (;, values from interfacial toughness tests.

The method of nh)de separatIOn used in this study is that outlined by Matos et al.
( Il)X9) lor ~eparatingmodes in interfacial fracture problems. Definitions for stress intensity
!"actors and ncar-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
Ii = 0) takes the follOWing form:

(2)

\\here fl)r ma terials I and :2 (see Fig. 1)
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(3)

and K = K I + iKe is the complex stress intensity factor for interfacial crack problems. In
eqn (3) Jl; (j = 1,2) is the material shear modulus and K; = (3 - vJ/(l + v,) (j = 1,2) for plane
stress and h'; = 3-4v; (j = 1,2) for plane strain. K, the complex stress intensity factor, takes
the form

A = AI +iK~ o=fx (applied stress) x [(yh)h "], (4)

where f is non-dimensional and. in general, a complex function of the material properties
and the specimen geometry. The parameter h 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, h.

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 3e and 3 1 given by

(5)

where C
j

= (K;+ I )p; (j = 12). The mode of crack extension is defined by the phase angle,
if;, of the complex stress intensity factor K [see eqn (4)] defined by the equation

ljJ == tan 1 r~n {K!t )J.
LRe (KIl")

(6)

where if; is defined to be mdependent of the characteristic length, h. For a unit value of h,
if; = 0 corresponds to pure K1 and tV = 90 corresponds to pure K2 • Inspection of eqn (2)
reveals that ljJ represents the ratio of normal to shear stresses ahead of the crack tip
separated from the quantity (r/II)'. As eqn (5) illustrates, the correlation of if; with the
relative amounts of crack faee opening and sliding displacements is less direct, due to the
additional complex factor (I +2iB). In order to extract a value of if; 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 if; are
obtained using eqn (6). At each point where if; is determined. the energy release rate, G, is
also calculated from the displacements using the formula for conversion between G and K:

'l C +C JG= jKIC .. 1 ,- •

16 eosh (m:)
(7)

The value of If; is taken at the node location that agrees the best with an independently
evaluated J integral calculation of G [see Matos elal. ( 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
ncar-tip mesh consists of 18 rings of clements meshed over a length equal to h/2.
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In this seclinn. results from lhe sleady-state delamination model and the finite element
model arc presented. Methods are also demonstrated for using the results to predict
delamination resistance of multi-layered materials or parts. Energy release rates as a func
tion of crack length arc extracted from the finite element analysis by evaluation of a J
integral. In Fig. 3. a plot of normalized energy release rate vs normalized crack length is
given for the simplest case of delamination of a two-layer part with equal layer thicknesses
and with hoth materials having equal clastic properties. The crack lengths are normalized
with respect to the layer thickness. h. The half-length of the symmetric model is equal to 25
layer thicknesses in this casco Energy releasc rates for this and all other problems presented
in this study are norm,tlized 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 i..; the strain energy per unit width per unit length in the fully bonded
part. given hy

Steady-State G From
Residual Stress Model

Two Layers. Same Material
L =Symmetric Model Half-Length
h = Layer Thickness
Modulus Ratio = 1: 1. L =25h
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where II is the totalllllc~IIC" lli Ille ['<in under c·(\lhldlr,ill,lll. 't\i IS the free thc?rmal strain
mismatch hetweenthe 1,I\er', UI1(kl ClllslLkratlun dl1(i lUI till. p.lrtlculal case L .".IS simply
the Young's modulth (\1 Ihe I\\ll I'latenab. Suh~eljuc'l11 (1IllIiLJ-lllatenalj problems are
normalized using all I 1\ Inc'll I"~ a rule (\1 IllI\turL'S '), ,un{s modulus defined as
E",~ = I.E)I, fl. In Ih" \1 d\. ,ill c,lergy rele,lse 1,ltc" ,IlL' Ilc'rtlwli/ed With respect to the
energy release rate f(\r a "Ingle 11WIlTliI. two-la~cl p,lrt Ihdl I~ ,'\peril'llclllg dehonding along
its midplane.

The plot pnl\lekd III II,'! ,dcl 1(\lbtrall's II,,' 'kdd\ "Idll 1l,IIUIT of thl~ prohlem. A
steady-state \alue e'f (, I" r,lpidl~ leached (lor ,I CLld, Iell,'!th ,If approxllllately one layer
thickness or greaterl I h" \ ,tlue " lllaintailled 11IItii IIJc S\ I1lI11elricalh eXknding cracks
have almost complcll'1\ l'X1l'lldcd Ihl,'ugh the p,lll I hl' 'k'ld; -"talc \,lIues from the finite
element analysis arc al",' dcculatel\ iHedicted h\ the ,11l,t1ltlc,tI "tcalll-state Illodel. As the
plot in Fig. ) indicatl". II the lTilIC, I l'nerg~ Il'!c,I'"' Lilc (, I,ll' Ihl" InterLlce is greater
than G". then no ekLil1ll11,llllllllTdek extenSI(\11 \\111 "(l.UI Ie.:gdldle" olinitiall1aw size.

Figure 4 ,'!in:' d pllli (\1' IHlI'llldll/ed (I \, (/ II I,ll' Illl' '.,I'C (,I' dehonding or a two-layer
part with the hotllllll Id\l'l h'l\l1l" .1 ,tllrl1l'" tlldl I' t!tlel tlllil'S that of thc top layer.
Additionally. symll1ctlK model hall'-knglhs of I I ~/: ,lIld I ~~/I arc ~'onsidered.Again.
the steady-sta te l1a t lire of the prohknl is contirtlll'd \ddltloll,d I" the ~hort LTack and long
crack variations l)fenerg\ rl'lca~c Llk \lith cr.llk kllgtll ,Irl' illlkl'cm!cnt ol'the total kngth
of the parI. For Ih,' la",' <II ,I ..,!lllr crack. IIll' i'l'h:iI IPI I', 1I11dllccted hy c\tra honded
material far ahead of thl' LTack tIp Similarl), 101 Illll,hl' ,l! :1 IlIlig cr:ll'k. the energy release
ratc is unalrecled h; tIll' ,Imollnt lot' 'tress-free m;;ll'rl,d I'll Ill'hlild thc Clack tip. This also
sels a lilllit for "tlUl" ,,j Illlnl1,tll/c'd part length I lill \\ hllil ;1 heam-hased steady-state
analysis of Ihl~ prohklll I' \ .did. BC'l,1 use thl' ,IWII ,Ill, (, \, I cun e lises to the steady-
state vallic over a lcn~th ,,j ,lpprl)\IIll,ltl'l~ ,1111' 1:1\ c'l Ih!l'~lIl"", /i <ind the long crack steady
stale cune.: ralls rnlm the stl'adl -st,tlc \alue tn In( 1 1\\ _,'r ,I len.'!-ll' or appro"imately 'liz. il is
reasonahk to cnne.:lulk 111;;1 Ihc SlL'Jlh-statl' (, h Il'cI,lll'd h\ dll\ part hd\'ing a normalized
half-length r Ii .' I "ctlllTll1l)f'e, IU \ aluc, ,>I / 11\ d dl''':Ili ha,cd Oil ..,ettin,'! (J, > G"
will be consenati\l' hl'l'lll,e (I \\111 Ilot he Il'dchl'd li\ thl' del:llullwllon crack

Figure" prOl Ide" ,I pill{ l'IIIl"nlidll/l'd Ci \, " Ii 1,,1 Ihe l,l,e of d t\\o-Ia~er part and
Ihe case of a hottom Lt\l'l hdl IIl.'!- ,I' IIrne", th,tl I" -Ii) III1Il'S Ihdl ell' thc tllillayer. Again, a
predielahk stead;-,l.IlL' I,tilll' ,,j (, i, achll'\cd I,ll ll,ld lcl1gth, equal to approximately
one layer thicknc~" Thc high stifrness mismatch l:llI'l'" Iill l,tll-oll III (I lalues for long
cracks to occur 11\l'l ,I kng.th Ill' ,lpI1roxilllilte,", '/' ! 11"" [('1 Ihh Cdse the sleady-state
analysis applies for I II .) ,Iml (iil melhod I' lOI 'l'r, 111\1' I'll / Ii ...J The results in Fig,

SAS 33-j·;
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Fig. 5. \lormaIiL~d (j vs normaillcd crack length for two layers with a modulus ratio of I: 40.

5 are also of importance because in this case (as in the cases shown thus far) Gss 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 I :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·'. [n design number J 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 'l'ss = 79°

(a)

(b)

(e)

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

(d) --e .L~--COMPLIANT

hg. 6. OrdcrIng and symmetry arguments for two-layer parts
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Fig 7 ~prillall/cd (, \, n, '!ll"i1I/cd ,'a, ~ lenglh (pr !pur !cl\cr, \\ Ilh dcbpnding along the midplane
Illlouulu;., ratld ut I _~)

deposited layer. The Ljue,tion addre'is.:d in Fig. (, IS whether one "design'- is better than the
other with respect to its dclaminatitln resistance. For the sake of comparison. it is assumed
that the mismatch in free thermal strain bel\\een layers in both parts is the same. The
following symmetry arguments can b.: used to show that the two part designs are related.
In Fig. 6 the prohlem in drawing (a) (design number I) is the same as the problem in
drawing (b) (the part has been !lipped over). Similarly. the prohlem in drawing (c) (the stiff
layer expanding relatl\ e to the compliant layer) is the same as that in (b) because the
problem itself is driven h: d relative strain mi'imatch hetween the layers. Finally. the
problem in drawing (dl (which is deSign number 2) is the opposite loading case as that in
drawing (c). Thus. de'ilgn number::' i, simply the opposite loading case to design number
I. Both designs ha\e thl' 'iaml' vdlue for G,. as predicted by the residual stress model;
however. d fracture analysis of de'iign numher 2 predicts interpenetration of the crack
faces. where for deSign Ilumher I the crack faces experience a positive relative normal
displacement. The difference in tlw two cases is demonstrated by the values of 1/1" [the
steady-state value of ~I defined III eqn (6)] given in Fig. 6. Design number I has a value of

t/;" = 79 - designating a positive A' I _ and design Ilumher 2 has a value of t/;" = 101 _
designating a negati\e A.llhe ph:'iilal significance of this result is that design number 2
will be more delaminallon resi'itant than design numher I. A delamination crack for design
number 2 will h;l\e its crack faces pressed together while they attempt to slide relative to
one another. Frictional forces will ,el\e to increase (;,. for this case. Also. the true steady
state energy released hy ;1 delamination crack for design number 2 would be less than the
calculated G., hecause the eOlltributil'n to (;" from crack face interpenetration would not
be allowed in an actual part. Svmm~'try arguments have thus shown that for a simple two

layer case. the order In \\ hldl layer, arc deposited can alfect the delamination resistance of
manul~lctured parts.

Figure 7 prov Ide, C1 pltl! of norm;t1ited (j \, II Ii for dehonding along the midplane of
a four-layer part made uf alternating layers of two materials with a modulus ratio of I: 3.
Each layer has the ~ame thickne~s. Ii and has experienced the same free thermal contraction
(characterized hy :u'i T) relatl\e to the layer helov\ It Although a steady-state analysis is as
applicable to this ea,e~" It IS fnr the l\\n-layer cases, 111 the four-layer problem the debonded
ends arc not stress free As the plot lIldicates. the energy release rate for the four-layer case
reaches a predictahle stead:-statc ,alue within d distance of about 2h. In general. for
deposited multi-layers e'perIenc1l1g dl'hond1l1g nil anyone Interface. the crack length over
which a stead:-state 1~ achieved should be Oil the order of the thickness of the thicker
debonded section.

The diAerence In the bl'lw\iuI uf c; as a function or crack length for this case is
evidenced by a local peak in (/ I'or ~hurt cracks. ('" Is not the maximum G for all crack
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Fig X ""rmail/c',1 ( IS n"rmall/cd crack length fur a single compliant layer dcbunding from the
b,)tt"111 "I' a rum-laver part (modulus ratio of I. 3).

lengths. This short LT<lc.:k peak is not related to the singular character of the stresses at the
intersection of a ful" bonded interface and the free edge (see the discussion related to Fig.
5). It is instead due tn 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 layers). Thus. the short crack behavior of G vs a for this
problem is the same as that for the two-layer case shown in Fig. 4. The steady-state energy
release rate for long cracks. however. is relatively small for this case. Thc result is that the
short crack G beha\ ior overshoots the steady-state G value in the short crack limit. The
low value observed for G" in this casc is a consequence of the shape of the debonded halves
of the four-layer 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 bel(m 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 01 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-layer part. In Fig 8 the normalized energy release rate for this case is plotted as a
function of normali/ecl crack length. The very low value of G" for this case results in a
short crack peak in (, t hat 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 X. 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 thtlS be limited to the analysis of comparatively brittle interfaces where
a low energy release rate can still result in delamination.

The behavior n! Ci as a function of crack length for four-layer cases with stiffness
mismatches other than I: 3 generally follows that demonstrated in Figs 79. For the case
of a four-layer part \\ith no stiffness mismatch. short crack maxima in G 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 (1,. 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 belVleen it and a two-layer configuration with no stiffness mismatch and
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Fig. l) :'s<'1I"1ll:tl'/ed (, \S normalized crack length for a slllgle ,till" layer lie-honding from the hottom
of a four-layer part (modulus ratlo of I: .11

the same total thickness. II (sec Fig. 31. 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-layer problem exhibits a short crack peak in
G--the two-layer problem does not

Figure 10 provides a plot of the mode parameter IjJ v~ (/ Ii for the four-layer case
depicted in Fig. 7: because the prohlem itself is a steady-state one. a steady-state value of
ijJ is reached at essentially the same rate that G" is reached in the plot of Fig. 7. The steady
state value of ijJ is very close to 90 . indicating primarily tangential displacement of the
crack t~lces. As the symmetric crack tips approach one another. the value of lj; becomes
greater than 90 . Values of ijJ greater than 90 do not imply crack face interpenetration (in
fact, no largc-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 I: effects. In any event,
the displacements of the crack faces for this ease arc primarily tangential for all crack
lengths.

Figure II 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

Four Layers, Alternating Materials
Debonding Along Midplane
L=Symmetric Model Half Length
h=Layer Thickness
Modulus Ratio = 1:3, L=25h

10 15
aIh

20 25 30

hg Ii). 'if \, normalilL'd ,rack length for four layers ",jth dehondlflg along the midplane (modulus
ra 110 of I : .1, \' = \'. - I .11
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shown that delamination of a single compliant layer 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 arc the same but the sign of K I is reversed. The
crack 1~lce interpenetration associated WIlh design number 2. though physically impossible,
indicates that the delamination event associated with design number 2 would be much less
likely to occur than that associated with design number I (assuming equal free thermal
strain 1llIsmatches). Figure 12 gives a summary of G" and t/J" values for these two designs
for the propagation llf ,I delamination crack along any of the three material interfaces. If a
simple Criterion is ~Ipplied that if dclamination occurs. it will occur on the interface with
the largest (J" \~liue and a positive \alue of 1\1' then debonding would be predicted to occur
along the hottom interface for design nU1llher 2. The case for design number 1 is not as
clear Part dehonding: could occur at the midplane or along the bottom interface. Although
debond1l1g: along the bottom interface would be associated with a positive K,. the magnitude
or its (', i, lower than that 1'01' dehonding along the midplane interface. where K I is
essentially equal to /ew. A comparison with mode-dependent G, values would be required
to ofler more insight in this case. In any e\enL it is apparent from symmetry arguments
that the (Jrdering or material lavers can ha\e an eflect on the location and the likelihood of
dehond1l1g in a deposikd multi-layer pan.

In ordn to predict multi-layer delamination resistance. values of G" and t/J" arc needed
for comparISon with III-dependent (', \alues Tahles I and 2 oller a summary of normalized
(J" and Ifl, values ror 1\\o-layer and four-layer deposited hi-material configurations up to a
stiffness mismatch l,f I: 40, Cases \\ here (i" IS not the maximum energy release rate are
indicated and the m,lximum normali/ed (i \alue is provided. For the two cases in Table I
having a stilrness mhlllatch. the \~i1ues or arc for a compliant layer deposited onto a
stifr layer The \alue, d If" presented In Table 2 ,'or a single layer debonding from a four
layer part arc for that layer dehond1l1g rrom the bottom of the part. These are the cases
that e\hihit large-scale (Jpening of the crack faces
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Fig. 12. Compan'<1I1 "I IklamlnaLI)) behavior "I' two four-layer part designs (modulus ratio
1)1' I ..<)

1,1 hie' I Ste",:\ "t"te (, and VJ \ alues I'"r two deposited
layers t

1 I
I: <

1.411

10
0.92
0.29

I~, (deg)

+ Fquallav~r thickness and equal free thermal mis
match. (1m,,' values are provided for cases where
('. etc (;m,,' (, is defined In eqn (~). <jJ is defined in eqn
(h) and 1/1 •• valucs are for cases With \, = 1', = I ~

rhe~e IiI \"alues are for a compliant layer
dep"sl1cd onto 'I stifllayer

lahle 2 Ste"dv-,t;ite (; and t/J values for four deposited layers+

Modulus ratio Dehond I as~ GO' G" G'll<1xi'G() J/J" (deg)
------

I 1 Midplane lkh,)f1d 0.249 0.35 90
Onc lay~r lkh,)nd OJ£l0 042 £l3t

Midplane lkh,)f1d OJ21 0.~5 90
('"mpham laFr dehond o I~2 0.27 £lOt
Still' layer d~h,)f1d 0555 68t

1:40 \lldplane lkhond 0.9~6 89
C"mphant layer dehond 0.018~ 0.077 59t
Stitl' layer ,khond 0.9~4 84t

+Two alternating matcriak cljuallayer thickness and equal free thermal mismatch.
(im." values ar~ prm Ided for clses where GO' oF G,,,,,,. G" is defined in eqn (8). J/J is
defined in eqn (61 and w.. vallie, are for cases With \', = \'. = I 3.

t These ~~ .. \ ;tlues arc for single layer dehondlng from the bottom of the part.

CONCLCSIO'\JS

This study involvcs modcling delamination problems in materials and parts manu
factured by successivc deposition of material layers. The delamination problem is modeled
as an interfacial fracture problem. cxploiting its steady-state behavior for long delamination
cracks. This approach grcatly simplifies understanding. The steady-state delamination



energ~ relc:l"l' r~lte. ('" Lan he ,'alcul.lted dIITL'lI\ I'rom a residual stress model. Also. the

parameler C .. l'i ideal lor u"e III lklerllllnlllg eritiLal interfaces where debonding may occur

and Gill "LTI l' ;1';1 ~LIId, 1'01 th,' lk'Ic'1l or delamillation-resistant multi-layer configurations.

For e\<llllpk II could h,' IN'd 10 dctermine. for a given combination of materials in

aiternatlll!l Lllcr'i. 1I11"lher ~t panlLlllar distribution of layer thicknesses will decrease the

likelilwod ,'I ,kl.lllliILlI[()11 :!lollg ~11l Idenllfied critical interface,

hlllle ,'kmellt !'I"lklin~ 01 lh,' IraLtlllc prohkm associated with delamination has also

heen Larned "lit ill oldn 10 \nil\ Ille ;Ipplicahtlity of the steady-state analysis and to

extr,lLl LT~IC" l'\lell"IOIl III ode ,Ind LTd"" laL,' ullltaLI int'onnation. The results show that

Ihe .,1cdd\·,t,II,,' ;tn:t1hh dppli,'., ,)\ '.'1 .1 1.11!lC range of crack lengths and part dimensions.

The linitc cklll"111 re'ulh "hull Ihal ('. ,an he lI'ed 10 determine the susceptibility of an

intert~lcc to I"'iidual "lre",,-drilell del:lIllillation: however. for cases exhibiting low Gss

"tlues. (; IlH 'ihOlI cr;lcf'i Gill e\cccd (to' Thus. care must be taken in using the requirement

that (; > (, III :lppiildliulls IIh,'rc 11 is important to prevent the extension of small

deLtm in,1 t J( '11 I.rack, ()Il 1m t t Ie III terl',llTS (,'" val ues and symmetry arguments have been

lIsed [( I .,11\1\\ I hd 1 till' il'dni Il!l o! layers can change the location where delamination

is mosl hkl'l\ I" "",' II IIlLi. in dOI11~ '0. it Gill ch:lnge the susceptibility of :I part to

delamilldtiol)

liAlIlIl',/((it/(,llir'lii' I l1e' tilll"" :;r:lklllll\ dlkl1(\\\Ji.'d~L· till' Otl1CL' or '\javal Research. the Carnegie Mellon
I nl\l"'ll\ Dl'p.II'I'II·nl "I \' ".'11"1''',1 11)~I'l(c'lIIlC. Ihe 1111\CI""I\ Rc'carch Initiativc at the University of
(",t1i1'Orlll.t .tl \,11"" ILllh' II",' "",'"" \kll,," I 1111,:,,11\ EIl!-,inecnng DCSlgn Research Centc; for
t heir "'Llr1i1~ '1'1 i,1 I \\ I q·t

I 1d I j II \1 " I i 'I\.'i I I he' ,I.,d 111" and ckcohc,ion or Ihin lililb. J. Mall'!". Res. 3.

Bdg:~. I) Ii II',)-!', 1\\\, '~1.::I_'-h('1hk,i 1'1 ~,,11, \\"Ij~l.''' \\1 dJlll..-'rcllt ll1aleri~lis and \-vedge angles under surface
tractil)Il" J 1(1'/ \/t'rIr U.; ~;""7 ~.\h

("f"I)"nwll. I \\ :llld \\,11 ,~, \ \ I) 11'1", "11"" licld 111I1IlC,.'lI ll\ Iran,icnt 1111mlure -;orpllon in tinite-width
COlllpthl1l' Lllllll1,tll':.... .l l \/(/,1('1 1!.

Df"I)n M I) Ih"l1k". \1111l1l1! \,111' \ (, II',,;,,, ()II Ih,·decohC'[()Il,.>rrC'ldllall) 'ilrcs,ed thin films. Ac1a
\f("lell! Jh. 'III" 'il.'1'

[\all". A (i Ih,\I\ \'1 II

104< 111'+"
Hcill. \ I ,I ",',,11 I

~.10

1~""tlLl,' I 11Iernw! "nll 1l10i,turc inl1ucllce, on thc strain
( 'if}iF, 11'( 11. Rt',~. 8~ 3'7 47.
l'll h\ 1r:111'-1\.'n1 mPhl LIre ~()rp1ion in linite-width cOlnposite

,'1'1 r,,, 11111" 1",'1,,1 LTaeL J. ,·I/'/Jl.t/l't!J. 55. lJK 103.
'.I,~ h,'I\\cen 1\\1) cLI\lIc l'l:er" 1111, J. Froclllre 43, I IX,

I I ')""";1) I ! )','I,IJllJI!,ltio!l frum surface cracks in cUlllrosite 111aterials.

\1 1~lll1d<1I ";11"1])'1, .I Opt. .)'(J( .-Im. 1L 23J 255
prnhlcm..; in CtHllposite rnatcrials. Proqfe,\s ill .Science

II ",1,111, K f",I\."IlI11nll S LIllCk:l\\ll). Proc.ICCM-IV. pp. 287-

Herak'l\"!' I""" ":I il''1IlI"I,'l1c,',',1.',I' '" laminates. II/I. J. .11("1'11 Sn, 18. 129 134.
Hlllcl11lblll!, 1\ "ll! \11,' / ,1'1'11 \11\,'" !:l"d,' III "l\crell malerlak,j,lIul/«(,\ il/ .lpp/ieiJ Me("hal1ies

rhlttcd 1,\ .1 \\ IILliil111'<\'1 .11l1i I '\ \\ LI \ "I 'K \,adcllII": Prc", "-ic'\\ York,
Ma(,,,, P I' I \k\I,'d,Il:! R "'1 lllal,I:llllh,d", I' lj .t1111 Dron, M. D. (19KlJ). A mClhod ror calculating

"Ire" .... illll'll"llll·... hl1'l1<.lllTL i tLll'I11l'l' /',)/ I ,'lIlt ..,,0. -=,~_...;: :?j..j.

r-.1cr/. R, 1'1111/ I IL H,:! "1,\1<11111, f" \1 ,I"" \\'"", I I. 119941 Shapc deposition manufacturing.
PrOt ('('(iiUt/, r,i ill( \, ,iul l "I /"I",I},1 !(U\ \ Ii ilijl/i fil/!! I'-dilcd h\ 11. \1arcu", J. J. Beaman. J. \V. Barlow.
I) L B"",,'II .1I11l R II ( ,,,,,t,,,,I,. I'll I s I "I'I 111\' hll\ ,I( lex,,, al Austin

frHril'n. I h.. I iq~_:) (h~ll1i.. '.'r-i/,I(l(lll 1)1 loki. rn 11,[ \')1,,\'1 Illli growth III it cotllpusilc laminate. Dmnape in
CO/Ji',n" \! /" i II \'jl'-:''7~. !-III 11

(n-lricll, I I,. I< I" ",1(,,11 II I'

cnl'r~\ 1...,1 l 'J-"I' t .11\' ~ll!;lh I, I ('d~l

Paganu. ~ ,r ,lnd Pll1l"- P f< I it

l'lI11in"I" .I 1 IL: I:
RIL'C. .1 R I Iii'"
Suo. / ~l!ld !ll!L )11' 11. ,I \~ (ll){Jl)j IJill')" I'

Th"uiL'", \1 II (.lil Ii I 11,,1 \1", '~.i, I'
.I II,iit 2~. [+tit> 1·1 .,

Tllll(l"hl'l1~I'_" 11\;_":,), BI..'IIlIIIH.' .llld

\\'dllg. S \ I ) \J0~) '-,H.'1 L11 !-'I\.\:!l~IJlll-"

(/m! r"!I(i-'li(, I I ':dltl'j h\
~I.)() Tl)~'

\\-'ang. S. ,,-;, I; 1.,\+, Il.~' dl 'l 1;~i111,\rl III I' c!L, 1\1\ ,\,Ilipthlk IdmilJa1C" If,I,,f J. 22, ~)h 264.
Wang. S \ Ii \', B",:II,I" , '1"",.1, II', ,,'IlIPr1\ltl'lalllIJW!Cs ""lrtS 1 and ~".J. .11'1'1. ivleell.

49, ~-+ I '/\11

Whl1lh'\, I \1
\li'I il",{'

1"';' I:
I/:{jii l/"dlt/t·

,:11L c l'

If/,/(

lLI1.ll·Jl'l'l/d til 'J: ()t' Cl..lmplhilc materials.
1\/ \/\//'521. 167 IXO.

111(/I1"\i.l (/f llie Tesl


