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ABSTRACT 

A numerical procedure using the finite element method is 
presented for predicting the initiation of lamellar tearing in 
fillet welded T-joints commonly employed in large structures. 
Starting with a prescribed geometry, the welding process is 
approximated i?y a known time-dependent volumetric heat source 
which simulates the arc heating and deposition of liquid 
metal. The transient nonlinear thermal and' stress problems 
are then solved using finite element computer codes. Results 
of the elastic-plastic stress analysis are presented showing 
a predicted region of incipient lamellar tearing based on a 
ductile fracture theory which qualitatively agrees with the 
size and location of tears typically observed in photomicrographs. 
Additional insight into post failure crack length and stability 
is presented based on a simplified linear elastic fracture 
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mechanics approach. Although the analysis procedure shows 
signs of promise, several weak points in the model are pointed 
out which must be improved before lamellar tearing can be 
quantified in an approach of this general type. 
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INTRODUCTION 

The failure of large welded structures is 
predicted based on the strength of members and 
joints. The welded joints of these structures, 
however, sre given a major part of the attention in 
the construction ' r- a s-' Surface preparation! 
materials and equipment, welding procedures and 
even qualifications of personnel are carefully 
spelled out in building codes. As an additional 
check against possible problems, inspections are 
always made on the welds. The person doing the 
welding visually checks as a natter of course but 
an inspector independently checks each weld 
visually or possibly with some surface technique. 
These inspections are particularly for cracks at 
the edge or root of the veld. Important welds are 
also x-rayed or acoustically checked for voids, 
cracks, or inclusions in the interior of the weld. 
But a new failure node has appeared uhich is 
particularly disturbing. This failire mode is 
called lamellar Lcaring. A useful definition o£ 
lamellar, tearing is contained in the following 
paragraph by Ganosh ind Stout (1). 

Lamellar tearing, a form of cracking 
occurrinR in planes essentially parallel 
to the rolled surface of a plate under 
high through-thickness loading, tends to 
initiate by the decolierence or cracking of 
elongated inclusions. Voids form which 
grow end link together by the plastic 
tearing of the intervening matrix, along 
the horizontal and the vertical planes, 

producing a characteristic step-like 
appearance to the fractur-. Though 
welding is not a necessary condition, 
lamellar tearing has been generally 
associated with welded joints and occurs 
in the base octal with insufficient 
fihort-transverso ductility when subjccLed 
to high through-i^tickncss strains 
generated if weld thermal contraction is 
inhibited by structural restraint. 

Fig 1 (taken from Ref. (2)) is a diagram of a 
partially developed lamellar tear, showing the 
essential features, and Fig 2 shows the completed 
tear. Hot shown hcic is the proximity of the weld 
material end heat affected zone (HAE) when the 
tearing is associated with welding, considered here 
to be the only cause. The tearing almost always 
lies in the parent material, often outside ths 
transfomed or visible HA£ and generally parallel 
to Che weld fusion boundary. 

Lamellar tearing has been reported (3) to he an 
elevated temperature phenomenon occurring In the 
temperature range 200-300°C. However, in a later 
series of tests on six steels of various 
thicknesses (4)» it was found th.it all lancllnr 
tears (except one at 100°C) occurred at room 
temperature up to 75 oinut.es after completion of 
the weld. So the cooldown phase is most important. 

Lniocllar tearing is a topic which is becoaing a 
more popular topic in the literature with roughly 
50 papers now appearing per year (5). References 
(5-9) are genera] articles and surveys on the 
general topic. However, in spite of the 
eubstantial literature on the topic, there are 
still some very basic questions which have not been 
answered. In particular, the seriousness of the 
problem is not well quantified. At the present 
time, if any lamellar tearing dniaagc is found, it 
is considered to be intolerable and thus is 
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repaired. This attitude is a natural response to a 
situation in which there is no information. In 
addition* « sirail*r tearing may take place in the 
repair process so there is socio hesitancy to 
repair. Studies are needed which would indicate 
residual strength of lamellar torn joints. The 
topic of this paper ii an attempt to model the 
thfiroiat-8tructur.il welding process in a very simple 
joint as a first step toward preventing, repairin?, 
or evaluating the rasidual strength of lamellar 
torn joints. 

A thermal-mechanical model of a welding process 
is one of the most difficult problems in 
mechanics. Several discipline are involved: 
welding cngineeringi heat transter, stress 
analysis, and materials science. And each of these 
nrees is needed at a atatc-oC-thc-art level or 
slightly beyond, t.'onlinearities arc involved ot 
each step so that coaputir run times are often the 
limiting factor in the sophistication allowed in 
each stage of the analysis. 

In fpite of the difficulties, several 
investigators have successfully analyzed -'arious 
welding processes. Masubuchi and M s associates at 
MIT have been particularly active in this area. In 
Rcf. t10) is an example of a single pass 
edge-welded aluminum plate which was analyzed .'nd 

*"' correlated with experiment. References (11-16) 
-H*!^y are other analysis which have appeared in the 

jf literature. Most of these are combined 
theoretical-experimental studies where an attempt 
is made to"obLain as much detail in the analysis 
and data from the experiment as funds allow. 

The present paper is purely analytical in 
nature with the sole intent to obtain qualitative 
results in a scoping effort far lamellar tearing. 
Because the area where lamellar tearing occurs is 
outside the heat affected zone, and because failure 
usually occurs at some time veil into the cooldovn 
phase, it was felt that a fairly rough model woul-J 
be adequate here. 

A ciraple configuration was chosen to analyzer 
a T-joint of 2.'4 cm Cl.O ii) thick steel plate 
with symmetric simple fillet velds. This is shown 
in Fig 3. Since multiple passes are required, a 
detailed analysis of each of the passes would 
require an unacceptable amount of computer time. 
Lobitz, ct ..1 (15), found that each pass produced a 
ver.y similar stress and strain field to that of the 
previous pass. Again, because of the qualitative 
nature of the present paper, only the last pass was 
modeled. Other details of the welding processes 
arc discussed in the next section. 

Thr residual stress evaluation was undertaken 
us in .I two different treatments. First, the 
mntcrials were taodelcd as clastic-plastic and 
gencr&l conclusions drawn ahout the resulting 
stress field. Second, a rarhcr inexpensive elastic 
fracture mechanics analysis was used to obtain more 
qualitative observations regarding the damaged 
joint. 

A post failure quantitative analysis of a 
damaged joint was not attempted. That would be the 
finnl step xn a residual strength study of a 
lamellar torn joint. The reasons for not 

attempting the last step ore given in the 
conclusion! end rccocmcndatione section. 

The paper then ia organized as follows. Firt>t, 
the codcling of the welding vocess is explained. 
Then, the thcmal analysis is outlined. The next 
tvo sections describe the elastic-plastic and 
elastie fracture esechanico analyses, respectively, 
including results. Conclusions and recommendations 
«re presented in the last section. 

H0DELINC THE WELDING PROCESS 

The actual welding o'. a T-joint in large 
structural members is difficult to realistically 
characterize in any detail. But lamellar tearing 
is a commonly observed phenomenon. This seen* to 
indicate that there is a wide range of wjlding 
variables which produce this failure mode. For 
this reason, the welding process is modeled in a 
very approximate manner. 

The configuration used was a T-joint of 2.5'i cm 
(l.P in) thick plate. A structural steel A36 WVJS 
used with K7018 weld material. Properties used for 
these materials are detailed in the next section. 
The we'd W3s assumed to be a balanced staiple fillet 
weld with 1.27 cm (0.5 in) legs on the fillet. The 
members were cssuiaed to be in perfect contact 
before the wold process. Symmetry was assumed for 
the weld process so that in a strict sense, the 
weld beads would have to be laid down 
simultaneously on both sides of the joint. In 
practice, this condition would be approximated 
since multiple passes would be required and inese 
would be sequentially laid down on alternate sides 
of the joint. 

The modeling of the welding process begins with 
a fpecification of the heat input and weld metal 
deposition rate. Since only a typical approximate 
process was to be modeled, descriptions of the 
process were taken from the literature. Niles, eL 
al (17) has rather detailed cieasurenents of 
current, voltage, gap width, and so for'h for 
typical welds. These were used initially to define 
the procers. Due to the limitations of the 
computer program used, many of the details of the 
process had to be dropped. But it is useful to 
describe this cttempt and the reasons for 
simplifying the initial .jodel. 

In an actual T-joint of thick plates, multiple 
passes would be used so the depired fillet would be 
built up to the desired profile. But on later 
passes, the previously deposited metal is heated to 
the point where the yield stress is lowered 
significantly. For this reason stresses from thr 
initial passes v-orc assumed to be annealed out by 
the final passes so that the final stress 
distributions could be detenaincd by looking at the 
final passes only. This approximation is based on 
the analyses of Lobitz, et al (15) as previously 
stated. A further simplifying assumption which rut 
computer costs was to combine the final passes into 
a single 0.256 cm {0.10 in) depth pass. This 
allowed the entire problem to be run at one time 
without the complication of activating elements on 
sequential runs to simulate.multiple passes. The 
heating rate for this single pseudopass was taken 
to be the same per unit surface area as for rent 
velds. The weld process then was moJcIcd as a 
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plane attain problrta where eelted cicCal 0.254 en 
CO.tO in.) thick is suddenly placed over en ambient 
tempernture, unstressed T-joint with 0,914 cm (0.36 
in) thick v\-\d fillets already in place. A hent 
source was added to the surface over a time span 
auch as would be found from o simulation of a wold 
pass into and out of the fixed plane of the plane 
strain problem. This heating history was derived 
as follows, 

Povclic (18) found the hcat'ng rate for an arc 
ic roughly distributed aa 

q (r> » q^ exp [-3 fr.'F)3 ] 

where r is roughly the wold width (Friedman (14)). 
This will be chosen here to be 1.52 est (0.6 in). 
If the arc is centered at (x «= 0, y " v 0t) then 
the heating rate at a fixed position (x, 0) is 

qCx.O) o q £ ) e x p [(_3 / ?3 ) C S3 , ,.oC2)J 

This is plotted in Fig 4 for various distances x 
off the eenterliue of the path o£ :he arc. The arc 
was assumed to move -:t 25.4 em/min (10 in/tnin). 
Again, to simplify the analysis and to be 
consistent with the sine*8 pass approximation, the 
epacisl variation shown in Fig 4 was smeared out 
and token to be constant ever the width of the 
fillet. The pulse was also simplified in time to 
the pulse shown dotted in Fig 4. 

An initial attempt was made to nodeI weld metal 
deposition by making veld isetal at ISSO^C (3000"F> 
appear at time t n 0 and the heating history shown 
dotted from t K 3 to t = 6 sec in Fig 4 was 
applied over the width of the completed weld 
surface- This simulated the presence of the arc as 
it receeded away from the point of interest, and 
presented no difficulty in the thermal analysis. 
The strcaj analysis, however, became 
computationally difficult beginning with the first 
load step because the large initial temperature 
difference across the wcld-lo-base material 
intcrfa-e resulted in significantly distorted 
temperatures calculated at the Gaussian integration 
points. Consequently, a large erroneous thermal 
strain was computed on the first load step, and 
Because numerical convergence was exceedingly 
difficult to achieve, thi3 approach was abandoned. 

The actual analysts was then made by assuming 
the entire fillet to be unheatcd and the heating 
history shown dotted in Fig 4 was applied from tine 
t = 0 sec onward. This simulated both the approach 
of the arc (t <3 sec) and its departure (t >3 sec) 
from the plane of interest. The he.iti..g rate q 0 

vas raised to 1013 U'/era2 {6.2 BTU/in2-scc) to 
obtain a realistic surface temperature. Thermal 
radiation from the free surface and conduction into 
thv members caus-.d heating of the interior of the 
joint and subsequent cooling-

ThiB simplified model of the welding process 
appeared to be justified in light of the limited 
use of the results. The teinpcratme histories at 
points near the weld are admittedly in error, but 
in the vicinity of the Imscllar tear area in th? 

horizontal member In Fig 3, the thermal history on^ 
•ubaequent stresses should be realistic. 

THERMAL ANALYSIS 

Because of the nonlinear behavior of materials 
during die wslding process, both in the thermal 
response and the mechanical response, the finite 
element method was employed to perform the 
numerical computation. Specificatiy, the thermal 
calculations were made with the ADiNAT (19) code 
and the stress calculations with the ADIHA (2D^ 
code. These two general purpose cedes are 
compatible in the sense that the stress analysis, 
although uncoupled mathematically frca the thermal 
analysis, can be run in tandea with the thermal 
Calculation without rczoning the finite element 
grid or interpolating the temperature data. 

The two-dimensional planar finite element grid for 
both thermal and stress analysis is shown in Fig 
5. It is composed of 192 eight-node isoparametric 
quadrilateral elements having a total of 645 node 
points. Only half the T-joint section is modejed 
due to synaetry, a consideration discussed in the 
previous section. The initial conditions for the 
transient theroal analysis were that the entire 
T-joint section was preheated to a uniform 93"C 
f200°F). The piste lengths in the model were 
chosen to be sufficiently long such that the 
temperature profiles at the boundaries wculd be 
essentially planar. In actuality, the remainder of 
the plate acts as a temperature sink, and to model 
this the boundary temperature was prescribed to 
decrease from the initial 93°C (200°F) to c 
constant 2i"C (70"F) in 40 min. Beginning at t « 0 
sec, the heat flux loading in Fig 4 was applied to 
the outside of the fillet weld region. Thcrtral 
radiation from the weld surface was nodeled using a 
constant sink temperature of 21°C <70°F>, a surface 
einoisivity o£ 0.5, And a shape factor of unity. 

The thermal properties of both the A36 base 
metal and E7018 electrode were taken frosi 
Touloukian (21) and assumed to be identical. 
Temperat-jre dependent data for tb* conductivity is 
shown in Fig 6. The density, taken as 7.86 
gm/cm3 (0.264 lbm/in3), and the heat capacity, 
0.648 Joule/gn ~'C (0.155 BTU/lbm ~ B r ) , were 
considered to be constant, principally because the 
ADINAT code did not accept temncratarc-dependent 
values. A consistent heat capacity formulation vac 
used throughout the analysis. The heat capacity is 
nearly constant over the temperature range of 
interest except for the phase change at 727"C 
(1340.6°F). Clearly this will affect the resulting 
temperature distribution, but only in the small 
weld fillet region where the temperatures are 
largest. 

Thv. computer program ADINAT can be used for 
general linear nnd nonlinear steody-state and 
transient heat transfer analysis. In a transient 
analysis, the numerical time integration scheme 
used is the implicit Euler backward difference 
method. This scheme is efEectivc in nonlinear 
thermal analyses when combined with the nodi tied 
Hewton-n.iphoon iterative procedure to account for 
nonlinc-tritics over a time 3tep. In the present 
.analysis, both the conductivity -Baettx was reformed 
ar.d licnt flow equilibrium iterations were performed 
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at every load atep, using a convergence tolerance is a modified Howton-Raphaon iteration in vhich the 
of 0.001 on the norm of the temperature vector and tangent stiffness mitrix is the predictor and the 
2 x 2 Cnvissinn integration. With these somewhat residual load vector is the corrector. At each 
firm controls, no difficulties were encountered lond step, iterations are performed until 
with the thermal analysis code; a emxirnun of only convergence to equilibriua is Achieved. Table 1 
four equilibrium iterations were required for the lists the load stepping and iteration sequence used 
moat difficult lond step. At the end of the for both the stress analysis and thermal analysis, 
thermal analysis, the calculated temperatures were In this study, * convergence tolerance of 0.001 was 
written to a plotting file and a storage file for specified on the norm of successive incremental 
later recall by the stress analysis program, displacement vectors and 3 x 3 Caussian integration 

was employed throughout. 
In Fig 7, the calculated temperntures in the 

weld region arc illustrated by temperature contour 
plots, and in Fig 8, the calculated peak 
temperature at the center of the weld surface is 
plotted for the first 10 seconds. The maximum 
temperature reached by the weld is 1877BC (3M0 8F) 
and occurs at t = 5 sec, the time at which Lhe heat 
input shown by the dashed curve in Fig 4 begins to 
decrease. At this time, the gradient through the 
weld thickness is quite large, extending froo 1877*C 
(34l0°F) on the surface to 3t0°C (590°F) at the 
corner of the T-joint. Once Lhe applied heat flux 
is turned off, rapid cooling of the heat affected 
zone takes place and the material begins to develop 
strength and, hence, residual stresses. 

ELASTIC-PLASTIC STRESS ANALYSIS 

Once the transient temperature distributions 
have been calculated, the elastic.-,-.. stic stress 
analysis can be conducted. This was done with the 
ADINA (20) code using the identical finite eleaent 
grid employed in the therm) analysis. For the 
stress calculations the base plate was assumed to 
be on rollers, a condition which models the base 
plate as the flange of an I-bean which is 
restrained by the web. Except for the synraetiy 
plane, all other bounding surfaces were considered 
to be traction free. 

The mechanical properties used in the stress 
analysis vere taken from Ref. (22) and are given in 
Fig 9. The sole difference in the modal between 
the E7018 electrode material and the A36 base 
material is in the yield strength, where the 
minimum specification values were assumed for A36. 
Above 800°C (1500T), the yield strength of steels 
is so low as to make the clastic modulus 
unimportant, so in this Lempcraturo range a low 
modulus was specified in order to obtain clastic 
trial solutions with Large strains. Poisson's 
ratio for various steels is constant up to 800BC 
(l500°F)'and was therefore taken at 0.27. The 
elasticplastic material behavior is modeled in the 
ADINA code as a bi-linear function described by an 
clastic modulus and plastic modulus. The ratio of 
hardening modulus to elastic modulus was assumed to 
be 0.03. 

Creep deformation was not included in these 
calculations, although this mechanism is imdo-ibtly 
important a.id would surely influence the numerical 
results. Tlie theory necessary to perform combined 
creep and plasticity calculations, in addition to 
the required numerical algorithms, is not fully 
developed aL the present time. 

Equilibriua divergence at each load step became 
the greatest problem with the stress analysis. 
Since divergence in this sense is generally 
encountered when the structure stiffens (e.g., from 
a plastic material condition to an elastic material 
condition), the problem is the result of highly 
temperature-dependent cechan al properties. The 
divergence was not so pronounced during the heating 
phase, since the material softens with increase in 
temperature. Here, the problem can generally be 
resolved by taking smaller load steps. During the 
cooldown phase when the material stiffens, however, 
the potential for divergence was large enough that 
special procedures had to be taken. First, it was 
necessary to smooth the material property data 
points as a function of temperature since data was 
input to the code in a picccwise linear manner. 
And second, after t = 5 seconds when cooldown 
begins, the clastic stiffness rather than the 
tangent stiffness was used ES the predictor in the 
equilibrium iterations. This resulted in c greater 
number of iterations, yet convergence was always 
attained. The success of this technique is based 
on the fact that the unloading direction is 
predicted more accurately by the elastic stiffness 
than the tangent stiffness. Rybicki, et. el ., ClC-1 
found the necessity of using a similar algorithm in 
a previous finite eleaent analysis of welding 
problems. 

The results of the stress analysis are best 
illustrated by the stress contour plots shown in 
Fig 10 and 11. First, the vertical stress (CJ2) is 
plotted at three times which show qualitatively the 
changing pattern of the stress field during 
eooldoun, and the evolution of a region with high 
potential for lamellar tearing. At a time just 
prior to cooldown (t = 5.0 sec) the weld fillet 
region is in compression because it is hotter than 
the interior region of the vertical plate. Plastic 
straining has occurred in both the electrode 
material and the surrounding base material in the 
near vicinity. At a time in the early phase of the 
cooldown period (t - 8.6 sec), the temperature 
field begins to disperse and a transition in the 
stress state becomes evident, touch later (L - 85 
flee) the stress state has reversed with vertical 
tensile stresses in the weld region and compressive 
stresses cl3cwliorv< Tensile stresses in the veld 
region result {row large plastic straining in 
compression at beginning of cooldown and followed 
by reverse loading during the cooldown period. 
Again, large plastic strains are evident, but noi* 
in tension. It is also of interest to note that a 
concentrated zone of tcnsion.il stresses has formed 
in thr horizontal member where lamellar tenia have 
been observed to initiate. ADINA is a general purpose linear and 

nonlinear, static and dynamic, finite clement 
a tress analysis program. For materially nonlinear 
sto* lc problem1;, the incremental solution algorithm 
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The presence of large plastic «trains (ep) 
and a large ratio at tensile mean stres* Co yield 
•tress (°a^ayn^t is evidence of incipient 
failure if a ductile fracture criteria is 
hypothesised. The applicability and resulting 
consequencca of applying such a failure criteria to 
lBTDcllar tearing arc discussed in the conclu5iona 
and recommendations section of this paper. It ie 
here noted, however, that contours of the parameter 
(Oflj/Cyg) do indeed reveal i\ concentration in 
the lamellar tear area of the horizontal member, a« 
shown in Fig II. 

CLASTIC FRACTURE MECHANICS ANALYSIS 

The previous section used an elastic-plastic 
material model to represent the base metal and fell 
short of allowing a post failure analysis of a torn 
joint. A ductile failure codel is needed as 
indicated there and discussed below. A computation
ally inexpensive, but admittedly crude post failure 
analysis of a torn joint can be andc by simply 
placing a crack in the area where lamellar tearing 
would be present and proceeding with an elastic 
approximation. The crack is oriented horizontally, 
as suggested by the high vertical normal stresses 
in the area indicated by the elastic-plastic 
analysis. 

In an effort to economise, an clastic plane 
strain fracture mechanics code was used. The code 
chosen was CHILES, written by Scnzley (23) and utes 
special elements with an embedded singularity at 
the crack Lip end "enriched" elements between these 
and the regular bilinear displacement elements used 
throughout the remainder of the region. The 
details are explained by Benzley (23, 24) in more 
detail. 

Thermal stresses were again used to drive the 
fracture mechanics study. In this case, the weld
ing process modeling was abbreviated to simply a 
two temperature initial state: the outside 0.254 cm 
(0,10 in) of the weld at a high temperature and the 
remainder of the region at ambient temperature. 
The state with this temperature profile was used as 
the stress free reference state. The stresses 
resulting from cooling to a uniform ambient field 
vere then calculated. Since tiic is essentially 
removed from the problem and since elasticity is 
assumed, the time at which the crack is formed docs 
not appear explicitly. The results are identical 
so long as the crack forms some tine after the 
reference temperature field occurs. This model is 
deficient in representing much of the physics but 
13 helpful from a geometrical standpoint. In 

(particular, the reduced stiffness in the damaged 
area will result in a drastic stress 
redistribution. The fracture mechanics model 
should ^.iv^ a reasonable estimate of the disturbed 
residual field. 

The main difficulty with this analysis was in 
deciding the depth, length, and horizontal 
placement of the crack. Even though the observed 
Vocation of lamellar tearing is generally known and 
from the liteiature does not seem to be widely 
Variable, still the specific location of damage for 
a T-joint of our specific geomuLry could not be 
found in the literature. For convenience in the 
code calculations the depth was placed at roughly 
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0.254 c* CO.10 in). Crocks of various lengths and 
horizontal location were then introduced and the 
resulting ctreso intensity factors at the crack 
tip* found. 

The program CHILES 2 finds the stress intensity 
factors for both the crack opening Mode I and the 
sliding Mode II. These modes arc depicted 
schematically in Fig 12. Both of these modes are 
active in the T-joint problem and a combined effect 
in terms of material capability must be used to 
find whether a crack will grow. The combination 
K£ + Kw. a a found in the energy expression for 
Irwin's linear elastic energy rate,i? (25) was used 
to find an equivalent stress intensity fat cor 
Keq* Each end of the crack is in a slightly 
different stress field so the stress intensity 
factors arc also different at each end. 

The equivalent stress intensity factors are 
plotted in Fig. 13 for cracks of several different 
lengths and horizontal locations. The pairs of 
points corresponding to a given crack are connected 
by straight lines for ease in locating each pair. 
The ordinatea of points on the lines are of course 
meaningless except at the ends. Since cracks would 
grow to come critical stress intensity factor 
associated with the material, the cracks should 
have the same 7^- at both ende. Only those runs 
where K Cq uas the same at both ends ore plotted 
in Fig 13. Also plotted in Fig ?3 is a locus of 
stress intensities at the crack euos. It is 
roughly symmetrical and centered at x = ?.G67 cm 
(1.05 in). 

t>*'' ' J 

A second 6et of runs were made where the 
cracked joint was subjected to a working load. In 
this case, a uniform tensile load was placed on the 
vertical member. The second locus of stress 
intensities corresponding to the loaded cracked 
joint are shown above the first set. Because of 
the many assumptions used in these fracture 
analyses, it is dangerous to draw too many 
conclusions froa these results but the following 
seem conservative and plausible: 

l) Cracks would be centered at roughly the 
outer edge of the fillet. 

ii) Short tracks are admissible and long 
cracks are arrested but intermediate 
length cracks are not possible. 

iii) The stress intensities for crack Modes I 
and II arc roughly the same. 

iv) It appears that a damaged joint would have 
seriously degraded capability. 

The first point is self explanatory from Fig 13 
but the second point is clarified by the example 
shown in Fig 14. A hypothetical K c is identified 
in the figure. Cracks shorter than L c 0 would 
have Stress intensities lower than K c but 
slightly longer cracks would have to grow. They 
would grow until the ends were in regions such that 
the stress intensity is less than K c, in this 
case of length L c l . Cracks longer than L c o and 
shorter than L c^ would not be possible because 
the material could not sustain the stress intennity 
imposed. The chape of the locus of stress 
intensities also cccm? to indicate that if damage 
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is present, it would extend over the region hc\ 
in Fig 14. 

The third point ia simply cm observation from 
the detailed calculations vliich ore not listed 
completely here. For the runs A, B, and C in Fig 
13, the ratio Kj/Ku is 1.09, 1.17, And 1.06 
for the three respective cases. The effect of this 
significant sliding mode component i-s observed in 
actual lamellar tears where the "near vertical 
ductile shear regions" of Figs 1 and 2 arc observed 
to have rotated, particularly near the ends of the 
damage zone. 

The last point should be regarded tilth some 
caution. It is certainlv indicated by the model 
used. A crack of length l.co in Fig 14 would grow 
to length L c and remain arrested with the 
vertical external load. But if K c were slightly 
lower, it appears unlikely that the crack would be 
arrested on the left. Smaller external loads 
would, of course, give a locus of K e- values 
between the two curves shown so that some external 
load carrying capability is always present but it 
is a question of the size of this capability. 

Again, this section must conclude that a fully 
satisfactory analysis has not been carried out. 
Elasticity and sharp cracks arc simply not _ 
observed. A much more sophisticated mate-ial 
description and failure model must be used. The 
observations drawn here may help guide an analysis 
when better modelling is possible. 

CONCLUSIONS AND RECOMMENDATIONS 

The first useful observation of this study is 
one of pleasant surprise that the finite clement 
thermal, structural, and elastic fracture mechanics 
codes performed as well as they did. Mechanical 
properties varied by more than an order of 
magnitude over the temperature range yet the 
convergence was very good. Eut, because of 
limitations in the codes and/or limitations in 
material modeling, this lamellar tearing analysis 
must be considered to be qualitative at best. In 
this regard, damage was indicaLed in the correct 
general area and scemec to be fairly concentrated. 
This was true of the more complete elastic-plastic 
analysis as well as the rough fracture mechanics 
study. 

The more complete study indicated that void 
growth would take place in the area beneath the 
fillet. Rice and Tracy (26) derived an equation 
for the rate of change of the radius of a void 
which is: 

R -CR ir s ; n h ( i . 5 a n / o Y S ) 
where o m is the mean or hydrostatic component of 
the eLress tensor and Q ,a is the yield stress. 
The effective plastic strainrate is denoted by e p 

and C is a constant, Tn ttic elastic-plastic 
section of the paper, we found a high tensile mean 
stress accompanied by plastic shearing. The above 
equation indicates void growth which would result 
in degraded local "tiffness. This, of course, 
would cause a stress redistribution but since it 13 
a displacement dominated problem, plastic straining 
would be concentrated even more. Void growth io 
observed experimentally to be followed by void 

linking or coalescence resulting in the eventual 
appearance of lamellar tearing. Although the 
initiation of this process is indicated, this 
process could not be treated in the code. It was 
felt thnt without a ductile fracture model, the 
analytical approach to lamellar tearing could not 
be elevated to a quantitative approach. 

When a continuum ductile fracture model becomes 
available, the analysis of lamellar tearing should 
be attempted again. Other effects which were not 
included here but should be considered are an 
improved thermal analysis which models phase 
changes, inclusion of creep, and the modeling ct 
each weld pass including remelt. 
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