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FOREWORD

This report was prepared by SRI Iniernational under Naval Surface Warfare
Center (NAVSWC) contract N60921-86-C-0253 in support of the Submarine Damage
Mechanisms Task of the Undersea Warheads and Explosives Block Program
sponsored by the Office of Naval Technology. The contract technical monitor was Mr.

William W. McDonald, NAVSWC Code R14.

The document presents an experimental and analytical study of the fracture
properties of I1Y-130 steel test specimens performed by SRI International under the
above contract. SRI International conducted tests of similar designs of stiffened flat
plate test specimens under both quasi-static and explosive test conditions. The
principal objective of the work was to determine the dependence of specimen
baseplate fractures upon scale under dynamic conditions. To provide a theoretical
understanding of the empirically derived scaling rule, and to provide a tool for
extending the rule to untested scales and other structure designs, SRI also developed
a finite element fracture model based on a semi-empirically derived local fracture

criterion.

The Submarine Mecharisms Task is an effort to develop an empirically based
methodology for predicting the fracture of submarine pressure hulls in response to

the loadings of underwater explosions. The work in this report was funded in
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recognition of the key importance to this Task of the issue known in the engineering

community as the fracture size effect that is exhibited by many structural materials.

The authors would like to thank Mr. William W. McDonald, Program Monitor,
Naval Surface Warfare Center, White Oak, and Dr. David Nicholson, University of
Central Florida, for many helpful discussions of the project, particularly during the
design of the explosive experiments. The elastoplastic fracture analysis of three-
point-bend specimens, reported in Appendix D, was performed by Dr, Ulrich Morf,
International Fellow, on leave from EMPA, Dibendorf, Switzerland. His help is
greatly appreciated. The authors are also indebted to their SRI colleagues Moshen
Sanai, Alexander L. Florence, Bonita Lew, James A. Kempf, Thomas S. Lovelace,
Dennis Gandrud, Joseph Regnere, Michael A. Merritt, Frank B. Galimba, Eldon
Farley, Leah Alaura-Malinis, Helen Mosbrook, Arnold Williams, and Joyce Berry for
their invaluable contributions. The contribution to the initial phase of the project of
Dr. Robert D. Caligiuri, presently with Fracture Analysis Associates, Palo Alto,

California, is also acknowledged.

Approved by:

WILLIAM H. BOHLI, Head
Energetic Materials Division
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INTRODUCTION

SRI International is engaged in an experimental program to assist the Naval Surface
Warfare Center (NAVSWC) in developing a capability for predicting failures of welded naval
structures. This technical repost presents the results of the first part of the program and covers the
developraent of experimentzl techniques and analytical models and the derivation of scaling rules
for the fraciure of H'Y-130 steel weldments. In the second part of the program, we apply the
methodology developed for HY-130 steel weldments to titanium alloys weldments. The results of
the work on titanium weldments will be presented in a separate report.

BACKGROUND AND PROGRAM OBJECTIVES

NAVSWC s developing a statistical model tc predict the fracture probability of welded,
ring-stiffened naval structures subjected to dynamic loads such as result from an underwater
explosive charg=. Figure la illustrates the pertinent configuration. Several issuzs must be
resolved for the succ zssiul development of the statistical model.

The first issue arises from the following practical considerations. A statistically significant
fracture data base must be available to aid in selecting the proper fracture distribution function for
the NAVSWC statistical model. For economic reasons, full-scale tests cannot be performed on
ring-stiffened naval structures, so small-scale model tests must be performed on similar structures.
The question then is, how can the fracture behavior of welds observed in small-scale tests be
extrapoliated to welds in full-scale structures?

Establishing the fracture scaling behavior of welds represents an intricate problein, because
fracture generully does not follow geometric scaling and ti:ie welding process itself cannot easily be
sceled. Although linear elastic and elastoplastic fracture mechanics provide scaling rules when
fracture begins at a preexisting macroscopic sharp crack, little if any well-sstablished methodology
exists for deriving scaling rules when fracture begins in the absence of an existing crack or at blunt
stress concentrations. Furthermore, because the specific heat input and number of passes can
never be reproduced exactly when welded scale models are manufactured, large- and small-scale
welds may have different geometries, microstructures, and properties.
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Figure 1. Weldment configuration of interest.
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The second issue in developing a statistical fracture model for welded, ring-stiffened naval
structures involves defining what constitutes a fracture event in the welded stifferer-plate assembly
under consideration. In contrast to fracture beginning from preexisting macroscopic cracks, in
which the onset of macrocrack extension can provide an unequivocal definition, a fracture event in
materials containing only microdefects is more difficult to define and model.

The third issue is the correlatinn of fracture event and test variables. In an explosively
loaded, ring-stiffened structure, loading depends on many parameters such as charge weight,
charge standoff, pressure pulse duration, and structure configuration. Although conceivable, a
direct multivariable regression model that includes all the loading parameters may prove practically
intractable. Therefore, we want to incorporate the effects of all the variables in a single "measure
of severity" that would charucterize the critical loading needed to cause fracture of the welded joint.
An example of such a measure of severity applicable to structures with macrocracks is the stress-
intensity factor, the fundamental parameter of linear elastic fracture mechanics. If possible, an
analogous parameter should be found that character. -es fracture of the welded joint in ring-
stiffened siructures and that can serve as a measure of severity in the NAVSWC statistical model.

Finally, as mentioned above, a small-scale dynamic test involving a geometry simpler than
that of a ring-stiffened structure, yet promoting weld fracture under equivalent conditicns, is
desirable for developing statistical dynamic failure models. Moreover, because smali-scale welds
are difficult and costly to produce, it would be advantageous to avoid welding small-scale model
structures and instead to machine the stiffeners from a thicker piece of material. The problem then
becomes the design of the stiffener-base plate connection so that fracture will begin at the same
location and under the same loading conditions as in the actual weldment.

SRI's research project addresses the four issues discussed above. To simplify the
problem, we consider the stiffened plate geometry illustrated in Figure 1b. The pertinent materials
of interest for the plate and stiffener are HY-130 steel, in the first phase of the program, and Ti-
6Al-4V and Ti-4Al-2V, in the second phase of the program. The specific objectives of the SRI
research program are to:

1. Establish scaling laws for predicting the fracture of plates with welded stiffeners in
models of different sizes.

2.  Define simple parameters that will quantify and correlate the fracture damage
produced in the experiments and that can be used in the statistical model developed by
NAVSWC.

3.  Determine how, for a given model size and for the same loading parameters, fracture
of plates with welded stiffeners relates to fracture of plates with machined stiffeners.
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4. Propose methods of enforcing the same fracture behavior in plates with welded or
machined stiffeners.

TECHNICAL APPROACH

To achieve these objectives, SRI followed the complementary empirical and experimental
approach illustrated in Figure 2. We first derived deterministic empiricai scaling rules on the basis
of simple fracture experiments. Then we interpreted the results by developing and applying a
weldment model combined with a local fracture model.

The empirical part of the approach began with characterizing the geometry and
microstructure of a family of weldments of various scales to establish in what respects these
weldments differ. This information later served as input for developing the weldment model.
Next, we investigated the fracture behavior of 1/2-, 1/4-, and 1/8-scale weldments by performing
simple static fracture experiments, which allowed convenient monitoring of the test parameters and
detailed observations of the fracture events. Properly normalized results of these experiments
provided the basis for deriving an empirical fracture scaling rule. We then checked the validity of
this rule under dynamic loading by performing a series of explosively loaded experiments on 1/4-
and 1/8-scale weldments.

To provide a theoretical basis for the empirical scaling rules, we developed a weldment
fracture model in parallel with the experimental work. In a finite element code, we combined a
weldment moael, which includes the main geometric and strength features of the weldment regions
[weld metal, heat-affected zone (HAZ), and base metal], with a local fracture criterion capable of
predicting fracture that begins in the absence of a preexisting crack. In particular, the fracture
model contains a nonscaling length characteristic of the material.

The model can be used to rationalize the fracture behavior of weldments of various sizes, to
safely extrapolate the empirical scaling law to full-scale weldments not investigated in the present
program, to assess the effect of different welding processes on fracture behavior, and to guide the
choice of an appropriate severity parameter for the NAVSWC statistical fracture model. Finally,
we suggest using the model to design machined small-scale specimens that fail under the same
loading conditions as welded specimens and that adequately simulate the full-scale ring-stiffened
cylindrical structures.
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~ Figure 2.  Technical approach to weldment fracture scaling problem.
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The approuch to characterizing T-weldment fracture and deriving scaling rules was first
ried with HY-130 steel weldments. This report discusses the development of the necessary
perimental and analytical techniques and the results of the investigation of HY-130 uteel
weldments. Application of the approach to two titanium alloys and the results of that investigation

will be presented in another report.

The next four sections of this report summarize the methods used and the results obtained
for the main objectives of the research; a detailed discussion of each of these topics can be found in
the appendices. The main topics and the corresponding appendices are

» Characterizing HY-130 steel weldments {Appendix A)

» Sratic fracture experiments (Appendix B)

« Dynamic fracture experiments (Appendix C)

* Modeling experiments and weldment fracture (Appendix D)

The report concludes by stating the fracture scaling rules derived from this research and by
making recommendations for future research.




NAVSWI TR 90-360

STEEL ANy WELD CHARACTERIZATION

CHARACTERIZATION METHOD

We first reviewed the literature to gather a data base on HY-130 stzel and weldments,
focusing on the strength, ductility, and tracture properties and on the variations in microstructire
and gradient of mechanical properties in the weld regions. We complemented this data base by
performing smocth and netched round bar tensile tests on selected batches of the HY-130 steel
plates used in our invesrigaticn. We then fabricated 1/2-, 1/4-, and 1/8-scale welded T-joints from
HY-130 steel plates using the gas mngsten arc welding (G1TAW) process and 1008 weld wire
(undermatched weids).

For each scale we measured the weld beads and the Lieat-affected zone, then produced
microhardness maps of the welded joints to obtain an approximate map of the strength variation

throughout the joints,

RESULTS

The literanure survey demonstrated that in the whole temperature range pertinent to vhe full-
scale ring-stiffened ¢ylindrical structures (0°C and above), fracture of HY-130 steel and most likely
the weld metals ocours on the upper shelf of the fracture-temperature transition curve. Therefore,
the fracture diata we generated at room temperature during the present investigation are also relevant
for the actual full-scale structures in service. Moreover, scanning electron microscopy
observations have established that on the upper shelf, fracture of HY-130 steel occurs by the
nucleation and growth of ductile voids. This observation justifies using a strain-based local
fracture criterion when modeling the weldrent fracture.

Through selected sincoth and notched tensile tests, we verified that published constitutive
data and failure envelopes that can be used in conjunction with a strain-based local fracture model

for HY-120 steel are relevant for the basc material we tesied.
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Figure 3. Macrographs and 300g diamond pyramid hardness maps for three scales of HY-130
steel/HY-100 GTAW weldments investigated.
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Macrographs of the cross sections of 1/2-, 1/4-, and 1/8-scale GTAW weldments fabricated
at SRI are shown in Figure 3 with hardness maps of the weldment. We made two significant
observations during the weld characterization:

1. The dimensions of the various parts of the weldment--weld metal and heat-affected

zones--do not scale. In particular, the HAZ width remains approximately the same at
all scales.

2.  The region of the heat-affected zone at the toe of the weld near the plate surface has
the greatest hardness. Although some variability is observed from scale to scale,
weldments of the three scales have similar HAZ properties.

These two observatione are significant for modeling the weldments and for understanding

what factors control where fracture begins.




NAVSWC TR 90-360

STATIC FRACTURE EXPERIMENTS

The objective of the static fracture experiments was to derive empirical scaling rules for the
range of scales from 1/2 to 1/8. We focused primarily on the conditions controlling the initiation of
a macrocrack at the root of the stiffener, although we also made some qualitative observations of
macrocrack propagation into the specimen plate.

EXPERIMENTAL METHOD

The configuration for the static bend tests is illustrated in Figure 4. A T-shaped specimen
is gripped rigidly at the top of the stiffener and loaded in bending by loads applied symmetrically at
the two extremities of the plate.

Two 1/2-, four 1/4-, and eight 1/8-scale specimens were manufactured from HY-130 steel
plates and tested under displacement-controlled conditions in a 500-kN servohydraulic machine.
The dimensions of the 1/4-scale specimen are indicated in Figure 4. Dimensions for the other two
specimen sizes are scaled geometrically, except for the widths, which are tabulated in Figure 4.

During the experiments, we recorded the load applied to the stiffener and the displacement
of the plate extremities. We monitored the acoustic emission from the specimen to detect fracture
initiation. Posttest measurements of the specimen deformation, with kinematic considerations,
provided another method—termed the plastic hinge method—of identifying conditions at fracture
initiation (see Appendix B for more details).

The acoustic emission and plastic hinge methods are complementary; the former detects the
onset of microscopic fracture (formation of microvoids), whereas the latter indicates the formation
of a macroscopic crack that significantly influences the specimen's deformation response. Because
we are interested in structural rather than microstructural failure, we adopted the plastic hinge
displacement definition of crack initiation.

To compare the results of the static fracture experiments for specimens of different scales,
we normalized the displacement by dividing by the specimen plate thickness H, and we normalized
the load by multiplying by the factor
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Figure 4. Configuration for static fracture experiments.
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where Gy is the yield stress and B and H are the plate width and thickness, respectively.

RESULTS

We observed the same fracture morphology in all static fracture experiments. As illustrated
in Figure S, a crack initiated in the heat-affected zone of the specimen plate at the toe of the weld
and propagated throngh the HAZ or along the HAZ/base metal boundary, then abruptly changed
direction to propagate across the specimen plate. We established that the change in propagation
direction is associated with an arrest and blunting of the initial crack. In all but one experiment,
crack propagation through the plate was stable.

The resulis of the bend experiments are summarized in Figure 6, which plots the
normalized load-defiection curve of the specimens with the largest and smallest energy absorption
for each of the three scales investigated. The two 1/2-scale experiments produced almost identical
results. Also plotted in Figure 6 are the ranges of displacement at which macroscopic crack

extension began.

Figure 6 indicates that although the fully plastic load for the 1/8- and 1/4-scale specimens is '
essentially the same, that for the 1/2-scale specimens is about 10 perceny smaller. A systematic
cvaluation of all the factors that could affect the fully plastic load suggesis (see Appendix B) that
the observed difference probably arises mainly from scale-to-scale variations in geometry and
relative sizes, and in yield and flow strength gradients in the weldment region. This conclusion
will need confirmation by more detailed geometric characterization and hardness mapping of
selected weldments.

Figure 6 also shows significant scatter in the static test results, particularly in terms of the
displacement at the initiation of macroscopic crack growth. However, if average values of the
displacement values at initiation are considered, the static test results indicate that the beginning of
macroscopic crack extension at the toe of the weld occurs at approximately the same scaled
displacement.

The static fracture experiments demonstrate thart, within the scattered data and provided that
strength differences in the weldment region are accounted for in the normalizasion process, fracture
initiation in the weldments follows replica scaling.
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Figure 5.  Cmss section of statically fractured speciimens showing crack path.
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Figure 6. Summary and comparison of results of the static fracture experiments.
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"This conclusion is significant for extrapolating small-scale experimental data to large-scale welded
structures and is consistent with predictions based on local fracture models.

Estimatcs based on the experimental load-displacement curves of the plastic energy
dissipated during the ciack initiation and propagation phases of fracture indicate that the energy
expended to propagate the crack through about 70 percent of the plate thickness is only about
20-25 percent of the total energy dissipated during the test. Therefore, although theoretical
considerations suggest that there will always be non-replica scaling effects in the crack extension
phase of fracture, the influence of those effects on the total energy dissipated in the fracture process
is slight compared with the scatter in the experimental data. We confirmed this conciusion with a
J-based elastoplastic analysis of crack growth in HY-130 steel (see Appendix D).

The scatter in the experimental fracture data is not due to experimental uncertainties, nor io
the effect of residual stresses in the weldment, hecause the large plastic strains redistribute and
wipe out those residual stresses long before the onset of fracture. Rather, we believe the scatter in
data is due to the intrinsic scatter in geometric and material properies of the weldmeats, as
suggested by finite clement simulations. More work will be needed to establish the origin of the

scatter with any certainty .

In summary, the static fracture of 1/8-, 1/4-, and 1/2-scale weldments tested in this
investigation followed replica scaling. 'We suggest two approaches to account for the observed
small differences in load limits: (1) The fully plastic load fcr each scale could be measured
directly, because the required experiments would be relatively easy to perform, even for full-scale
weldments; and (2) the load limits could be determined by estimating relative size differences and
strength gradients in each scale of weldment using macrographs of cross sections and detailed
hardness maps, than by using these geome'ric and strength distribution data in numerical
simulations of the weldiments to calculate the fully plastic load.

16
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DYNAMIC FRACTURE EXPERIMENTS

EXPERIMENTAL PROCEDURE

We performed dynamic fracture experiments using an explosive loading technique to
produce loading rates comparable to those achieved in structures loaded by underwater explosions.
The specimen for the dynamic fracture experiments consisted of a slotted base plate with two
symmetrically positioned stiffeners, as shown in Figure 7. Figure 7a shows the 1/4-scale
specimen, whereas Figure 7b shows the specimen dimensions. The schematic of the loading
arrangement is shown in Figure 8a; the actual fixture is shown in Figure 8b.

Each stiffener is rigidly bolted to an independent E-shaped yoke; the specimen plate is
bolted to a steel die, which, in turn, is rigidly attached to a base plate. The center of the specimen
plate between the two slots is loaded with strips of sheet explosives backed by blocks of
polymethylmethacrylate (PMMA), which increase the impulse delivered to the plate for a given
explosive sheet thickness. With this test arrangement, only the center of the specimen plate is
significantly deformed during the experiments, whereas the portion supported by the die acts as a
reaction frame, inducing membrane stresses in the plate. We constructed fixtures to load
specimens corresponding to 1/4- and 1/8-scale of the full scale structural element.

We tesied six 1/4- and four 1/8-scale specimens; only two 1/8-scale specimens yielded
valid fracture results. The specimens were instrumented with contact pins to measure the
deflection velocity of the plate's center line. More pins were placed beneath the plate at the
weldment location to detect the instant of complete fracture. We also instrumented selected 1/4-
scale experiments with strain gages. The center line velocity measurements characterized the
impulse delivered to the specimen and were used as input for numerical simulations of the

experiments.

In performing the explosive experiments, we variea the explosive thickness and hence the
total impulse imparted to the specimen, and bracketed the conditions for starting a crack in the
weldment region and for completely propagating it through the specimen plate. Fracture conditions
were. assessed in terrns of the explosive thickness needed and the specimen center deflection at the
instant of crack in:tiation or complete propagation through the plate. We first bracketed the

17
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Figure 7. Specimen for dynamic fracture experiments.
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Figure 8. Loading fixture for dynamic fracture experiments.
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explosive thicknesses that produced incipient and complete fracture in the 1/4-scale specimens; then
we scaled those conditions geometrically for the 1/8-scale experiments.

RESULTS

The results of the explosive fracture experiments are summarized in Figures 9 and 10 and
Table 1. Figure 9 plots the normalized deflection history for ail 12 specimens tested and represents
their structural responses. The normalization procedure is detailed in Appendix C and accounts for
differences in specimen scale, material properties, explosive thickness, and specific energy.
Figure 10 plots the normalized deflection of the specimens reconstructed from posttest
measurements as a function of normalized explosive thickness. Both quantities were normalized
by the specimen plate thickness. Figure 10 also indicates domains of partial or complete fracture
and thus can be regarded as a failure map.

TABLE 1. RESULTS OF DYNAMIC FRACTURE EXPERIMENTS

NORMALIZED
HY-130 EXPLOSIVE INITIAL  PLATE CENTER
EXPERIMENT THICKNESS EXPLOSIVE VELOCIT DEFLECTION "AT
NO. (MM) TYPE Y (M/S)  FRACTURE" COMMENTS
WEA4-1 2.87 D 226 1.90 Fracture through one side
3.05 C only; stiffener broke on other

side

WEA-2 1.08 C 115 - No fracture

WEA-3 1.63 C 142 - No fracture

WEA-4 2.54 C 187 1.90 Partial fracture

WEA-5 2.54 C 192 1.85 Partial fracture

WEA-6 2.98 C 216 2.24 Fracture through both sides

WES8-1 1.36 C 211 - No fracture; abnormal plate
anchoring bolt deformation

WES8-2 1.65 C 235 - Incipient fracture, platc
archoring bolt fracture

WES-3 1.65 C 234 2.25 Complete fracture

WES4 1.36 C 227 1.98 Partial fracture

Figure 9 shows that the responses of specimens of different scales are appropriately
normalized because they reduce to the same curve for identical initial velocities. Figure 9 also
suggests that during early times the structural response of the specimen is the same for all initial
velocities and scales. At later times there appear to be at least two response modes, one for low
(< 150 nmys) and one for high (> 150 m/s) initial velocities. More work is needed to establish the
details of the specimen structural response.

20
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Finite element simulations show good agreement between the experimental and the
calculated specimen deflections, thus demonstrating that the measurements performed provide
enough information for faithful simulations of the experiments. The simulations also indicate
straix rates in the weldment region on the order of several thousands per second.

In all the specimens in which fracture was induced, the morphology of fracture and the
fracture path were similar to those observed in the static fracture experiments. This observation,
along with the insensitivity of the stress-strain curve to the loading rate (see Appendix A) and the
estirnates of the strains to faiture obtained from finite element simulations, indicates that weldment
failure is not overly rate-sensitive for the range of strain rates investigated and that the same local
fracture model might be used for both static and dypamic fracture experiments. The 1/8-scale
experimenis, in which the data from two specimens were invalidated becausc clamping bolts
yielded extensively or fraciured prematurely, showed that the clamping arrangement has a
profound effect on fracture behavior.

As can be seen in Figure 10, the center plate deflection at which incipient fracture was
induced, normalized by the plate thickness of the specimen, is essentially the same in the 1/4- and
the 1/8-scale specimens. A similar result holds true for the normalized center plate deflection
needed to induce compiete plate fracture. Moreover, the explosive thickness needed to produce
these deflections also scales geometrically, as we anticipaied from dynamics considerations.

On the basis of the preceding (limited) results, we cenclude that in first approxiination,
fracture of explosively ioaded HY-130 steel weldments follows replica scaling, as did fracture
under quasi-static loading conditions. However, more research would be desirable to confirm this
conclusion, because these experiments indicate a certain degree of scatter.
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MODELING WELDMENT FRACTURE

OBJECTIVES AND MCDELING APPROACH

The objective of the modeling task was to provide both an understanding of the specimen
structural response in the static and dynamic fracture experiments and an analytical foundation for
the empirical scaling rules derived from the experimental resuits.

Our approach in the modeling task was to perform finite element simulations of the static
and dynamic experiments and to develop a fracture model for the weldment combining the main
geometric and strength features of the weldment in a finite element formulation with a strain based
local fracture criterion. The model allows the prediction of fracture initiation in weldments without
a preexisting crack and natural crack propagation without prescribing a priori the crack path. The
model also contains a constant characteristic marerial length that introduces nonscaling effects. We
complemented this modeling work by performing an elastoplastic analysis of crack growth in HY-
130 steel bend specimens to estimate nonscaling effects associated with crack growth.

The finite element simulations of the static fracture experiments showed that geometric
softening, associated with large specimen deformations, dominates most deformation of the HY-
130 static fracture specimens. This geometric softening should not be confused with softening
introduced by macrocrack nucleation, which occurred only in the last phase of the experiments.

The finite element simulations also showed that, as we anticipated on the basis of the
experimental observations, the most severe straining of the weldment—and, for that matter, of the
specimen—occurs at the toe of the weld metal bead, in the HAZ. Both the equivalent plastic strain
and the stress triaxiality are maximal at that location.

Thz parametric study, in which we varied the weidment geometry and the strength
gradients across the weldment, revealed that variations of these parameters consistent with the
results of the weldment characterization task can result in sigrificant differences of 25 percent or
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more in specimen displacement at the beginning of fracture. This resuit provides a possible
explanation for the large scatter in the data frem the static fracture experiments.

Finally, good agreement of the calculated and experimental load-deflection curves
demonstrates that a two-dimensional plane strain simulation of the experiments is appropriate.

Finite Element Simulations of Dynamic Fracture Experiments
Analyzing the dynamic fracture experiments demonstrated that the simulation method gives
a good approximation of the actual specimen behavior and that measuring the plate center velocity
history provides adequate experimental input for the simulations. The observed differences in the
caiculated and measured final deformed shape may be due to differences in the boundary
conditions of the simulations and the experiments. These differences could be minimized by
introducing more compliant boundary conditions at the edge of the plate in the calculations to better

simulate the actual clamping conditions.

The strain rates at the base of the stiffener calculated in the simulations are high, on the
order of several thousands per second. The calculated stress and strain fields indicate that in spite
of the difference in loading mode and strain rate, fracture in the dynamic experiments occurs at
strain and triaxiality levels consistent with those in the static experiments, suggesting that a strain-
based ductile fracture model appropriate for the static fracture experiments may also be applicable

to the dynamic experiments.

Weldment Fracture Model

The weldment fracture model consists of three components, as illustrated in Figure 11:
(1) a geometric and strength model of the weldment, based on metallographic observations and
hardness measurements; and (2) a strain-based fracture criterion, both implemented in (3) a finite
element formulation. The fracture criterion is the simplest form of a ductile fracture criterior. It
assumes that failure of a material element of characteristic size RpMic occurs once the element has
accumulated a critical plastic strain, a function of the state of stress experienced by the element
during straining. Mathematically, fracture of the element occurs when

P
D=|—%a  _1  verRmic
€c(Omean/Ocq)

where D can be regarded as 2 normalized damage parameter, ch is the equivalent plastic strain, and

€c(Omean/Ccq) is the critical failure strain for a given strain triaxiality Omean/Ocqg-
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(8) Local Fracture Mode!

- __dep - R
D fec(o m’"oq) 1 over RMmic

€. = Critical fracture strain, depends
on the state of stress

{b) Geometric Mode!

RMIC = Charactaristic microstructural /
dimension .
oyHAZ g HAZ oyBM, ¢ BM
{(c) Finite Element Model

Figure 11.  Elements of the HY-130 weldment fracture modal.
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Two key features of the local fracture criterion are that (1) the crifical failure strain is a
function of the stress triaxiality that can be measured experimentally, ard (2) the criterion contains
a non-scaling material parameter RpMic and hence implies non-replica scaling effects for fracture.

We implemented the weldment model and the local fracture criterion in the NIKE2D finite
clement code and performed preliminary simulations of a 1/4-scale static fracture experiment.
Figure 12a shows contours of the clements that fully cracked at an applied normalized displacement
of 4, whereas Figure 12b compares the calculated and measured load-displacement curves. The
results of the simulation show good qualitative agreement with the experiment. The weldment -
fracture model correctly predicts the location of crack initiation. The overall crack path in the
specimen is also predicted correctly, although details are somewhat different in the experiment and

the simulation (compare Figures 5 and 12a).

We think the differences in the crack path prediction are caused by the somewhat coarse
mesh used in the simulation and by the ditference in boundary conditions in the simulation and in
the experiments ence crack extension occurs. The model predicts a displacement at which the HAZ
is completely penetrated by the crack, which agrees well with dpy, the experimental value of the
displacement at the initiation of a macrocrack. On the other hand, the model overpredicts the
fracture resistance of the weldment, and the final load drop-off occurs later in the simulation than in
the experiment . We believe the difference is due to the limited experimental failure data used to
calibrate the model. In particular, values of the failure strain for high stress triaxiality (>1.5) are
desirable. The mesh size used in the simulation also influenced the resuits by avt:ficialiy

broadening the damage zone.

After minor modifications to the failure envelope and he mesh size, the model will be
ready for a detailed investigation of fracture in specimens of differeat scales. By varying the
boundary and geometric conditions, as well as introd. icirg ditferent mechanical and fracture
properties for the weldment regions in the finite elenrent simulations, we can evaluate the effects of
experimental conditions, geonetric imperfections, and material variability on fracture behavior. By
simulating the fracture of weldments of different scaies with the weldment fracture model, we can
establish fracture scaling rules and compare them with the experimentally derived rules. We can
then use the model to make fracture predictions for scales not experimentally investigated, and we
can provide a theoretical rationale for the empirical scaling rules.
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To investigate the effect of different welding processes, we can vary the weld geometry in
the finite element mesh and the material properties in the local fracture model. Finally, using the
model in simulations of various structural configurations, we can relate structure deformation to the
fracture processes in the weldment to define a suitable severity parameter for use in the statistical

model being developed by NAVSWC.,

ELASTOPLASTIC FRACTURE ANALYSIS

The elastoplastic fracture analysis of crack extension in HY-130 steel three-point-bend
specimens showed that although non-replica scaling effects arise during crack extension, the
ditferences in energy dissipation caused by the nonscaling are only a percentage point or so of the
total fracture energy. Similarly, the differences in displacement are also only a few percentage
points of the total needed to begin and grow the crack. These differences are always small
compared with the scatter in data, and hence they can be ignored.
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CONCLUSIONS AND RECOMMENDATIONS

The present investigation has laid the groundwork for reaching the program objectives
stated in the introduction to this report. Inn particular, the investigation yielded the following resuits

and conclusions:

L ]

We established a reliable experimental and analytical approach o evaluzting the fracture
of welded structures of different sizes and extrapolating results from small-scale
experiments to large-scale welded structures. This approach now stands ready for
application to weldmerits in other metallic ailoys, such as titanium alleys.

HY-130 steel undermatched (100S weld wire) welded T-joints of 1/8-, 1/4-, and 1/2-
scale have the same fracture morphologies when loaded statically. Dynamic loading of
1/8- and 1/4-scale specimens also produces the same fracture morphology at both scales,
similar ro those seen with static loading.

In first approximation and given the scatter in the experim.ental results, crack initiation
and prepagation in undermatched HY-130) steel welded T-joints follow replica scaling
for both staiic and dynamic loading.

Experimental resuits suggest that differences in relative size and in strength gradients in
weldments of different sizes could introduce nonreplica scaling of the fully plastic lcad
for the weldment. The small resulting differences can be accounted for by detailed
mapping, of the weldment geomeiry and of the strengih gradient (by means of
macrographs and of hardness measuremenits) or by direct measurement of the fully
plastic loads for simpie loading configurations.

Analyzing of the crack extension phasz of fracture 1n HY-130 steel indlicates that crack
extensiun does not strictly follow replica scaling, but the resulting scale-to-scale
Jifierences in fractuze energy are slight compared with the total encrgy expended to
fracture the weldment and with the scatter in experimental data.

For a given scale, weldment-te-weldment variations in weld bead geometry can induce
significant differences in weldment deformation at the onset of fracture and may account
for some of ihe scatter in the experimental dats.

A weldment fraciare model, including a stress-modified strain-based fracture criterion,
allows reliable simulations of static crack initiation and propagation in HY'-13C steel
welded T-joints. The model can be used to exirepolate scaling rules to weldment sizes
not tested in the piogram, to assess the effect of geometric and strength variability on
weldment fracture, and to define simple parameters for characterizing fracture in the
unalysis of ring-«tiffened welded structures.
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To provide more support and verification for the resuits and conclusions of this study, we
recommend that further research be conducted on the fracture scaling of HY-130 steel weldments.
The objectives of this research should be to provide reliable extrapolation of the empirical scaling
rules to larger scale weldments and to estimate more accurately the magnitude of non-replica
scaling effects. We recommend that the following specific tasks be undertaken:

« Analyze a full-scale HY-130 steel ficld weldment to establish the geometry of the various

weldment regions and to map out the strength gradients. These data will then be

compared with those generated in the present investigation and will serve as input in the
model of the full-scale weldment.

« Using the weldment model developed under the curre 1t program, simulate the fracture of
HY-130 steel weldments of various scales to extrapolate the empirical scaling rules to
larger scales and to provide quantitative estimates of non-replica scaling effects
associated with crack extension.

* Perform other dynamic fracture experiments on 1/8- and possibly 1/2-scale specimens to
augmert the dynamic fracture data base and 1o define more precisely the conditions for
fracture at various scales.

« Evaluate the suitability of the weldment fracture model for predicting fracture under
dynamic loading and introduce riecessary maodifications to account for possible loading
rate effects.

The experimental tools and analytical mcthods described in this report have applicability
beyond the scope of the fracture scaling behavior of welded HY-130 steel T-joints. In particular,
we believe the weldment fracture model could be useful in optimizing new weld designs and
welding procedures for advanced high-strength, low-alloy (HSLA) steels now under consideration

by the United States Navy.
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APPENDIX A: MATERIAL PROPERTIES OF HY-130 STEEL
AND ITS WELDMENTS
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APPENDIX A

MATERIAL PROPERTIES OF HY-130 STEEL AND ITS WELDMENTS

INTRODUCTION ‘
In this section we report on the properties of HY-130 steel and its weldments, as well as
some of the characteristics of the welds tested in this investigation. The properties of HY-130 steel
were obtained from a survey of the literature, specification sheets provided by the Naval Surface
Warfare Center INAVSWC), and experiments performed in the course of the investigation.

The objective of the literature search was te gather information on the stress-strain and
fracture behavior of HY-130 steel as a function of the loading rate and temperature in support of
the experiments and the modeling work to be performed in the investigation. We also sought
information about the microstructural, mechanical, and fracture behavior of HY-130 steel
weldments to guide the design and interpretation of our experiments.

MATERIAL PROCUREMENT

The material for this research program was supplied to SRI by NAVSWC in the following
form:

e Six HY-130 steel plates, 203 by 406 by 41 mm (8 by 16 by 1.63 in.) each.

+ Six HY-130 steel plates, 406 by 762 by 12.7 mm (16 by 30 by 0.5 in.) each.

* Two HY-130 steel plates, 381 by 381 by 6.4 mm (15 by 15 by 0.25 in.) each.

The origin, heat reatment, and specifications for these steel plates are not available, but we
assume they meet specifications for HY-130 steel and the standard Mil-S-23471A.

NAVSWC alse sent SRI one 30-1b. spool of 0.062-in. 100S weld wire and one 10-1b.
spool of 0.030-in. 100S weld wire for preparing specimens for investigating welded T-joints, and
two plates of HY-130 steel, 381 by 762 by 50.8 mmn (15 by 30 by 2 in.) produced by Lukens Steel
Co. were transferred from Mare Island Naval Shipyard to SRI. The chemical composition of these
plates is given in Table A-1, and their mechanical properties are summarized in Table A-2.

A-1
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TABLE A-1. COMPOSITION OF HY-130 STEEL PLATES PROCURED FROM LUKENS STEEL
CO. (MELT (6161, SLAB 4C) AND SUPPLIED BY MARE ISLAND SHIPYARDS

C Mn P S Cu Ni Cr Mo \'/ Ti

0.1 0.73 0.008 0.003 0.13 0.32 4.97 0.40 0.081 0.002

TABLE A-2. MECHANICAL PROPERTIES OF HY-130 STEEL PLATES PROCURED FROM LUKENS
STEEL CO. (MELT C6161, SLAB 4C) AND SUPPLIED BY MARE ISLAND SHIPYARDS

Yicld Tensile Reduction
Strength Suength Elongation of Arca 21°CCVN -18°C CVN
Orientation (MPa) (MPa) (% in 50 mm) (%) 1) ()]
TX 992 1016 16.0 66.1 124 118
BX 986 1022 16.0 64.8 132 126

The data in these tables were assemboled from the Lukens Test Certificate Sheets and

excerpts from a report forwarded by Mare Island.

MECHANICAL PROPERTIES OF HY-130 STEEL

In this section we compile mechanical properties data obtained from the literature and from
limited testing at SRI. For most of the references reviewed, the chemical composition of the
material tested differed only marginally from the composition listed in Table A-1. However, the
heat treatment was mentioned in only three reports,A-1-A-3 The first two list the following heat
treatment:

1. Heat to 982°C; water-quench.
2.  Temper 1 hr at 566°C; water-quench.

This heat treatment results in a Rockwell-C hardness of 31 and a tempered martensite
microstructure with a prior austenite average grain size of 12.5 um. On the other hand, Joyce and
GudasA-3 quote a different heat treatment:

1. Hold 1.5 hrat 830°C; water-quench.
2. Temper 1.5 hr at 630°C; water-quench.

More information on heat-treatment schedules is most likely available from the literature,
but no specific search was undertaken for the metallurgicai characteristics of HY-130 steel. Asa

A-2
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guide to evaluating the effects of variations in heat-treatment schedules, the isothermal
transformation diagram obtained from U S. Steel data sheetsA4 is reproduced in Figure A-1.

Data from Literature Review

Tensile Pata. A summary of static tensile data compiled from the literature review is shown
in Table A-3. The results for temperatures ranging from -192°C to 148°C are included. Typical
nominal and true static stress-strain curves, excerpted from U.S. Steel data sheets,A-5 are shown in
Figure A-2.

The static data indicate only a mild hardening for HY-130 steel but a strong dependence of
the yield and flow strength on temperature. Furthermore, it appears that, up to 50 mm, plate
thickness has little influence on achievable strength levels and ductilities.

Dynamic tensile data for HY-130 steel have been reported by others.A-6:A-7 From
Lindholm and Hargreaves, A6 the results of tensile experiments performed with a servohydraulic
machine at strain rates of 0.03, 0.3, 2.5, and 15 s-! are shown in Figure A-3. The data demon-
stratc that within this strain rate range, HY-130 steel displays essentially no strain rate sensitivizy.

TABLE A-3. TENSILE DATA FOR HY-130 STEEL COMPILED FROM THE LITERATURE

Yield Ultimate Reduction Plate
Strength Strength Elongation of Arca Temperature  Thickness
(MPa) _ ___(MPa) (%) %) . (C) _ __\mm)__Oricntaion® _Reference
1241 1307 257 51.0 -192 25.0 - 1,2
1040 1127 220 58.1 -120 250 - 1,2
982 1044 21.1 60.1 -80 25.0 - 1,2
956 1012 21.3 64.7 -35 250 - 1,2
898 940 27.0 64.7 20 25.0 - 1,2
852 910 - - 148 250 . 1,2
937 978 210 550 20 25.0 - 3
972 1034 19.0 64.0 20 250 - 3
896-1034 - 14.0 - 20 9.5-14.3 - s
896-999 - 150 50.0 20 159-102 - 5
957 1025 20.3 67.8 20 50.8 L 13
959 1026 19.9 . 664 20 50.8 LT 13
885 - - - 20 - LT 8,14
885 - - - 20 . ST 8, 14
965 1689 - - 20 - - 8
909 1240 250 69.0 20 25.0 L 7
978 1047 19.0 65.0 20 508 L 9

* L = Longitudinal, rolling direction.
LT = Long transverse, perpendicular to relling direction and thickness dicection.
ST = Short transverse, through thickness direction.
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Isotharmal Transformation Diagram for HY-130 (1) Steel
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Figure A-1. [sothermal transformation diagram for HY-130 steel.
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Typical Stress-Strain Curves for HY-130 (T) Steel
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Figure A-2. Typical nominal and true static stress-strain curves for HY-130 steel.
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Conn et al.A-7 present tensile test results at strain rates ranging from 10-3 10 103 5-1,
These results are summarized in Figure A-4. Conn et al. comment that the dip in the data at a strain
rate of 10 is an artifact associated with the testing and data reduction procedure. Figure A-4
demonstrates that the stress-strain behavior of HY-130 steel is not sensitive to the loading rate, at
least up to a strain rate of 10351,

Noiched Tensile Test Data. Notched tensile data are pertinent to the present investigation
because the notched tensile test allows us to investigate the dependence on stress triaxiality of the
effective plastic strain at fracture. Knowledge of this dependence is a key element of the local frac-
ture mod::i used to simulate the fracture tests on HY-130 steel welded T-joints (see Appendix D).

Mackenzie et al. A8 experimentally determined the variation of the effective plastic strain at
fracture with stress triaxiality for HY-130 steel specimens oriented in the long transverse, or LT,
and the short transverse, or ST directions. Their results are presented in Figures A-5 and A-6.
Figure A-5 plots the average stress in the cross section as a function of the effec‘ive strain and
notch geometry, for specimens in the LT and ST directions. Figure A-6 shor 0w the effective
plastic strain at fracture measured in the experiments varies with the ratio of mc..i to effective
stress, which is a measure of stress triaxiality. The data presented in Figure A-6 were obtained by
applying Bridgman's analysisA-9 of the notched bar to the experimental resuits.

Figures A-5 and A-6 clearly illustrate the strong dependence of the effective plastic strain at
fracture on the mean stress. The data also show that, for HY-130 steel, there is a marked
orientation dependence of the fracture behavior.

Eracture Data. The lowest assumed service temperature for HY -130 steel is 0°C. At that
temperature, HY-130 steel fractures only after showing significant plastic deformation. Therefore,
toughness measurements, which are useful for fracture analysis, must be performed using
elastoplastic fracture testing techniques and must be expressed in terms of Ji. (a measure of

resistance to crack initiation) and the J-R curve (a measure of the resistance to crack extension).

Before the advent of elastoplastic fracture mechanics, a large body of fractuie data was
developed using the Charpy impact test [Charpy impact energy (CVN)] and the dynamic tear test
[dynamic tear energy (DTE)]. Although these tests do not yield data directly applicable to fracture
mechanics analysis, they allow determination of the ductile brittle transition temperature and are

used in establishing material specification. Empirical correlations have also been established to
relate CVN and DTE to the fracture toughness Ky or Jjc.
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Hasson and JoyceA-'A-2 determined the vanation in Jyc for HY-130 steel as a function of
temperature at both quasi-static naod sapid-loading rates (loading time to crack initizdon on the order
of several milliseconds). The resvlts arc shown in Figure A-7 demonstrating that the fast loading
rate eiavates the upper thelf of HY-130 steel and tends to sharpen the ductile-brittle wmperature
transition. In terms of Ji., HY-130 steel is well on the upper shalf at 0°C. The transition
iemperature is aroun.d -100°C, compared with approximately -75°C for the ©2VN transition
t>mperature.

The rocm-temperature J-R curve for Y. 130 steel was measured extensival in a round-
rebin progam organized by she American Society for Testing ané Materiuls (ASTM) A-10
Representative resuits for wests performed with compact tension specimeny are plotted in
Figurc A-& The J value needed to produce a 4-mm crack ex'ension is about three times the Ji¢
value. Room-temperature I-R curves as well as theee at -80°, -35Y, and 150°C are also availuble
from Joyce and Hasson.A-1 No importart differsnce is observed in the J-R curves at temperatures
between -80° aud 25°C, whereas heating to 150°C lowers Jy. significantly and the tearing modulus
slighily.

The infiuency of the notch root acuity on ductiie cracl. initiation and extension is revealed
by the I-R curve data obiained by Joyce and Gudas,A-3 shown in Figure A-9. Increasing the notch
radius from 1 fatigue crack to 0.05 mm increases the initiation value of J by a {factor of more than
4. Further increasing the root radius to 0.08 mm increases J only slightly. In contrast, the teating
resistance of the fatigue precracked specimens is higher than that of the specimens with blust
uotches, perhaps because the crack when it extends fiom a blunt rotch, propagates into a material
that has seen more extensive plastic deformation over a larger region and hence has exhausted
more of its ductility.

Barsom and Pellegrino?-1} have characterized the toughness of HV-130 steel in the
temperatuic range between -200° and -100°C in terms of the plane strain fracture tonghness Kj.
iz this range, KJ, varies inonotonically from 44 to 121 MPaVm. The same investigators also

repor. measwements of the plane strein ductility of HY-130 steel.

Hahn and KannisenA-12 published a compilation of dynamic fracture toughness parameters
for E1Y-130 steel that include data for ¥1q (dynamic crack initiation toughness), Ky (rainimum

dynamic crack propagation toughness), Ky, (crack arrest toughness), CVN, and DTE data.
Typical and lower limit values for these parameters at 0°C were extracted from the compiled data
and are listed in Table A-4. None of the K-based toughness values is lower than 148 MPaVm.
However, most of the K-based data were not measured directly but were estimnated from CVN and
DTE data, using emgirical ccrrelations not verified for HY-17 0 steel.
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Figure A-9. Effect ¢f notch root radius on J-resistance curve of HY-130 steel.
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TABLE A-4. FRACTURE PROPERTIES OF HY-130 STEEL
(AFTER HAHN AND KANNINENA-12)

Toughness Parameter Typical Value Lower Limit Estimate
Nil ductility temperatuse ("C) -84 -51

Charpy V-notch, (7) 108 81

5/8 in. Dynamic tear energy (1) 746 447

Kic, based on DTE (MPa Vm1/2) 203 : 149

K14, based on DTE (MPa Vm1/2) 203 2149

Kim (MP2 Ym1/2) 252 191

SovakA-13 compared the CVN toughness of HY-130 steel measured in slow bend and
impact experiments for longitudinal and transverse orientations. The results are shown in Fig-
ure A-10 and indicate that the CVN upper shelf is significantly higher for dynamic than for static
loading. This is consistent with the Jj.-transition curves of Figure A-7. The upper shelf values

for the transverse orientation are significantly lower than those for the longitudinal orientation.

Fractographic Observations. Observations on the microscopic mechanisms of fracture HY-
130 steel were reported by Barsom and PellegrinoA-11 for a wide range of temperatures. Below
-140°C, the fracture mechanism is primarily cleavage. Above -100°C, it is void nucleation growth
and coalescence. In the transition ternperature region, both mechanisms coexist and the proportion
of each depends on the loading rate, temperature, and state of stress.

Hancock and MackenzieA-14 studied the mechanism of void nucleation, growth and
coalescence for fracture planes normal to the long and the short transverse directions. In the long
transverse direction, fracture occurs by nucleation of voids at relatively large inclusions (about
5 um). These voids grow more or less uniformly, leading upon coalescence to a single size
distribution of cusps, typically 10-20 um, on the fracture surface.

On the other hand, in the short transverse direction, clusters of relatively large voids
nucleate at inclusion stringers oriented parallel to the fracture plane by the rolling process and

coalesce to form microcracks several hundreds of micrometers long and distributed on different
paraliel planes. The microcracks are then linked by shear walls produced by the nucleation and
growth of much smaller voids ( typically 2 um in diameter).
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Figure A-10. Static and dynamic standard CVN energy results

for HY-130 steel.
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These fractographic observations suggest that a deformation-based local fracture modeli,
modified to account for the influence of the mean stress on void growth, may be appropriate in 4
first attempt to model the fracture behavior of HY-130 steel at temp~ratures above 0°C.

To evaluate possible piate-to-plate differences in the mechanical properties of HY- 130 steel
and 1o verify that the mechanical properties data from the literature are also relevant for our
material, we performed two unnotched round bar tensile tests cach for material from a 12.7-and a
41.4-mm-thick plate. The original diameter of the specimens was 6.3 mm. Dnring the
experiments, the neck diameter was mcasured with 4 micrometer at regular displacement
increments to obtain the true stress beyond the point of maximum load. The neck curvature was
also estimated so that we could apply the Bridgman stress triaxiality correction to the stress d=ta.

Bezsides the unnotched tensile bars, we also tested one notched round tensile bar for each of
the plates investigated. The purpose of these tests was to verify that the fracture c%ain locus in
Figure A-6 is applicable to the matenal tested in this investigation. The net diameter, 2a, of the
notch was 4.8 mm, and the notch root radius, R, was 2.4 mm, yieiding an a/R ratio of 1. As for
the unnotched specimen, the reduction in the notch diameter was measured with a micrometer at
regular displacement increments during the test.

The tensile test results are summarized in Table A-5 and Figure A-11. Table A-5 lists the
engineering tensile data and the corresponding averages for each of the four unnotciicd specimens
tested. The average yield stress, ultimate stress, total elongation and reductivn of area aie 930 and
988, and 22.1 and 70.1 percent, respectively. These values are in good agreement with the data
listed in Table A-3.

The true stress true strain curve obtained by averaging the results of the four unnotched
tensile tests is shown in Figure A-11a (curve b). An estimate of the Bridgman correction was
applied to the data, and, once corrected for triaxiality, the stress-strain curve for HY-130 steel
shows little strain hardcning (curve ¢ in Figure A-ila). The influence of triaxiality in elevating the
average stress i< also illustratzd by the results of the notched tensile tests (curve a in Figure A-11a),
which show a 40 percent increase in the average yield stress over the unnotched test results.
Conversely, the fzilure strain is greatly reduced, dropping from about 1.1 for the unnotched to
about 0.3 for the notched specimens. The results of the notched tensile bar tests for the two plate
thicknesses tested werc identical to within the experimental uncertainty. The effective fracture
strain mcasured in these two experiinents is in good agreement with the results obtained by
Mackenzie et al.A-8 for the same notcli geometry.
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TABLE A-5. TENSILE PROPERTIES OF HY-130 STEEL MEASURED AT SRI

Yield Ultimate Reduction
Specimen Plate Thickness Strength Strength Elongation Area
No. {rmm) (MPa) (MPa) (%) (%)
i-1 114 916 975 21.7 72.0
1-2 414 90$ 973 - 70.0
1/2-1 12.7 949 1004 22.8 69.5
1/7-2 127 945 998 21.8 69.0
Average - 930 988 22.1 70.1

Figure A-11 shows a magniﬁéd portion of the true stress-true strain curve up to the point
of necking for all four specimens tested. Table A-5 and Figure A-11 show that, although the
results are similar, the stress-strain curve for the 41.4-mm plate is about 3—4 percent lower than

that for the 12.7-mm plate.

The good agreement between the tensile data obtained at SRI and those published in the
literature demonstrates that the latter data can be used confidently in analyzing our fracture
experiments. In particular, it is appropriate to incorporate the effective fracture strain locus of
Figure A-6 in a local fracture mode: for the material investigated in this project and to assume that
the {low properties for HY-130 steel are not rate-sensitive for strain rates up to 1000 s-1 or so.

PROPERTIES OF HY-130 STEEL WELDS

In this project, we tested welded T-joints between HY-130 steel plate and a HY-130 steel
stiffener half as thick as the plate. The welds were undermatched (i.e., they were produced with
weld wire of a lesser strength [100S weld wire, 690 MPa yicld strength] than the base metal). In
preparing for the fracture experiments, we surveyed the literature to obtain as rauch information as
possible about welded HY-130 steel joints and their mechanical behavior. We also produced trial
1/8-, 1/4-, and 1/2-scale welds and characterized them in terms of their geometry and hardness.
The resalts of the literature survey and the weld characterization investigation are presented below.

Data from Literature Review

No information was found in the literature on the mechanical properties and microstructures
of undermatched HY-130 steel base metal HY-100 steel weld metal welded joints. However,
papers on HY-130 and HY-100 weldments provided relevant data for the present investigation.
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Stoop and MetzbowerA-15 investigated butt welds in 6.35- and 12.7-mm-thick HY-130
steel plates produced by four different welding processes: shielded metal arc welding (SMAW),
gas metal arc welding (GMAW), eleciron beamn welding (EBW), and laser beam welding (LBW).
Their paper provides information about how welds produced by the same process are affected by
the weld scale. Furthermore, for a given weldment size it indicates how the weld properties are
affected by the welding precess.

Common features are observed for all four weld processes and for both weld scales.
Hardness profiles through the weld joint indicate that the hardness value is always greatest near the
boundary between the heat-affected zone (HAZ) and the base metal (BM). The microstructure of
the HAZ is also finer near the HAZ/BM boundary and becomes coarser toward the weld metal
(WM)/HAZ interface.

The width of the HAZ is more or less constant for a given welding process, independznt of
the weldment scale. For SMAW and GMAW, the two processes most pertinent to our study, the
HAZ width is on the order of 4-6 mm. The microstructure of the HAZ near the WM/HAZ
interface is a coarse bainite microstructure for the SMAW weldment and a coarse bainite with some
acicular ferrite for the GMAW weldment. Near the HAZ/BM interface, the HAZ microstructure is
a fine autotempered martensite with some ferrite for both weldment types. For the 6.35-mm-thick
weldments. the average hardness of the SMAW HAZ is 37.5 HRC, whereas for the GMAW HAZ,
itis 40.5 HRC. For the 12.7-mm-thick weldments, the average HAZ hardness is somewhat less
and equal to 33 HRC for both welding processes.

The fracture behavior of the weld joints was characterized by performing dynamic tear
tests. When the dynamic tear energy values normalized by the two plate thicknesses are compared
for SMAW and GMAW, it appears that the 6.35-mm-thick welds have a somewhat better fracture
resistance than the 12.7-mm-thick welds.

More information on the effect of weldment thicknss is provided by a study of 50-mm-
thick GMAW weldments of HY-130 steel by Challenger et al.A-16 They investigated the effect of
heat cycling, which occurs in !arge multiple bead weldments, on the hardness and microstructure
of the HAZ at several locations. For each location along the HAZ of the multipass weldment, two
regions with distinctly different hardness values were found. The HAZ width at the interface
between the BM and the weld bead was 3-5 mm. This observation, along with the data from
Stoop and Metzbower,A-15 demonstrates that the size of the HAZ does not scale but rather tends to
remain constant in welds of different scales.

The characterization of the HAZ near the final weld pass on the joint surface is especially
pertinent to this investigation. Two regions 'vith different hardness values are found in the HAZ.

A-20
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A region about 2 mm wide near the base metal shows the highest hardness value (410 HV). A
softer region (390 HV) exists from the fusion line to about 2 mm into the HAZ. The HAZ
immediately adjacent to the BM is very soft (270 HV). The hard region of the HAZ consists of
fine lath martensite, whereas a mixture of coarse lath bainite and fine lath martensite dominates in
the soft region. The fusion zone microstructure of SMAW and GMAW was also characterized by
Chen et al A-17.4-18 They found that the microstructure was dependent on the welding process,
bead size, :zat input, preneat temperature, and base metal thickness,

Hasson et al. A-19 have investigated the fracture behavier of HY-130 welds produced by the
gas tungsten arc welding (GTAW) and the GMAW processes; they also investigated, for a given
process, the influence of varying the welding heat input. The fracture resistance of the weld metal
in 38-mm-thick weldments was characterized in terms of the J-R curve. The results of their
experiments are surnrarized in Figure A-12. The welding process, as well as the heat input,
significantly affects the fracture behavior of the weld metal. GTAW welds are much tougher than
GMAW welds. Lowering the heat input increases the toughness of GTAW welds, whereas it
reduces that of GMAW welds. J-R curves for HY-130 steel welds were also obtained by
Read.A-20 The results are shown in Figure A-13 and demonstrate the considerable scatter that may
prevail when performing fracture tests on welds.

Hahn and KanninenA-1? give estimates of the dynamic fracture properties of HY~130
weldments. These estimates are listed in Table A-6. One important conclusion drawn from these
estimates is that the transition temperature for weldments may be significantly higher than that for
the base metal. On the basis of lower-limit 50-mm DT data, Hahn and Kanninen indicate that the
lowest assumed service temperature of 0°C may be in the fracture transition range for HY-130 steel

weldments.
TABLE A-6. FRACTURE PROPERTIES OF MIL-1405 GMA,
HY-130 WELD METAL
Toughness Parameter Typical Value Lower Bound Estimate
Nil ductility temperature (*C) <79 -51
5/8-in. Dynamic tear energy (J) 746 461
Kic, based on DTE (MPa Ym1/2) 192 154
Kd, based on DTE (MPa Vm1/2) 192 154

Kim (MPavm!/72) 242 191
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Finally, Deb et al A-21 investigated HY-100 weldments produced by the submerged arc
welding (SAW) and the GMAW processes. Their study showed a significantly lower haidness
value in the SAW than in the GMAW weldment. The CVN transition tsmperature of the SAW
weldment was also about 50°C higher than that for the GMAW weldment, but hoth were on the
CVN upper shelf at 6°C. The diiferences in propertics in the SAW and GM AW processes were
explained by differences in microstructure and inclusion content ot the weld teacs.

o izine Trial Welds at SRI

We undertook an investigation of the welding procedure and resulting weld properties for
three sizes of T-welds, corresponding to 1/2-, 1/4-, and i/8-scale welded models. The plate
thicknesses were 6.35, 12.7, and 25.4 mm. whereas the stiffener thicknesses were 3.17, 6.35,
and 12.7 mm for the 1/8-, 1/4-, and 1/2-scale welds, respeciively. Trial welds were first produced
using the GMAW process; however, for better control of the weld quaiity and geometry, we
switched to the GTAW process for later trial welds and all the test specimen welds.

The welds were produced using 100S weld wire; ‘Table A-7 lists the welding conditions for
the trial welds.

TABLE A-7. WELDING CONDITIONS FOR TRIAL HY-130 STEEL WELDS (100S WELL WIRE)

GTAW PROCESS
Specimen Scale 1/8 - 1/4 172
Weld wire diameter 0.75 mm 1.5 mm 1.5 mm
Amperage 100-120 A 100-12C A 100-120 A
Voltage 20-28V 20-28 V 20-28 V
Protective eavironm.ent Agon Argon Argon
Preheat temperature 90-100°C 93-100°C 9(-100°C
Interpass (emperature 90-150°C 90-150°C 90-150°C
Number of passes 2 =ach zide 3 each side 2 each side

Weld Ceometry and Hardness Maps. Macrograpns of the 1/2-, 1/4-, and 1/2-scale trial

welds are shown in Figure A-14, with corresponding harduess maps. These macrographs clearly
indicate the boundaries between base meial, heat-affected zore, and weld metal. It is apparent that
the weldments are asymmetrical, with the side that was welded first displaying larger WM and
heat-affected zones. The asymmetry decreases with increasing weldment scale. Al the trial welds
displayed some lack of penetration at tiie center. Sealer passes were later used to ensure full
penetration when fracture specimens were welded. Figure A-14 also illustrates the important
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stiffener distortion that can result from the welding process. distortions are in turn assovciated with
residual stresses that may affect the weldiment's fracture behavior.

Hardness maps for the three trial welcments are shown in Figure A-14, whereas more
detailed hardness profiles across the HAZ near the surface are shown iu Figure A-15. The
hardness numbers represent the 300-g diamond pyramid hardness number; in Figure A-14 the
numbers in parenthesis are estimates of the yield swress obtu’ned from *he hardness rexdiug,

Overall, the hardness maps are similar for 21! three weldment scales. In particular, the
highest hardness value is always achieved in the plaic HAZ. Howevrr, some differeaces car also
te observed. The hardness map for the 1/8-scale weldment is asymmetrical, witls the side welded
first having higher hardness values (in corresponding zcnes) than the cide welded scecond. In
contrast, the hardness maps for the 1/4- and 1/2-scal s weldments zre cssertially symmetrical.
Furthermore, the harxdness values for WM and HAY, are sigaificantly higher in the 1,8-scale than in
the other two weliients. These obser.ations can be explained by the differences in thermal
histories expericnced by the weldments because of the differencr: in the number of weld beads for

each scale.

The hardness profiles through the plate HAZ (Figure A-15) indicae that the hard .css is
maximal near the HAZ/BM interface, as previously noted in the literature. The 1/4-scale weldment
is the exception and presents a mcre uniform nardness acioss the HAZ.

The micrographs in Figure A-15 provide an indication of the Lind of geometric defect that
may be encountered in the weldment (e.g., the ripples it the edge of the 1/4-scale weldment could
become crack jnitiation sites). The geometry of the thiee welds was quantified, and the results are
presented in Figunz A-16. The measurements demonstiate that the overall size of the weldments
does not scale; the 1/2-scale welded joint is proponionzily sm-ller than e 1/8- and 1/4-scale
joints. More important, the size of th: HAZ does not scale but remains more or less constant.
This observation agrecs with the data gathered from the literature sarvey aad is an imnporiant
element in constructing a fracture model of the weldment,

Although it is possible to enlarge the 1/2-scale weldment to enforce scaiing, we decided 1o
maintain the sizes shown in Figure A-16 because u 1/8-scele weldment geometrically scaied o a
1/2-scale model would result in an vnreaiistically 'arge weldricat compared with actual field welds.
This geometric differenice will be implicitly reflected in the fracturc scaling ule.
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Figure A-16. Comparison ¢f dimonsicns for three scales of trial
HY-130 steal/'HY-100 GTAW Weldments.
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DISCUSSION AND CONCLUSIONS

The literature survey and the characterization at SRI of HY- 130 steel weldments have
provided a largs body of information applicable to designing fracture experiments on those
weldments, preparing welded fracture specimens, analyzing of fracture test results, deriving of
scaling rules for fracture of welded T-joints, and modeling the joints.

From this information, we can draw the following conclusions:

The tensile properties of HY-130 steel for a variety of plate thicknesses, orientations,
and presumably heat treatments vary by no more than about 15 percent. Tensile
properties for two plates used in this program are within 3 percent of each other and fall
close to the average of the data published in the literature. Therefore, we feel justified in
drawing from the literature data, when appropriate, for the present research.

The failure strain data developed from notched tensile tests for two of the plates used in
this program are censistent with a failure strain locus as a function of mzan stress
published in the literature. Therefore, this failure strain locus can be used confidently in
modeling fracture of the welded T-joints.

The dimensions of the various metallurgical regions of a weldment do not scale
geometrically when plate and stiffener thicknesses are scaled. In particular, the size of
the HAZ remains more or less constant, on the order of 2-4 mm..

The hardness value of the weldment is highest in the HAZ, independent of the weldment
scale. Within the HAZ, the hardness value is often highest near the HAZ/BM interface.
This finding and the previous conclusion are significant because they suggest that for the
Ioading conditions pertinent to this investigation, fracture will always begin in the HAZ.
These findings further suggest that for purposes of fracture analysis, the weldment can
be modeled as a brittle layer of constant thickness equal to that of the HAZ. This point is
addressed in more detail in Appendix D.

The welding process significantly affects the fracture toughness of the weld metal, as
well as the microstructure and hardness of the HAZ. These influences will need to be
taken into consideration when extrapolating the results of this investigation to large
structures welded by different processes.
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APPENDIX B

STATIC FRACTURE EXPERIMENTS

INTRODUCTION

The objectives of the static fracture experiments were to derive empirical fracture scaling
rules for HY-130 steel weldments loaded quasi-statically and to establish the morphology of the
fracture. In this appendix we describe the test geometry and procedure for the static fracture
experiments, report the test results, and discuss the fracture scaling rule inferred from those

results.
EXPERIMENTAL PROCEDURES
Experimental Configuration and Specimen Geometry

The configuration for the static fracture experiments is illustrated in Figure B-1. A T-
shaped specimen is gripped rigidly at the top of the stiffener and loaded in bending symmetrically
at the two extremities of the plate. Two 1/2-, four 1/4-, and eight 1/8-scale specimens were
manufactured from 41.4-, 12.7-, and 6.35-mm-thick HY-130 steel plates. The dimensions of the
specimens can be inferred from Figure B-1, and a series of untested specimens is shov/n in Fig-
ure B-2. Because of material availability and limitations in the loading capability of our mechanical
testing system, width B of thc specimens was not scaled exactly (50.8, 88.9, and 152.4 mm for
1/8-, 1/4-, and 1/2-scale, respectively). The specimens were gas tungsten arc-welded (GTAW)
using 1.63-mm-diameter 100S weld wire and the welding parameters given in Table B-1.

The static fracture experiments were performed under displacement control in a S00-kN
servohydraulic machine using a specially designed test fixture, Figure B-3 shows the test
arrangement for a 1/2-scale specimen. Similar arrangements--with the fixtures suspended at the set
of holes shown at the center of the triangular plate in Figure B-3--were used wben testing the 1/4-

and 1/8-scale specimens.
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Figure B-1.  Configuration ior static fracture experiments.
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TABLE B-1. WELDING CONDITIONS FOR STATIC FRACTURE SPECIMENS

(1008 WEIL.D WIRE)
Specimen Scale 1/8 1/4 1/2
Weld wire diameter 1.5 mm 1.5 mm 1.5 mm
Amperage 150-160 A 150-165 A 190-200 A
Voltage 18-19V 1820V 26-28V
Protective environment Argon Argon Argon
Preheat temperature 65°C 69-95°C 95°C
Interpass temperature 65-120°C 65-120°C 95-120°C
Number of passcs 1 Sealer + Spec, O: 1 sealer + 1 Sealer +
2 each side 5 cach side 8 each side
Spec 1o 1 scaler +
3 each sidc
Specs. 2+ 3. 1 scaler +

4 cach side

Instrumentation

During each static fracture experiment, we measured the applied load, the machine ram
displacement, and the specimen center line deflection using a linearly variable differential
transformer (LVDT) mounted between the specimen stiffener and the loading frame (Figure B-3).
We also performed acoustic emission measurements to detect the point of crack initiation. One
specimen of each scale was insun:mented with strain gages to verify the uniformity of bending
strains across the specimen plate and to assess the effect of welding distortions. The locations of
the strain gages are shown in Figure B-2. One gage was mounted on each side of the specimen
siitfener to measure its tensile and bending deformation; three gages were mounted longitudinally
on the specimen plate, one at the center and two at the edges, to measure the bending strains; and a
fourth gage was mounted in the width direction at the center of the specimen plate to measure the
transverse strain. The gages were mounted at analogous locations (i.c., scaled locations in each
soecimen scale). The sizes of the stiffener gages and the two longitudinai gages at the plate edge
were scaled with the specimen size. The transverse and longitudinal gages at the plate center were
the same size for all experiments. The welding distortion of the specimen was assessed
semiquantitatively before each experiment by tracing the specimen contour.

Data Reduction
The objective of the static fracture experiments was to establish the load and load-deflection
point at which fracture occurred in the three specimen sizes. For reasons that will become obvious
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later, we focused our study on crack initiation. Therefore, an imporiant aspect of the experiments
was the detection of fraciure onset in the welded joint. As discussed below, fracture always began
on either side of the stiffener in the heat-affected zone of the specimen plate and the crack
propagated through the plate, more or less parallel to the short transverse direction (Figures B-4
and B-15). We applied two complementary methods to identify fracture initiation.

In the first method we monitored the change in the acoustic emission signal as a function of
applied specimen displacement. The second method is illustrated in Figure B-4 and relies on
posttest measurements of the deformed specimen shape. Before crack initiation, the specimen
deformation was symmetrical with respect to the stiffener plane. However, once fracture began on
one side of the weldment, deformation of the opposite side stopped and all specimen deformation
was concentraied in the region of the crack. The angle opyip on the uncracked side at the end of
the experiment represents the specimen's plastic deformation to the point of crack initiation. If the
specimen elastic compliance Cgp is known (from load-displacement measurement during the
experiment), the total deflection at crack initiation, henceforth termed plastic hinge displacement
dpH. can then easily be estimated from posttest specimien deformation measurements using simple

geometric considerations:
dpy = dpyp + dpHE = S/2 sin(apyp) + Csp FpH (B-1)

where dpyp and dpyg; are the plastic and elastic components of the plastic hinge displacement,
respectively, and Fpy is the load at the onset of fracture. Because, as will be shown below,
fracture began well after a fuliy plastic hinge developed at the toe of the weldment, Fpy can be
appinvimated by the maximum load (or fully plastic load) measured during the experiment.
Alternatively, we can use an iterative process. dpy is estimated first using the yield load; then the
corresponding Fpy is obtained from the load displacement curve, and dpy is recalculated. The
process is repeated until an acceptable convergence is reached.

The asymmetrical nature of the deformation beyond the point of crack initiation makes it
difficult to interpret the load displacement records or to use unloading compliance methods to
monitor crack extension, which is why we focused on crack initiation for the static experiments.
We monitored the load and the cisplacement during crack propagation only to obtain the total
energy and plastic energy inputs for extending the crack to the final arrested length.
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Crack

RA-M-2612-82

Figure B-4. Definition of plastic component of plastic hinge
displacement, dpHp.

B-7




NAVSWC TK 90-360

To compare the experimental results for the various specimen scales, we normalized them
as follows. The load data were multiplied by the factor

Ooad = ——"—= (B-2)

where S is the specimen span between supports, Oy is the yield strength, B is the specimen width,
and H is the specimen thickness (Figure B-1). The specimen displacement data were normalized
simply by dividing by the specimen thickness H. The energy inputs were normalized by the factor
Ocnergy =~ ®-3)
“8Y " 6y B H3
After the experiments, selected specimens were cross-sectioned, polisherl, and etched for

metallographic observations. The crack path and final crack length were. determined from these
observations.

EXPERIMENTAL RESULTS

Load-Displacement Curves

The normalized load-displacement curves for all 14 experiments are shown in Figures B-5
through B-7. In the 1/2-scale test, HY-130 WSTB2-1, the loading fixture interfered wiih the
specimen deflection toward the end of the experiment, slightly reducing the effective span of the
specimen and causing an upward inflection in that part of the load-displacement curve immediately
preceding the load drop associated with fracture (Figure B-7a).During all the experiments, the
onset of fracture was clearly detectable with acoustic emission. A typical acoustic emission record
(the voltage proportional to the event count during a sampling time) is shown in Figure B-8
superimposed on the corresponding load-displacement record for the corresponding 1/4-scale
experiment. Early in the experiment, a relatively high acoustic emission was recorded because the
specimen was positioning itself in the loading fixture. A long quiet period followed the initial
noisy phase. Finally, crack initiation and extension were asscciated with a sudden sustained burst
of the acoustic emission signal. The displacement comresponding to crack initiation, as indicated by
the acoustic emission signal, dAE, was obtained for each experiment from a plot similar to that in
Figure B-8. We also determined the displacement at initiation, dpy, as indicated by the plastic
hinge displacement method.
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Figure B-5. Load detlection curves for 1/8-scale experiments.
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Figure B-5.  Load deflection curves for 1/8-scale experiments (continued).
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Figure B-5.  Load deflection curves for 1/8-scale experiments (concluded).
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Figure B-6. Load detlection curves for 1/4-scale experiments.
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Figure B-7. Load deflection curves for 1/2-scale experiments.
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The correlation beiween the displacemwnts at fracture initiation determined by acoustic
emission, dag, and by the plastic hinge displacement method, dpy, is shown in Figure B-9 for the
three scales studied. Figure B-Y indicates that acoustic emission always detects the onset of
feacture. earlier (i.¢., at smallec imposed specimen displacemends) than the plastic hinge
displacement methed. In later discussions, the dpy value will be used as the displacement value at
crack initiation. In Figures B-5 through B-7, we indicaie dpy by a vertical dashed line and dag by
a vertical arrow.

In all the experiments, the load increased to a maximum value and then gradually decreased
with deformation uniil dpyg was reached. Beyond dpy the decrease in load or softening,
accelerated rapidly as the crack propagated into the plate. The initial softening from the point of
maximum load to dpy was not relaied to fracture but rather was caused by the specimen's great
deformation and the resulting shift in itz point of contact with the rollers. This geometric softening
mechanism was demonstrated by finite clement aralysis (see Appendix D}.

The results of the static fracture experiments are compared in Figure B-10, which plots the
normalized load deflection curve of the specimens with the largest and smallest energy absorption
for each of the three scales. Also plotted in Figure B-10 are the average displacements dpyj at
which macroscopic crack extension began for each specimen scale, aleng with the range of scaiter

in the experimental data.

Seven of the eight 1/8-scale experiments were spread between the two left 1/8-scale curves
in Figure B-9. One 1/8-scale specimen fractured at a much larger displacement than in all the other
experiments (HY-130 WSTB8-1). Therefore, the lozd-deflection curve from that experiment
represetits the reference load-displacement carve for an unfractured specimen with which all the
other load-deflection curves can be compared. The displacement at which the load-displacement
cinve begins to deviate from the reference curve is then another indication of the displacement at
crack initiation. Estimates of the point of crack initiation based on this third method agree well
with the predictions of the plastic hinge methnd.

I the four 1/4-scale experiments, two tests generated almost identical load-deflection
curves with low displacement at crack initiadon, and the other two tests had almost identical curves
with high displacement. These two extremes are indicated in Figure B-10. The two 1/2-scale
experiments produced almos: identical resuits (except for the specimen-fixture interference in one

test), so only nne curve is shown.




NAVSWC TR 90-360

50

dag (mm)

O A i i A n wa
0 10 20 30 40 50 60 70

dpH (mm)

RA-2612.91

Figure B-9. Plot 0/ dag versus dpH.
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Figure B-10. Summary and comparison of results of ihe static fracture experiments.
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From Figures B-5 through B-7 and B-10, we observed that in all the experiments fracture
began well into the fuily plastic domain. The average displacements at fracture initiation for each
of the three scales are similar, and the differences are well within the observed scatter. Fig-
ure B-10 also reveals some differences in the overall shape of the normalized load-displacement
curves. This is particularly true for the 1/2-scale curve, which falls 10 percent below the 1/4- and
1/8-scale curves. This difference in limit load is surprising, because from continuum mechanics
considerations we expect the load-deflection curve for geometrically scaled specimens also to scale
geometrically. Comparing the normalized elastic stiffnesses for the three specimen scales
[normalized by 4EB(H/S)3], we also notice that the 1/2-scale specimens are significantly less stiff
(up to 16%) than the specimens of the oiher two scales. Again, this observation is contrary to the
anticipated scaling behavior.

Plastic E Dissipati
The normalized plastic energy dissipated during the static experiments is plotted in Fig-
ure B-11 for the three scales tested. It increases almost linearly with applied displacement to the
point of crack initiation. The differences in slope among the three scales are due to differences in
the limit load values discussed above. The observed differences in the displacements at crack
initiation resuit in somewkat more important differences in the energy dissipation, on the order of
25 percent of the total energy dissipated. However, these differences are of the same magnitude as
the scatter for the 1/8- and 1/4-scale experiments.

We also evaluated the plastic energy dissipated during crack extension. Without reliable
crack growth measurements, we evaluated the energy dissipated from the point of crack initiation
to the point where the applied load was reduced by crack growth to a normalized value of 0.5
under fixed displacement conditions. For all three scales, the normalized energy dissipation during
the crack growth phase defined above was about 0.8-1, which represents about 20-25 percent of
the total energy dissipated during the test.

Strain Distributi

The strain measurements in the stiffener for each specimen scale are shown in Figure B-12
as a function of the normalized specimen displacement. This figure plots the average of the sum of
the strains on opposite sides of the stiffener, which represents the tensile strain (and is proportional
to the applied load), and the difference, which represents the bending strain. As expected, the
tensile strains are consistent with the load measurement and show similar differences in the
maximum amplitude as a function of specimen scale.
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Figure B-11. Normalized plastic energy dissipation in static fracture experiments.
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Figure B-12. Stiffener tensile and bending strains.
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Figure B-12 also shows thut significant bending strains developed in the stiffener and
varied nonlirearly with displacement during most of the experiments. The variation in bending
strain was quite different in the three specimen scales during most of the experiment but showed a
similar rapid increase toward the end. We believe that the bending of the stiffener was a
consequence of the small specimen warpage, which caused the specimen to rotate around the
weldment axis. The great increase in stiffener bending strain at the end of the test was ass~uaated
with fracture initiation, and the displacement at which it started, agress very well with the plastic
hinge displacement.

Longitudinal strain measurements across the plate width demonstrate that, despite specimen
warpage, the plate bending was uniform. This uniformity is illustrated in Figure B-13, which
plots for each specimen scale the two strain measurements showing the greatest difference as a
function of normalized specimen displacement. Here again, the displacement at vhich thie
longitudinal bending stramn in the plate reached a maximum agrees very well with the plastic hinge
displacement, giving us confidence in our ability to detect crack initiation.

The transverse strain measurements at the mid-width position on the top of the specimen
plate are shown in Figure B-14, which indicates that aithough a state of plane strain might be
anticipated at that location, significant transverse compressive strains were nevertheless induced
curing the experiment. Figure B-14 also shows that the trunsverse strain increased with increasing
specimen scale. Transverse strains resulted from the rotation around the longitudinal direction of
planes normal to the plate width direction. This rotation was induced by the great bending strains
in the longitudinal direction. Thercfore, strictly plane strain conditions are never achieved at the
top of the specimen plate, although they may still prevail on average across ihe plate thickness.
indeed, finite element simulations, (see Appendix D) demonstrate that the load-deflection curve,
calculated on the assumption of plane strain conditions, accurately predicts the experimentally

measured curve.

Erctographic Observations

Figure B-15 shuwe cross sections through fractured weldments of 1/8-, 1/4-, and 1/2-
scale, respectively. The overall appearance and crack shapes are similar for all three scales. A
crack begins in the HAZ. After a few millimeters of extension, the propagatinn path changes radher
abruptiy and the crack extends farther in a direction more or less parallel to the plate normal. More
detailed observations reveal scale-dependent differences in the crack initiation sites in the HAZ. In
the 1/8-scale specimens, cracks began at the toe of the weld metal and cut across the HAZ before
tuening into the basc metal of the specimen plate (Figure B-152a). In the 1/2-scale specimen, cracks
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Figure B-15. Plate longitudinal bending strains.
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Figure B-15.  Cross section of statically fractured specimens showing crack path.
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began at the HAZ/base metal interface at the top of the specimen plate (Figure B-le); they
propagated along the interface for a few millimeters and then also tumed into the base metal. In the
1/4-scale specimens, both types of initiation sites were observed, alternating for collinear crack

segments along the specimen width.

A reconstruction of the crack profiles using metallographic cross sections indicates that
after propagating across the HAZ or along the HAZ/base metal boundary, the first crack stopped
and blunted before restarting and propagating into the base metal. This Lehavior is illustrated in
Figure B-16, where the crack shown in the cross section of Figure B-10a has bzen partly closed in
Figure B-16b to reveal the blunting that occurred at the HAZ/base metal interface.

In the 1/8-scale specimens, the amount of blunting, as measured by the crack opening
displacement, appears to correlate with the plastic hinge displacement dpy (Table B-2). This
correlation suggests that the scatter in the fracture initiat:on results nay be due to variations in the
HAZ properties. Unfortunately, a similar correlation does not extead to the other specimen scales,
and no clear-cut conclusion can be drawn from these data at pre.ent. Nevertheless, the data in
Table B-2 may prove useful in assessing the fracture resistanc: of the HAZ/base metal interface to
provide input for the weldment fracture model.

TABLE B-2. CRACK OPENING DISPLACEMENT DATA FOR ARRESTED CRACK

AT HAZ/BM INTERFACE
Crack Opening Displacement,
0.1 mm Behind Crack Tip lommalized Plastic Hinge
Specimen HY-130 No. ~(um) Dispiacement
WSTBS-. 210-220 3.86
WSTBS-2 125 293
WSTB84 60-70 248
WSTBS-8 <16 2.92
WSTB4-0 200 2.68
WSTB4-2 60-70 3.31
WSTB2-2 460470 2.46

DISCUSSICN

Before discussing the scaling rule for the fracture of HY-130 steel weldments suggested by
the results of the static fracture experiments, we will focus or: four individual aspects of the results
and their impact on our overall conclusions: (1) detecting crack initiation, () the effect of warpage
and the implication of the strain measurement results, (3} the discrepancy in the fully plastic Ioad
values, and (4) the scatter in the data.
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Detectine Crack Initiati

We used two methods to establish fracture initiation in the experiments: acoustic emission
measurements and the plastic hinge displacement method. Figure B-9 indicates that acoustic
emission always detects the onset of fracture earlier than the plastic hinge displacement method.
This finding is not surprising, because acoustic emission records the stress waves emitted by the
formation of individual microfractures, whereas the plastic hinge displacement is associated with
the formation of a macroscopic crack on one side of the weld joirt, which results in termination cf
the deformation on the other side. Therefore, we interpret the acoustic emission signal as
indicative of the onset of inicroscopic fracture, whereas plastic hinge displacement indicates the
onset of macroscopic fracture associated with measurable reductions in structural stiffness.
Because we are concerned with structural rather than microstructural failure, we adopted the plastic
hinge displacement definition of crack initiation.

The consistency of the correlation between the acoustic emission and plastic hinge
displacement methods demonstrates that we have a good method of identifying fracture initiation in
our experiments. Another verification of the method is provided by the measurements of strains
from the instrumented specimens. In a previous section we showed that characteristic changes in
the strain records, which can be explained in terms of the effect of crack iniation, occur at a
displacement that is in good agreement with dpy. Comparing the normalized load-displacement
curves with the reference curve obtained from experiment HY-130 WSTB8-1 provides a third
verification. Here again, the displacement at which the load-displacement curve begins to deviate
from the reference curve is in good agreement with dpy.

By comparing dpy with displacement values obtained by the strain or reference curve meth-
od, we estimate that the uncertainty in the normalized displacement at the point of fracture initiation
is approxiraately + 0.15, or & 5 percent. Therefore, we conclude that our determination of the
point of fracture initiation is reliable. The uncertainty is much smaller than the scatter in the data.

The longitudinal strain measurements performed on three specimen plates (Figure B-13)
indicate that specimen warpage does not significantly affect the uniformity of the bending moment
across the specimen plate. On the other hand, we measured bending strains in the stiffener that
suggested somne asymmetry in the specimen loading. An estimate, based on the measured bending
strains, indicates that the moment in the stiffener never exceeds about 1 percent of the total moment
applied to the weldment. Therefore, slight asymmetry in loading, which may be caused by
specimen warpage or asymme'ry in the weld geometry or the loading fixture, does not significantly
influence the results.

B-29




NAVSWC TR 90-360

The transverse strain measurements (Figure B-14) demonstrate that, despite the great width
of our specimens, a state of plane strain was not achieved at the top surface of the specimen plate.
As might be expected, comparing the 1/8-, 1/4-, and 1/2-scale data shows that the transverse
strains were reduced by a (relative) increase in specimen thickness. The lack of plane strain
conditions in the specimen may somewhat impair our ability to modcl the weldment fracture.
However, the strain measurements were performed about halfw.y between the weldment and the
load application point; the weldment region was significantly more constrained because of the
stiffener. Therefore, we expect a state of stress closer to plane strain at the fracture initiztion point
than at the location of the transverse strain gage.

Discre in Stff i Fully Plastic Load Val
Figure B-10 indicates a significant difference falling below a rcasonable scatter range in the
elastic stiffness, the yield load, and the fuily plastic load for the 1/2-scale specimens compared with
loads for the other two scales. This difference is disturbing, because from condnuum mecharics
considerations we expect identical normalized load-displacement curves from geometrically scaled

specimens.

Comparing the longitudinal strains measured on the plate surfuce, which are a direct
measure of the plastic hinge moment, indicates that the difference in fully plasiic load measured by
the load cell reflects an actual difference in the plastic hinge moment and is not duc to geometric
effects introduced, say, by differences in the cizes of loading fixtures. Effccts associated with
nongrometric scaling of the specimens and differences in the fiow propeities of the material used to
fabricate the various specimen sizes may explain the differences in piastic hinge moment.
Geometric effects may also explain the difference in no:malized stiffness.

In characterizing the weldments, we noticed that the 1/2-scale weldment was relatively
smaller than the others (see Appendix A). From statics considerations we estimated that this size
difference could result in a decrease in stiffness and fully plastic load of up to 4 percent. However,
finite element simulations of the size differences reported in Appendix D did not reveal appreciable
differences in yiéld and fully plastic loads. Another moie important perametei not scaled was the
specimen width. As we mentioned above, the width has a marked influence on the transverse
strain measured on the specimen, suggesting a loss of constraint as the 1elative width of the
specimen is decreased.

Because a loss of consiraint is also associated with a reduction in the fully plastic load, the
thickness differences could explain the observed fully plastic load differences. Departure of the
experimental conditions from the plane strain assumption could also explain the observed
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difference in normalized =lastic stiffness. However, finite clement simulations indicate that the
load-deflection curve calculated using a plane strain assumption accurately predicts the 1/8- and
1,4-scale load-deflection curves. Furthermore, if the thickness differences influenced the stiffness
and the fully plastic ioad, we would anticipate a consistent ranking of the normalized stiffness and
fully plastic load level in the 1/2-, 1/4-, and 1/8-scale specimens (the relative width of the plate
steadily decreased with specimen scale in our experiments), but no such ranking was actually
observed. The 1/4-scale tests had the highest normalized stiffness and fully plastic load, and the
1/2-scale tests had the lowest, with the 1/8-scale tests in the middle. Therefore, the difference (in
normalized thickness) of the three specimen scales alune is an unlikely canse of the discrepancy in

the stiffness and fully plastic load.

Difterences in flow properties owing to different material sources cannot fully explain the
difference in yield and fully plastic loads, because the curves weie scaled by the yield siress and no
differerce in flow stress greater than 4 percent was measured between the thicker and thinner plates
from which specimens were made. (These ditferences were accounted for when plotting Figures
B-7 and B-1C.)

On the basis of these considerations and ic the absence of more definitive answers, we
conclude that the differences between the normalized stiffnesses and the normalized fully plastic
lIoads probably result from the combined influence of the differences in specimen thickness and
weldment size, and slight differences in the flow properties, possibly affecting only the weldment
region (see the hardress maps in Figuies A-14 and A-15 in Appendix A).

Because of the differences in fully plastic loads, some caution will be necessary when
deriving the scaling rules for fracture. If, on the one hand, the load differences are associated with
differences in relative size and yield and flow properties associated with the weldment region only,
then they represent a scaling eftect in themselves. If, on the other hand, the load differences are
due to thickness-induced constraint differcnces, then the state of stress in the crack initiation region
would be different. That eveni in turn would have implications for crack initiation conditons,
because ductile fracture initiation is known to depend on the state of stress. In that respect, the 172~
scale sypecimens would experience a less severe siate of stress thaa the 1/4- or 1/8-scale specimens,
so they would appear more resistant to fracture initiation than if their normalized thickness were

equal to that of the 1/8-scale specimens.

Aside from the differences in the fully plastic loads, which are not statistical, we also
observed a signiticant scatter in the displacement values at the onset of crack initiation. On the
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basis of the available, statistically sparse Gata, it appears thai the scatter increases with decreasing
specimen size, & trend often observed in fracture tcughness or strength testing of materials to
which a weakest-link theory of stwength can be applied. The scatter in the values of dpp amournts
to more than 325 percent of the average value for the 1/8-scale specimens. Comparable scatter is
observed in the energy dissipction data.

The demonstrated reliability of the fracture initiaticn detection method shows that
experimental uncertainties do not contribute significantly to the scatter in the results. Rather, the
scatter is due to the intrinsic scatter in the geometric and material properties of the weldments.
Finite element analysis of weldments with different weld bead geometries (see Appendix D) reveals
that geometric variations could account for up to 25 percent of the scatter in the displacement value
at fracture initiation.

Variability in the strength and fractare properties of the weldment is more difficult to
assess. Qur approach has been to perform simulations using the weldment model discussed in
Appendix D. At present we have not accumulated enough information to make a conclusive
statement abont the impact of weldment properties on the scatter in the fracture results. More
simulations and possibly more detailed experimental characierization of the weldment properties
will be needed.

Weldment fracture is often affecied by residual stresses indaced by the welding process.
However, we do not believe that residual stresses have a significant influgnce on fracture in
HY-120 stecl weldments, because fracture occurs after these weldments have undergone great
plastic defonnation, completely redistributing the residual stress field.

Empirical Scaling Rule

Before deriving an empirical scaling rule for the fracture of HY-130 steel T-weldments on
the basis of results cf the static fracture experiments, we must emphasize at leasi four limitations
that may restrict the rule's validity: (1) The resuits of the static fracture experiments show consid-
erable scatter. (2) The fracture data base is statistically scarce, paiticularly for the 1/2-scale expen-
ments, for which only two tests were performed. (3) The lower fully plastic load for the 1/2-scale
specimens, if caused by a thickness-related conswaint effect, may have influeiced the fracture
behavior, .naking the specimens appear tougher than if their relative width had been equal to that of
the 1/8-scale specimens. Similarly, if strength differences in the weldment region are responsible
for the lower fuily plastic load in the 1/2-scale experimencs, we also expect a slight effect on the
fracture behavior because of the influence of the local flow strength on the stress triaxiality. In the
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following discussion we assume that such a congtraint effect is not significant. (4) We obtained
experimental daza for only three scales, so we have no verification of the behavior at a scale of 1/1.

Bearing in mind these four limitations, the results of the static fracture experiments suggest
that fracture initiation in HY-130 steel welded T-weldments follows geometric scaling. This means
that the normalized displacement and plastic energy dissipation at fracture initiation will be the same
for every specimen scale. This conclusion is justified on the basis of our data if we consider that
the differences in the average dpy and plastic energy dissipation for the three specimen scales fall
well within the scatter for each of the scaies {(except for the 1/2-5cale plastic energy dissipation,
because of the lower fully plastic load).

Comparing the increase in displacement and the energy dissipated in reducing the
normalized load to 0.5 during crack extension further suggests that few scale-induced differences
will occur during the crack propagation phase, particularly when the displacement increment and
the encrgy absorbed during crack propagation are compared with the total displacement and total
fracture energy, respectively. An elastoplastic fracture analysis of crack extension in bend
specimens of three different scales confirms this conclusion (see Appendix D).

The conclusion that fracture in HY-130 steel T-weldments tfollows replica scaling can be
rationalized on the basis of two arguments. First, the experimental results show that the fracture
experiments were dominated by plastic deformation. Hence, the energy dissipated in acti  ly
damaging and eventually fracturing the material is small compared with the overall plastic dissipa-
tion. Therefore, scale-induced differences in the fracture energy are likely to be even smaller and
will be difficult to observe given the scatter in the results. This argument is consistent with an
analysis of fracture scaling under rigid perfectly plastic conditions presented by Atkins,B-1 which
shows that when the structural plastic energy dissipation is larpe compared with the fracture

energy, fracture processes will approximately obey geometric scaling.

The second argument invokes a local fracture criterion to demonstrate that crack initiation in
the bulk of the material (i.e., in material in which no preexisting macrocrack is present) or at blunt
notches should follow geometric scaling. Consider a local fracture criterion consisting of two
conditions. The first, which can be termed the continuum condition, requires that a critical
combination of stress and strair be reached in the material. The second, termed the microstructural
condition, requires that the critical combination be satisfied over a critical distance related to a
characteristic micmostructural dimension. This type of criterion has often been discussed in the
literatuxe, for both cleavage fractureB-2.B-3 and ductile void growth fracture.B-3.8-4

When the criterion is applied tc fracture at a blur:t notch, the microstructural condition is
always satisfied because the area of elevated stress and strain in the notch region extends over great
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distances compared with the clxaractcﬁst{c microstructiural dimension. In this situation, fracture is
controlled only by a high enough combination of stresses and strains (the continuum condition),
and the fracture criterion no longer contains a nonscalable material length parameter. Therefore,
the criterion predicts that fracture initiation at a blunt notch or stress concentration will follow
geometric scaling. This situation may be considered equivalent to crack initiation at a welded T-
joint containing no large defects and provides a rationale for our experimental observations that, in
first approximation, fracture initiation follows replica scaling.

On the other hand, the situation is reversed in the case of fracture from a preexisting sharp
crack, where high stresses and strains are always encountered. However, they prevail only over a
limited distance in the crack tip region, which is comparable to the characteristic microstructural
dimension. In this situation the continuum condition is always met, and fracture is controlled by
the microstructural condition of extending the high stress and strain field over a large enough
volume. The fracture ¢riterion now contains a nonscalable length parameter, the characteristic
microstructural dimension, and therefore fracture from a sharp crack will not follow geometric
scaling. This is the situation that would prevail in the wel: :d T-joint once a sharp crack has
begun, and so we expect non-geometric scaling effects during the crack growth phase of fracture.
However, as noted above, these effects may be slight in coinparison with the scatter in the data and
the effect of overall plastic deformation, so they will be difficult to identify.

More experimental verification of the proposed scaling rule is desirable, in particular to
resolve the uncertainty about the fully plastic load in the 1/2-scale experiments. Simulations of the
type described in Appendix D using the weldment fracture model will also provide more accurate
estimates of possible nonscaling effects during crack extension or of nonscaling caused by
differences in material properties in welds of different sizes.

SUMMARY AND CONCLUSIONS

We developed a static test to establish the morphology of fracture in HY-130 steel T-
weldments. In particular we demonstrated that the beginning of a macroscopic crack can be
determined teliably and unambiguously. Fracture of 1/8-, 1/4- and 1/2-scale weldments showed
essentially the same morphology. On the basis of the experimental results, we conclude that, in
first approximation, the load displacement at fracture initiation in specimens of different scales is
governed by geometric scaling. Moreover, the normalized total energy dissipated during crack
extension is essentially the same for all three specimen scales investigated. We therefore conclude
that, in first approximation, geometric scaling may also govern the conditions for crack
propagation.
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APPENDIX C

DYNAMIC FRACTURE EXPERIMENTS

INTRODUCTION

The dynamic fracture experiments were performed to verify that the empirical scaling rule
derived on the basis of the static fracture experiments is also valid under dynamic loading
conditions and for a specimen configuration more accurately simulating the ring-stiffened cylinder
configuration of interest 10 the Naval Surface Warfare Center (NAVSWC). This appendix first
describes the test configuration, the instrumentation, and the method of analyzing the experiments.
We then present the results of ten dynamic fracture experiments (six 1/4- and four 1/8-scale) and
discuss the scaling rule inferred from these results.

EXPERIMENTAL PROCEDURE
Experimental Configuration and Specimen Geometry

In the dynamic fracture experiments we achieved high strain rates by loading the specimen
with sheet explosive. This method built on the experience previously gained at David Taylor
Research Center with a modified explosive tear test.C-}C-2 The test configuration was based on an
original design proposed by Mr. W. W. McDonald (NAVSWC, White Oak Laboratory) and
Dr. D. W. Nicholson (NAVSWC consultant, Stevens Institute of Technology, Hoboken, NJ).
The specimen for the dyramic fracture experiments consisted of a slotted base plate with two
symmetrically positioned welded stiffeners (Figure C-1a). The dimensions for a 1/4-scale
specimen are indicated 1. Figure C-1b. The schematic of the loading arrangement is shown in
Figure C-2a and a 1/4-scale specimen mounted in the loading fixture is shown in Figure C-2b.
Each stiffener was rigidly attached to an independent E-shaped yoke with a cover plate and
shoulder boits. The specimen plate was bolted to a steel die, which in turn was rigidly attached to
a base plate. The two yokes also rested on the base plate and surrounded the specimen plate and
the die. The yokes could be tilted, and their position relative to each other and to the specimen
could be independently adjusted in three directions.

C-1



NAVSWC TR 90-360

177.8 g
o~ 14
-j ‘“‘r
Through-the- 0 127 0 |
Thickness .. | ' 3
Saw Culs \\ .,.L]‘......_(;‘ss -
. — 127
i' i 1! _.“f}_ :‘.‘”
2| | o=
<+~ B
S 5‘3! i —O-1-_3254
! I s
. v | 35 o=
G © i o g ‘AQ 12.7
O O
{ | ..
| I
I 330.2
(b) Rimensions (in mm) of 1/4-scaie specimen
HP-2612-7A

Figure C-1. Specimen for dynamic fracture experiments.
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Figure C-2.  Loading fixiure for dynamic fracture experiments.
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This freedom of adjustment was achieved by supporting each yoke with four adjustable
jack-bolts and locking the yoke in position with three tie-bolts. The holes in the base plate for the
tie-bolts had enough clearance to permit tilting and some translation of the yoke in the base plane.
This design allowed precise adjustment of the yokes to accommodate any specimen distortion,
particularly that of the stiffener caused by welding. In turn, accommodating welding distortions
prevented prestressing the specimen during installation in the test fixture and permitted vniform
loading of the stiffener during the test.

In the experiment, the center of the specimen plate between the two slots was loaded with
strips of sheet explosive backed by blocks of polymethymethacrylate (PMMA), which increased
the impulse delivered to the plate for a given explosive sheet thickness. The charge design and the
details of the arrangement used in the experiments are discussed below. With this test
arrangement, only the center portion of the specimen plate was significantly deformed during the
experiments, whereas the portion supported by the die acted as a reaction frame, inducing
membrane stresses in the plate. Membrane stresses represented a major difference in the loading
mode of the dynamic fracture specimens compared with that of the static fracture specimens.

We constructed fixtures to load specimens corresponding to 1/4- and 1/8-scale of the full-
scale structural element of interest. We also fabricated six 1/4- and four 1/8-scale specimens.
Table C-1 summarizes the welding parameters used to fabricate the dynamic fracture specimens.

The 1/4-scale specimens were used to establish the loading conditions nceded for fracture
initiation and full fracture of the piate and to verify the reproducibility of the test conditions. The
1/8- and 1/4-scale dynamic fracture experiments confirmed the scaling rule derived from the static

fracture experiments.

TABLE C-1. WELDING CONDITIONE FOR DYNAMIC FRACTURE EXPERIMENTS
(GTAW PROCESS, 100S WELD WIRE)

Specimen Scale 1/8 1/4

Weld wire diameter 1.5 mm 1.5 mm
Amperage 150-160 A 150-165 A
Voitage 18-19 v 18-20V
Protective environment argon argon

Preheat temperature 65°C 69-90°C
Interpass temperature 65-120°C 65-120°C
Number of passcs 1 scaler + 2 each side 1 sealer + 3 each side,

alternating side of deposition
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Explosive Charge Desi

To achieve appropriate loading of the dynamic fracture specimens using sheet explosive,
we performed a series of numerical simulations and a preliminary explosive test.

To gaide our choice of sheet explosive thickness and tamping material, we performed one-
dimensional calculations using the SRI PUFF 8 coce.*C-3 Another objective of these calculations
was tc demonstrate that sclid tamper materials could adequately simulate the effect of water
overburden in underwater explosions and that, for the sake of convenience, solid tampers could be
substituted for water in the explosive fracture experiments.

We performed three calculations simulating a 12.7-mm-thick steel plate loaded by
detonating a 5.08-mm-thick sheet of explosive with 50.8-mm-thick tamping. The specific energy
for the explosive was 5.8 MJ/kg and the density 1.0 kg/m3. The tamping material was water,
PMMA, or steel. We alsc pe formed two simulations with prescribed boundary conditions at the
surface of the explosive to obtain limits on the achievable impulse; in one simulation we prescribed
a free boundary condition (an approximation for air as tamping material) to obtain a lower limit,
and in the other case we prescribed a rigid boundary condition to obtain an upper limit. Because
we used an approximate equation of state for the explosive gases, the resuits of the simulations
should be considered approximate estimates, which can be used to evaluate ratios of impulses and

velocities, rather than absolute values.

The results of the simulations are summarized in Figure C-3, which plots the particle
velocity history at mid-thickness in the specimen steel plate. The impulse delivered to the plate at
any given time was proportional to the velocity in Figure C-3. After about 60 s, the plate
velocity remained essentially constant for all cases, and a velocity equal io 80 percent or more of
the final velocity--and hence the total impulse--was already imparted to the plate after 20 us. This
observation suggests that instantancously imposing an initial velocity to the specimen plate may be
a reasonable approximation in simulations of the dynamic experiments.

Figure C-3 also shows that tamping with water, PMMA, or steel increased the total
delivered impulse by factors of 7, 9, or 16, respectively, over the value achievable with air. The
increase was controlled by the density of the tamping material and by the wave speed. The maxi-
mum achievable impulse (rigid boundary condition) was about 22 times that for air. The impuise
value obtained with PMMA was comparable to that obtained with water, so PMMA can be used in
our experiments as a practical simulant for water. Finally, the simulations indicated that plate
velocities of several hundred meters per second could be expected in the explosive experiments.

*PUFF 8 is a Lagrangian finite difference computer program for calculating onc-dimensional stress wave propagation
through solid, liquid, gaseous, and porous materials.
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As a complement to the simulations, we performed a preliminary explosive test to verify
that no spaliing would occur when the steel plate was loaded directly in contact with the sheet
explosive without intermediate tamping material and to demonstrate that no plate shearing would
occur at the edge of the explosive sheet. We loaded a plate of HY-130 steel, 152.4 by 50.8 by
12.7 mm thick with a sheet of DuPcnt Detasheet® D, 101.6 by 50.8 by 2.54 mm thick tamped
with two cubes of mild steel with a 50.8-mm edge length. After the experiment we sectioned the
HY-130 steel plate, polished it, and inspected it for spall and shear damage in the zone immediately
beneath the explosive. Careful examination revealed no material damage.

On the basis of the simulation and experimental results, we concluded that sheet explosive
in direct contact with the specimen plate and tamped with PMMA provides adequate dynamic
loading of the specimen to simulate, in first approximation, loads applied to ring-stiffened
structures by underwater explosions.

The actual charge configuration used in the 1/4-scale experiments is shown in Figure C-4.
Dimensions for the 1/8-scale experiments were scaled exactly. Only a central region of the plate,
101.6 x 127 mm, was explcsively loaded. A horizontal sheet of explosive, tamped by two 50.82-
x 127-mm blocks of PMMA, was started along the specimen's axis of symmetry by a vertical line
generator, itself staried by a strip of Detasheet® and a detonator. With this arrangement, the
explosive was started uniformly along the specimen width, and the detonation swept symmetrically
on both sides of the center line toward the stiffeners. In all the experiments we used Detasheet® C
explosive, except for test HY-130 WE4-1, in which we used Detasheet® D. We switched to
Detasheet® C because it is the explosive routinely used at NAVSWC. Detasheet® C contains only
70 percent pentaerythriotol tetranitrate (PETN) while Detasheet® D contains 75 percent. The
properties of these explosives are listed in Table C-2.

TABLE C-2. PROPERTIES OF SHEET EXPLOSIVES

Explosive Type Detasheet® C Detasheet® D
Composition 70% PETN, 75% PETN,
30% inert binder 25% incrt binder
Specific energy, EQ (MJ/kg) 3.40 3.64
Density, r (kg/m3) 1500 1450

We obtained the specific energy value Eq for Detasheet® C from the value for Detasheet®
D, applying a simple rule of mixture:

Eg[Detasheet® CJ = (0.70/0.75)Eo[Detasheet® D)

C-7
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Figure C-4. Explosive charge configuration for dynamic fracture experiments.
Dimensions (mm) for 1/4-scale experiment shown.
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We controlled the amount of deformation induced in each experiment by changing the

thickness of the sheet explosive.

Instrumentation
The purpose of the instrumentation for the dynamic fracture experiments was to provide

{1) data to characterize the loading applied to the specimen, which could serve as input for
numerical simulations; and {2) indications of fracture onset in the specimen.

The instrumentation consisted of sets of contact pins to measure the deflection history at the
plate center, piezo pins to detect the onset of crack initiation, and, in the first three 1/4-scale
experiments, strain gages. The objective or the strain history measurements was to obtain
experimental data for later validation of numerical simulations of the experiments, to provide an
estimate of the strain rates, and possibly to indicate the time at which fracture began or completely
severed the plate from the rest of the specimen.

Figure C-5a shows a schematic of the contact pins used to measure plate deflection
histories. One or two sets of four looped copper strips were mounted in a staggered arrangement
on a polycarbonate base. The sets of pins were then mounted beneath the specimen, along the
center line, with their axis parallel to the stiffener axis (Figure C-6). The height differences
between the apex of each loop as well as the clearance between the bottom of the plate and the top
of the highest loop were carefully measured before the experiments.

During the experiment, a rectangular voltage pulse was gencrated every time the deforming
plate contacted one of the staggered pins, 2 recording of the time of contact. Because we knew the
distance between each pin, we could easily measure the deflection history of the specimen's center
line from the contact time. As shall be seen below, this method yielded very satisfying and reliable
results. The details of the deflection history that could be measured depended on and clearly
increased with the number of contact pins.

A piezo pin consists of a brass rod on which a srnall piezoelectric quartz crystal is mounted. Two
pins were mounted beneath the specimen at the level of the two weldments (Figure C-6). The idea
behind using the piezo pins was that when a crack began at the toe of the stiffener weld and
completely penetrated the plate, the plate would meve rapidly downward and strike the piezo pin.
Upon impact a large piezoclectric voltage pulse would bhe induced, indicating the approximate time
at which full fracture of the plate occurred. This method vequired several adjustments of the pin
orientation before it gave reasonable indications of the tims ~f fracture in the only 1/8-scale
experiment in which complete fracture occurred.

C9
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The first three 1/4-scale experiments were instrumented with strain gages: eight gages in
test HY-130 WE4-1 and six in tests WE4-2 and -3. The position of the gages for the latter two
experiments is indicated in Figure C-6. Four gages were mounted on the stiffeners and two at the
botiom of the plate near the weldments. For test WE4-1, two more gages, facing gages 3 and 6 in
Figure C-6, were mounted on the top of the platc. We tried to protect the gages from the effects of
the explosive blast by covering them with rubber pads and steel shims. We were also careful to
minimize the size of the lead solder joints with the gage contact pads. Unfortunately, despite these
precautions, the sirain gages produced poor records and were abandoned in later experiments.

Data Reduction Procedure

The dynamic fracture experiments were analyzed in two steps. First we analyzed the raw
data from the contact pin to get an estimate of the piate center displacement history and the initial
velocity Vo, then we analyzed the available strain gage and piezo pin data. The raw deflection
history data were then reanalyzed to improve the accuracy and consistency of the results and of the
estimates of the initial velfocity.

Reducing of Raw Data. The principal piece of data analyzed in the experiments was the
deflection history record for the plate center, obtained from the contact pins. From the measured
pin-plate spacing and the contact time for the different pins, we obtained the discrete points (up to
eight) of the deflection history. By fitting a polynomial through these raw data points and differ-
catiating, we could then estimate the initial velocity Vg at the plate center. We found that a second-
order polynomial fit most of the data points with a good degree of accuracy (see Results section).

In some cases, irdividual contact times yielded data points of the displacement history that
deviated significantly from the general trend, indicating an erroneous contact, possibly caused by
the ionized explosive gases or flying debris. This deviation was more prevalent for contact times
late in the experiment. These obviously erroneous data points were eliminated from the data set
used for fitting the displacement history curves. As a result, there is an uncertainty about the late
times defiection history predicted by the second-order polynomial fit to the raw displacement
nistory data. This uncertainty applies particularly to the predicted maximurn plate center deflection
(dmax)raw fit and the time (tmax)raw fic at which that deflection was reached.

After the experiments, we inspected the specimens to establish whether fracture began and
measured the final plastic deflection at the center to the specimen plate, which often did not agree
with the maximum deflection predicied by the polynomial fit to the raw data. Therefore, we used
the plate center plastic deflection measured after the experiment to improve the polynomial fit of the
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Figure C-6. Position of instrumentation for dynamic fracture experiments.
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experimental deflection history and to obtain more consistent velocity data. For specimens that
fractured completely, we measured the center deflection from a reconstruction of the specimen.

In an approach analogous to that used in evaluating the static fracture experiments, we
interpreted the posttest deflection values of the partially or completely fractured specimens as the
deflection "at fracture.” However, the precise stage of fracture corresponding to these deflections
is not known. Strain gage records, when available, were analyzed to evaluate the type and level of
deformation in the specimen, but little useful information was obtained from this analysis.

Normalizing Procedure. In the dynamic fracture experiments described here, we inde-
pendently varied the spe.cimen scale (1/4- and 1/8-scale), the specific explosive energy (Detasheet®
D and C) and thickness (1-3 mm), and the tamping material thickness (25.4 and 50.8 mm).
Eventually we will also vary the material tested (HY-130 steel, titanium alloys).

To analyze the structural (continuum) response of the specimens in a meaningful way, we
had to normalize the experimental results to account for the differences in size, explosive specific
energy and thickness, tamping material density and thickness, and specimen material properties. A
normalization procedure that appears to account correctly for the parameter variations ¢an be
derived in the following way.

First, we consider the shape of the center deflection histories for the explosively loaded
specimens and assume that no fracture occurred. Let the maximal deflection at the plate center line
be dmax and the time at which this deflection is reached be tmay, as illustrated in Figure C-7a. We
propose to normalize the experimental results using dmax and tmax. As mentioned above and
demonstrated in the next section, a second-order polynomial provides a good fit tc the experimental
data, suggesting that (1) a simple rigid-perfectly plastic hinge model can appropriately describe the
motion of the plate center line, and (2) the plate center line undergoes uniform deceleration until
dmax is reached. We use these two assumptions to express dmax and tmax as functions of specimen
yield strength Gy, density pp, length Ly, thickness hy, and initial plate velocity Vo. Then,
assuming the simple model of Figure C-7b and equating the initial kinetic energy of the plate to the
work done in the plastic hinge yield the expressions for dmax

2
LpZPpy 2 (C-1)

d ~
max hp Gy

Similarly, the angular momentum equation yields the expression for tmax:

 Ly?
tmax ~ - p” Pp Vo (C-2)
p Oy
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Figure C-7. Mormalization analysis.

C-14




NAVSWC TR 90-360

The groups of parameters on the right-hand side of Equations (C-1) and (C-2) represent the
appropriate expressions for normalizing the experimzntal deflections and the times, respectively.

The next step is to express the initial velocity Vo as a function of the explosive specific
energy Eo, density pe, and thickness he and of the tamping material density p; and thickness hy.

This relationship can be obtained from a simple approximate analysis? and is given by

- 3 12
V. = \/ZE
h 2;1’—2 + 1 h 2;1343 + 1
1+3 .}E’_p_P_ - _._l;@BE_ + [1 + 3 htpt) hepc
ePe P 1 ePe 5 P,
L. thC thC -l
(C-3)

In Equation (C-3), o is an undetermined coefficient relating the proportion of the specific
energy converted to kinetic energy of the plate to the tota! specific energy of the explosive. We
later determined the value of a by fitting Equation (C-3) to the experimentally determined initial

velocities.

Combining Equation (C-3) with the right-hand side of Equations (C-1) and (C-2) yields
normalizing quantities for the experimental deflection and time, respectively, that include the
influence of size, specimen material properties, and explosive and taniping material characteristics.
This normalization procedure was used when comparing the structural responses of the specimens.

From Equations (C-1) through (C-3) we can draw other conclusions regarding the
dependence of the initial plate center velocity and the maximum plate center deflection on test
parameters. A plot of Equation (C-3) suggests that V varies with the square root of the explosive
thickness. This idea is illustrated in Figure C-8, which plots Vg for the geometric and material
parameters corresponding to our experiments with Detasheet® C and D and for a value of o of

0.645. The resulting curve is fitted almost exactly by the equation
Vo = 453.28 (he/hp) 12 (C-4)
Therefore, combining Equations (C-1) and (C-4) also suggests that the maximum plate

center deflection normalized by the specimen plate thickness should vary linearly with the explo-
sive thickness normalized by the plate thickness. Experimental evidence for this conclusion will be
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presented in the next section, and we use the linear relationship between explosive thickness and
maximum center plate deflection in an improved analysis of the defiection history data.

To derive fracture scaling rules, we simply nurmalize the explosive thickness and the
deflections by the specimen plate thickness.

Improvesd Data Reduction Procedure. As will become apparent from the experimental

results, the maximum deflection predicted by the second-order polynomial fit to the raw
experimental deflection history data does not agree with the estimate of the maximum deflection
based on posttest measurements of the specimens. To remove this inconsistency and to improve
the accuracy of the initial velocity data derived from the polynomial fits, we include the final
deflection of the specimen (measured after the test) in data used to fit the second-order polynomial.
The procedure involved the following steps.

1. We estimated the maximum plate center deflections reached during the experiments
(dmax)exp by combining the final plate center deflections measured after the experi-
ments with an estimate of the elastic springback of the plate obtained from a two-
dimensional dynamic finite clement analysis of the explosive experiments (see below
and Appendix D). Here, only the experiments with incipient or no fracture were
considered.

2.  We generated a li:ear regression for the normalized maximum deflection as a function
of normalized explosive thickness from the (dmax)exp/hp-he/hp experimental data. On
the basis of this linear regression, we estimated the maximum deflection that the
fractured specimens would have experienced if fracture had not occurred.

3. Foreach experiment, we performed a new second-order polyncmial fit to the raw
experimental data augmented by the point consisting of (dmax)exp and (tmax)raw fit»
where (tmax)raw fit Tepresents the time of maximum deflection predicted by the
polynomial fit to the raw data.

4. From the polynomial fit to the augmented data set we calculated a new time of
maximum deflection (tmax)fit 1 and compared it with (tmax)raw fit- If the difference
between the two maximum times exceeded 5 percent, we performed another poly-
nomial fit to the raw data augmented by the point (dmax)exps (tmax)fit 1. This iterative
procedure vsas repeated until the difference between the times of maximum deflection
calcuiated from successive polynomial fits was less than 5 percent. In general, two
iterations were enough.

5. We checked the consistency of ths deflection histories generated by the improved data
reduction procedure, then compared the deflection histories for specimens loaded
with increasingly thicker sheet explosive and verified that they yielded increasingly
higher initial velocity and larger maximum deflection, consistent with Equations (C-1)
through (C-4). To further verify the consistency of the experimental data with the
normalization analysis, we evaluated the parameter o in Equation (C-3) by plotting
V0 as predicted by Equation (C-3), with a = 1 versus the value obtained from the
experiments, and performing a linzar regression. We thien compared the predictions
of Equation (C-3) with the fitted value of o for the initial velocity as a function of
explosive thickness with the experimental data. Although this comparison was not an
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indep=ndent check (we had already fitted a to the experimental data), it ensured
consistency among the data reduction procedure, the nomalization analysis, and the
experimental data.

6. The last step of the data reduction procedure consisted of normalizing the experi-
mental data and plotting the normelized deflection histories for all the experiments.

In the Experimental Results section we present for each experiment the raw experimental
data and the results after improved data reduction.

Einite Element Simuiation of Experiments. We performed two-dimensional dynamic finite

element analysis of the dynamic fracture experiments to evaluate the elastic springback deflection at
the plate center in experiments in which no complete fracture occurred and to obtain the strains and
strain rates in the weldment region. The results of these calculations are discussed in more detail in
Appendix D. Here it suffices to mention that the maximum strain rates in the weldment region
were on the order of several thousands per second.

EXPERIMENTAL RESULTS

The results of the dynamic fracture experiments are summarized in Table C-3 and Fig-
ure C-9. Table C-3 lists for each experiment the initial velocities from the raw data fit and the
improved data reduction procedure, the final plate center plastic deflection, the inaximum plate
center deflection, and the corresponding instrumentation and loading conditions. As previously
discussed, the maximum plate center deflection of the specimer was estimated by adding the elastic
component of the deflection, calculated in a dynamic finite element simulation of the experiment
(see Appendix D), to the final plate center plastic deflection measured after the experiment.

The initial velocities listed in Table C-3 were determined by differentiating secornd-order
polynomials fitted to either the raw experimental deflection history data or the augmented
experimental data set (after the improved data reduction procedure).

Figure C-9a plots the deflection histories for the 1/4-scale experiments, along with limit
curves (dashed lines) defining the conditions for fracture initiaticn and complete fracture. Fig-
ure C-9b plots the corresponding data for the 1/8-scale experiments. Below we present the results
of each experiment individually, including photographs of the final specimen deformation and the
plate center deflection history. The figures showing the plate center deflection history also
compare the polynomial fit to the raw data only and that to the augmented data set with posttest
measurements of the maximum deflection.
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/4-Scale [ ic F Experi
The first three 1/4-scale experiments served mainly to test the instrumentation and to

bracket the explosive thicknesses needed to cause incipient or complete specimen fracture. The last
three tests yielded useful fracture data and estabiished their reproducibility,

WE4-1. Specimen HY-130 WE4-1 was instrumented with eight strain gages (four gages
on the stiffencr and four gages on the plate; see Figure C-6) and four contact pins to measure the
plate's deflection history. The specimen was loaded with a sheet of 2.87-mm-thick Detasheet® D
explosive tamped with two FMMA clocks. Our choice of explosive thickness was based on the
results of the static fracture experimenis and the one-dimensional calculations.

Fractures occurred at three locations during the experiment. The plate was completely
severed by a crack that began at ihe ice of one of the stiffener-plate welds; another crack
propagated partly through the plate ax the other stiffencr-plate weld, and the stiffener sheared off at
a 45-degree angle to its tensile axis (Figure C-10). The important {ractographic observation from
this test was that the mode of fracture at the toe of the stiffener-plate weid was the saine as that
observed in the static experiments and in explosive loading of large-scale ring-stiffened structures.

Figure C-11 summarizes the records obtained during the experiment. ‘The velocity pins
performed satisfactorily, as indicated by the well-defined rectangular pulses shown in the tim?
record. The front edge of the rectangular pulses marks the time during which ¢he botton of the
plate was in contact with the pin. From analyzing of the velocity pin data, we obtaine the plate
center deflection history shown as a solid curve in Figure C-12. From the improved polyncmial
fit, we calculated an initial plate center velocity of 224.5 m/s.

From a posttest reconstruction of the plate we esiimated that tul) plate fracture occurred at a
plastic deflection of 22 mm at the specimen center line. The total deflection after adding the elastic
component was 24.1 mm. Introducing this value in Figure C-1Z, we see *hat the last dynamicalls
measured experimental point was recorded after fracture and is therefore questionable.

Four of ihe eight strain gages (gages 2, 3, 7 and 8 produced a record that lasted about
40 ps. At that time all four records showed a wansient valuc. Because the final plastic plate
derlection indicates a fracture time of about 15Q s, it is unlikely that this trarsient was associated
with fracture. Rather, it was probably due to gage faiiure (gages 2, 3, and 8) or to a great increase
in strain, possibly associated with stifiener bending {gage 7). The othe: gages failed less than
20 ps into the experiments; therefore, little useful information was gaiaed from the sirzin gage

records.
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d Figure C-10. Positest specimen detorimation for experimeit HY-130 WE4-1.
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In summary, test HY-130 WE4-1 yielded the following main results:

« We demonstrated that the test design was sound and that the desired type of fracture was
produced.

+ We evaluated the dynamic instrumentation. In particular, we showed that useful
deformation history information can be obtained with simple contact pirs and, on the
other hand, that strain gages may not survive long enough to yield meaningful
information.

« An upper limit for the explosive charge needed to cause fracture was established to be
2.9 mm of Detasheet® D.

WE4-2 and -3. The purpose of these experiments was to estimate the charge needed to
start and only partly propagate a crack through the spccimcn plate. The specimens were loaded
with 1.09- and 1.63-mm-thick Detasheet® C, respectively. Both specimens were instrumented
with six strain gages and two sets of contact pins, for a total of eight pins and two piezo pins. The
locations of the gages were the same as those in test HY-130 WE4-1, except that the two gages at
the top of the plate were omitted (Figure C-6). In an attempt to improve the performance of the
strain gages, we protected them with more rubber pads and steel shims.

Because of the small explosive charge, neither specimen fractured during the experiments.
The posttest deformation of the two specimens is compared in Figure C-13. The piate center
deflection histories for the experiments are shown in Figure C-14. The estimated initiai velocities
for specimens HY-130 WE4-2 and -3 were 114.6 and 142.3 m/s, respectively. The resulting final
plastic deflections were 9.8 and 15.2 mm, respectively, and the maximum deflections were
approximately 12.6 and 17.6 mm. During the posttest inspection of the specimens, we noticed that
the frame part of the plate was bowed and that the plate deflected significantly (1-2 mm)
immediately beneath the stiffoners. Because the specimens did not fracture, the piezc pins did not
nroduce any meaningful signal during the experiments.

Of the total of 12 stiiin gages fielded in the two experimerts, orly three, all on the siiffener
exteriors, yielded strain records exceeding 50 ps. All the other gages failed early in the experi-
ments. Figure C-15 shows the three successful strain records obtained. Figures C-15a and ¢ |
show strain histories at identical cenier locations on the stiffener exterior in tests HY-130 WE4-2
and -3, respectiv.:ly. The overall strain histories were similar during the first 200 ps or so,
although they differed in the details of the recorded oscillations. At later times, even the overall
aspect of the two curves uiffered.
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(a) HY-130 WE4-2

(b) HY-130 WE4-3

RP-2612-105

Figure C-13. Comparison of posttest specimen deformation for experimenis
HY-130 WE4-2 and -3.
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Figure C-15. Useful histories recorded on stiffener exterior
during explosive experiments.
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Strains well above the uniaxial yield strain of about 0.4 percent were reached during the
carlier part of the experiments. Figure C-15b shows the strain history for the second stiffener in
specimen HY-130 WE4-3. The vertical position of the gage from which this record was obtained
was about 4 mm higher than that of the gage from which the record in Figure C-15¢ was obtained.
Comparing the two strain histories indicates that the difference in position resulted in great
differences in the strain histories. This difference was caused by the development of a plastic
hinge in the stiffener; the strain history in Figure C-15b was measured closer to the plastic hinge
than that in Figure C-15c¢.

Figure C-16 shows the early strain history recorded with two strain gages positioned at
opposite locations on the inside and outside of the same stiffener in test HY-130 WE4-3. In first
approximation, the two histories are symmetrical with respect to the time axis, implying that at the
beginning of the experiment, the stiffener was loaded mainly in bending.

Besides providing some sirain gage information on specimen deformation, tests HY-130
WEA-2 and -3 yielded deflection information that combined with the deflection at fracture estimated
from test WE4-1, helped us to bracket the loading conditions needed to cause partial fracture in the

next two experiments.

WE4-4 aud -5. We selected Detasheet® C thickness for tests HY-130 WE4-4 and -5 to
induce partial fracture in the specimens, both of which were tested with the same charge thickness
of 2.54 mm to demonstrate the reproducibility of the results and instrumented with only contact
pins and piezo pins.

As we anticipated from the previous test results, cracks began in each: experiment, and we
observed partial penetration of the plate at the root of both stiffener welds. The posttest
deformation of the specimens (Figure C-17a), the extent of cracking (Figure C-17b), the deflection
histories (Figure C-18), and the initial plate center velocities (187.1 and 192 m/s, respectively)
were almost identical for these two experimenis. The good reproducibility of the results is
demonstrated in Figure C-17, which compares the deformed specimens after the experiments. The
final plastic deflections of the plate centers were 22.1 and 21.4 mm, respectively, and the
maximum deflections were 24.2 and 23.5 mm. Because the plaies did not fracture completely, the

piezo pins did not produce a record.
From tests HY-130 WE4-4 and -5, we obtained the following results:

 We established the Detasheet® C explosive thickness (2.54 mm) and hence the initial
plate velocity (=190 m/s) needed to induce partial plate fracture .

« The deflection of the plate center at fracture was =24 mm.
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Figure C-16. Comparison of early strain histories on interior and
exterior of stiffener in experiment HY-130 WE4-3.
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HY130WE4-4

HY130WE4-5

(a) Overall view

RP-2612-107

Figure C-17. Comparison of posttest specimen deformation and fracture for
experiments HY-130 WE4-4 and -5.
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{b) Detail view of fracture region
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Cornparison of postiest specimen deformation and fracture for
expenments HY-130 WH4-4 and 5 (concluded). .
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Figure C-18. Plate center deflection htétories for experiments HY-130 WE4-4
and -5.
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» We demonstrated that the dynarnic fracture results are reproducible and that we have
good control of the experimental conditions.

WE4-6. Intest HY-130 WE4-6, we chose the Detasheet® C explosive thickness of
2.98 mm to cause complete specimen fracture. Therefore, this test was a verification of the

results obtained in test WE4-1.

The anticipated fracture behavior was indeed observed in this specimen, which fractured
completely at both weldment locations (Figure C-19). The plate center deflection history is shown
in Figure C-20. The estimated initial velocity was 216.3 m/s. By matching the two pieces of the
specimen after the test, we estimated that the maximum permanent deflection at the plate center was
26.3 mm and the maxiimum deflection at fracture was 28.5 mm. This deflection is very close to the
value of the maximum deflection in Figure C-20, suggesting that the plate had just enough kinetic
energy to drive the cracks through the thickness.

In test HY -130 WE4-6, the piezo pins failed to indicate the time of complete fracture

because of inappropriate positioning with respect to the strongly deflected plate. To resolve this
probleri, we adopted a tilted position for the pins in the 1/8-scale experiments.

From test HY-130 WE4-6, we obtained the following results:

* We established the Detasheet® C explosive thickness (2.98 mm) and hence the initial
plate velocity (=220 m/s) needed to induce complete plate fracture.

» The plate center deflection at fracture was =28.5 mm.

» The results of the test are in good agreement with the results of test HY-130 WE4-1.

1/8-Scale Dynamic Fracture Experiments

We performed four 1/8-scale dynamic fracture experiments. The first two were invalidated
by loading fixture deformation problems encountered during the experiments. The last two
established the conditions for inducing partial and complete fracture in the 1/8-scale. This
information, compared with the corresponding data from the 1/4-scale experiments, provided the
scaling rules for fracture under dynanic loading conditions.

WES-1 and -2. Tests HY-130 WE8-1 and -2 we:e instrumented with eight contact pins
and two piezo pins. The explosive charge thickness for test WE8-1 was 1.36 mm (i.e., almost
exactly half the thickness needed to produce the scaled loading conditions for tests WE4-4 and -5).
Therefore, we expected that these loading conditions would result in partial plate fracture near the
weldment. However, although this scaled explosive charge resulted in significant specimen

deformation, it did not induce fracture.
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(a} Overall view

10 ¢m

ib) Detail view of tracture region.

RP-2612-110

Figure C-19.  Fostiest specimen detorrnation for experiment
HY-13¢ WE4-6.
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Figure C-21a shows the defcomed specimen afwer the experiment. The plate center
deflection hisiory for test HY-130 WEZS-1 1s shown in Figurs C-220. The iniiial velocity was
210.5 m/s, slightiy higher thun that of tests WE4-4 and -5. The permecsne ceflectivr was
11.4 mm, and the maxinum was 12.45 min, consistent with those of tests Wifd-4 and - 5.

Berause no fracture was produced in test HY 130 WE&-! | sve increased the charge
thickness for test WES8-2 to 1.65 mm. This significantly larger charge, compered with those of
tests WE4-4 through -6, produced only limited incipient cracking in one weldment.

Figures C-21b and ¢ show the deformed specimen after the experimeant. The plate center
deflection history for test HY-13C WES-2 is shown in Figure C-22b. The inrtiid velocity was
234.5 m/s, somewhat higher thun taat for test WE4-6. The permianent deflection was 14.2 mm,

and ihe maxin.um was 15.2 mrm.

We could explun ine difference in the {fiacture behavior of the 1/8-scale specinens HY-130
WES-1 and -2, comparcd with the 1/4-scale results, in tennis of deformations and fractures
sustained by the lnading {ixture during the experiinents. Postrest inspection revealed that clamping
regions of fhe specimens vzre more deformed than conresponding regions in the 1/4-scale
experiments. 'Vhe nature and magnitude of these Aefornations are illustrawed in Fignre C-43. he
1/8-scale specimens we.re more deformed than the. 1/4-ycale because the 1/8 -scale tolts used to
clamp the specimens t3 the die were weaker than the !/4-scals tnlts and therefore "wzre more
readily deforined «nd sheared. Several belts acwally fractuied duriag test WES-2,

As a result of the weaker cicmping of the base plate in the 1/8-scals experiments, the
memb. une stresses induced in the specimen were lower at 2 given plasc deflection. Thus, the
loading in the weldn.ent region was i=ss severe, and larger deriections were required to induce
incipient damage in the specimen. To alleviag: thiz protlesn, we rebuiit the yokes of the loading
fixture froia stronger haidened 43406 steel, and in the next experiieris we used stronger, larger
diameter bi:ity to clamp the specimen base plete to the support die.

Alhough they did not produce useful dats to establish a scaling rule for dynwnic faacture of
HY-130 sieel weldnients, tests WES- 1 and -2 clearly illustrated the significant influence of the
clamping ccnditior:s and resu'ting membrane stresses on weldmaat fracture.

WER-2 Test HY-130 WES-3 was performed with the medified loading fixture, “which
guaranteed beiter constraint of the plaie inembrane defermation. The specimen was instrumented
with eight Lontact pins and two inclined piezo pins. We loaded the spe.cimen with 1.63-mm-thick
Detashect® C, the samc thickness &s that used for specimen WE8-2 and in about 11 percent more
than haif the explosive thickness that produced complete fracture in the 1/4-scale specimen WE4-6,
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{c) HY-130 WEB-2, detail
RP-2612-112
Figure C-21. Posttest specimen deformatinn

for experiments HY-130 WEB-1
and -2,
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This experiment induced complete fracture at both stiffener weldments. Figure C-24
shows the specimen after the experiment. The center plate deflection history for specimen HY-130
WES8-3 is shown in Figure C-25. The initial velocity was 234.2 m/s, and the reconstructed plastic
deflection after the experiment was 13.5 mm, almost exactly half the value from the corresponding
1/4-scale test WE4-6. The corresponding total deflection was 14.3 mm.

The time of contact of the specimen plate with the piezo pins indicated that complete
fracture occurred between 66 and 89 s and at a center plate deflection between 11.5 and 14.5 mm.
This latter value was consistent with the estimate of the deflection at fracture based on posttest

measurements.
From test HY-130 WES8-3 we obtained the following significant results:

» With the proper loading fixture strength, we demonstrated that an explosive charge
scaled from a 1/4-scale experiment in which complete fracture occurred also induces

complete fracture in the 1/8-scale experiment.

 The reconstructed maximum deflection of the fractured 1/8-scale specimen plate
norinalized by the plate thickness was almost equal to the normalized deflection
reconstructed for the corresponding fractured 1/4-scale specimen HY-130 WE4-6.
WES-4. Test HY-130 WE8-4 was also performed with the modified loading fixture. The
specimen was instrumented with eight contact pins and two inclined piezo pins and loaded with
1.36-mm-thick Detasheet® C. This thickness was the same as that used for specimen WE8-1 and
about 7 percent more than half the explosive thickness that produced partial fracture in the 1/4-scale
specimens WE4-4 and -5.

In this experiment, partial fracture was induced at the root of both stiffeners. Figure C-26
shows the specimen after the experiment. The plate center deflection history is shown in Fig-
ure C-27 and is similar to that for test HY-130 WES8-1. The initial velocity was 227.4 m/s, which
seems high compared with that for test WE8-1. The measured plastic deflection after the
experiment was 11.6 mm, and the maximum was 12.6 mm, only slightly higher than half the
value from the corresponding 1/4-scale tests WE4-4 and -5.

From test HY-130 WE8-4 we obtained the following significant results:

* With the proper loading fixture strength, we demonstrated that an explosive charge
scaled from a 1/4-scale experiment in which partial fracture occurred also induces partial
fracture in a 1/8-scale experiment.

» The maximum deflection of the partially fractured 1/8-scale specimen plate normalized
by the plate thickness was almost equal to the normalized deflection reconstructed for the
corresponding fractured 1/4-scale specimens HY-130 WE4-4 and -§.
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(a) Overall view

{b) Detail view of fracture region
RP-2612-114 -

Figure C-24. Posttest specimen deformation for experiment HY-130 WES8-3.
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(a) Overall view

(b) Detail view of fracture region
RP-2612-116 -

Figure C-26. Posttest specimen deformation for experirnent HY-130 WE8-4.
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Nommalized Results

We used the normalization parameters defined in Equations (C-1) through (C-3) to
normalize the results of the dynamic fracture experiments. In Equation (C-3) we used a value of
o = (.645 determined from the plot of the experimental Vg versus Vg predicted by Equa-
tion (C-3), with a value of a = 1.0. The regression is shcwn in Figure C-28 and indicates a

reasonably linear fit of the rzlationship between experimental and theoretical V.

The normalized plate center deflection histories for all dynamic fracture experiments on
HY-130 steel weldments are shown in Figure C-29. Figure C-29a shows the data normalized
using the experimentally determined initial plate center velocity in Equations (C-1) and (C-2).
Because the time normalization depends on Vg and the deflection normalization depends on V2,
the normalized deflection histories will be significantly affected by errors in estimating the initial

plate center velocity.

In an attempt to climinate the uricertainty in the value of the initial velocity, we also
normalized the data using Vg calculated from Equation (C-3) with a = 0.645. This approach is
equivalent to normalizing the data directly by the explosive thickness, which is the variable we
control ditectly in the experiments. The re.ults of this second normalization are shown in Fig-
ure C-29b. Normalizing with V from Equation (C-3) yielded significantly smocther normalized
data. InFigure C-29, we have included curve fits to the normalized data for experiments HY-130
WE4-2, -3, and -4 and WES-2.

From Figure C-29 we made the: following observations. The normalized deflection
histories for all the experiments collapsed on the same curve for early times, whereas the histories
for experiments with different initial velocitics tended to diverge at later times. The normalization
with Vg calculated from Equation (C-3) (Figure C-29%) suggests that the normalized data could fall
into two sets. The first set contains tests HY-130 WE4-2 and -2, which were performed at the two
lowest velocities. We fitted a single curve to the rormalized dara from these two experiments
(upper curve in Figure 9 of the report), although it was not clear whether a single curve fit was
appropriate. The second set contains all the other experiments, which were performed at higher
initial plate center velecities. All the data points for this set appear to group around a single curve
(lower curve in Figure 9 of the report) given by the equation

dNORM = -2.4734 x 10 + 0.99973 tiorM - 8.8745 (tNORM)? (C-5)

The implications of these observations for understanding the specimen's structural response arc
discussed in ihe next section.
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DISCUSSION

The discussion in this section first focuses na the analysis metied for ihe dynamic fracture
experimznts and un how accurate and reproducible the results are. We then discuss the implication
of the resulss for scaling HY-13( steel weldmenis under dynamic loading conditions.

Test Analyses

Assessment of the Improved Diata Reduction Procedune. The purpose of the imprauved data
reduction piocedure was to improve the consistency o7 the deflection histories and to guarantee that
the maximum specimen deflection predicted by the polynomial fit to the experimental data matched
the deflection values obtained by posttest measurements of the specimen.

Comparing the deflection histories fov the raw and comrected data demonstrates that a
mouotonic ranking of indtial velogitics, deflecden histories, and maximuin deflections with
explosive thickness was achieved with the improved data reduction procedure. This monetonic
ranking was not achieved when niotting the raw data. dignificant improvements were introduced
in the deflection histories for test HY-130 WE4-6 ana the 1/8-scale experiments. The latter were
affected more by the improved data reduction procedure, suggesting thet the deflection
measuremenys were less reliable in those experiments. This observation is not supsising, because
ihe defiections were two times smaller than those in the 1/4-scale experiments, whereas the
accuracy of the measuremenis remained the same because the measurement system was the same.

The improved data reduction procedure relies on the posttest measuremert of the permanent
deflection and on an estimate of the elastic deflection obtained from finite element simulations. 1n
three cases (tests HY-130 Wi4-2, WE3-1, and WES8-4) the postiest maximum deflection estimates
fell slighily below the maxirmum deflection measured in the experiment. This discrepancy may de
due to the uncertainty either of the expe 'mental measurements or in estimating the elastic
component of the deflection with the finite eleinent analysis, which analysis may underestimate the
actual elastic component of the deilection {see Appendix D).*

Consistency of Experitnental Resubis and Test Analysis. We based our improved reduction
procedure for the experimental data on the analysis and assumptions underlying Equations (C-1)
through (C-3). Itis therefore important to verify that ive tesults of the experiments are indeed
consistent with the analysis and assumptions. The normalized mavimum plate center deflections
measuced in experiments with either no fracture or oaly partial fracture are plotted in Figure C-30

as a function of the nommzlized explosive thickness, along with a linear fit 0 the experimental data.

*For exainple, the boundary <onditions sssumed in the simuiations were probably moie rigid than thosc actually
prevailing at the specimen plate and stiffener edges.
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Ve normalized explosive thickness and deflection by the specimen plate thickness. The figuie
shows that overall, the pradicted lincar relationship between maximum certer plate deflection and
explosive thickness is well borne out by the expenmentat data. However, the experiments
periormed with the smallest expinsive thicknesses (tests HY- 130 WE4-2 and -3) have about

20 percent higl er preasured maximuni deflections than predicied by the linear fit.

Figure C-31 plots the experimental initia! plawe center velocity as a function of tha
normalized explosive thickness, along with the parabolic curve predicted by Equation (C-3), with
o = 0.645. Overall, the experimental data agree well with the predicted velocity, with 4« maximum
deviation ol no more than 13.3 percent (Table C-4)

Although the comparisons of predicted ard measured data are nor a completely indspendent
verification of the correctiness of the analysis {e.g., & was evaluated using the experiinental dac),

theyv neveriheless deracnstrate the consistency of the analysis and the experimental results.

Accuracy of Initial Velocity Estimates. The initial plate center velocity ts an cssential
experimental parameter, because we use this velocity to prescribe the initial conditions in finite
element simulations of the dynmic fracturs experiments. Therefore, it is important to obtain an
estimate of the uncertainty of the values of the initial velocities.

We applied three apprcaches 1n evaluating the uncertainties in the measured velocities. In
the first, we compared the measured and predicted velocities and vsed the difference 1s an estimate
of the uncertainty in the initia! velocity values. As discussed above, this difference was smaller
than =14 percent in all the experiments. In the second approach, we compared the velocity
estimates obtained from the polynomial fits to (1) the raw experimental data and (2) the corected
data (columns 4 1nd S in Table C-3). Taking this difference as an estimate of the uncertainty in the
initial velocity, we conclude that the initial velocities are measured 1o better than =12 percent.

TABLE C-4, COMPARISON OF PREDICTED AND MEASURED INITIAL PLATE CENTER VELOCITIES

HY-130 Specimen No.  V from Eq. (C-3) (m/s) Vg Experimental (m/s) % Deviation from Eq. (C-3)

WE4-1 223.1 224.5 0.7
WEA-2 1322 114.6 13.3
WEA-3 162.2 142.3 122
WEA44 202.7 | 187.1 1.7
WEA-§ 202.7 192.0 5.2
WEA-6 219.6 216.3 1.5
WES-1 209.8 210.5 03
WES-2 231.1 2549 1.7
WES3 231.1 2342 13
WES4 209.8 2274 8.4
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A third and probably better estimate of the unceriainty in initial velocity cun be obtained by
comparing the iniiial velocity for rwo experiments performed with the same thickness of sheet
explosivz. We can perform this compaiison for tests HY-130 WE4-4 and -5, WE8-1 and -4, and
WEs-2 and -3. The difference in velocities for each set of experiments is smaller than § percent .
Therefore, assuming that differences in initial velocity can be attributed entirely to measurement
crrors and not to, say, differences in explosive yield or plate material properties, we estimate that
the initial v=locities are measured to within 8 percent.

On the basis of this estimate, we conclude that the mieasureinent accuracy on the initial
velocity is on the onlder of 210 percent or better.
the preceding discussion, we showed that for a given explosive thickness and specimen scale, the
initial plate center velocities were quite reproducible. Furtherm:ore, tests HY-130 WE4-4 and -5
demonstraie that the specimen deformation and fracture can be faithfully reproduced from test co
test. The results of tests WES-1 and -4 and WES8-2 and -3 indicate that the plate center deflection
histories are also quite reproducibie, although the attachment conditions and the deformation of the
plate edges were different.

The loading arrangement can have a profound influence on fracture onset , if not on the
overail specimen deformation, 2nd we will need to control thera with considerable care in future
experiments. A more quantitative evaluation of these loading fixtwre effects could be faily easily
obtained by performing more dynamic finite element simuiations in which some degree of
compliance is introduced in the plate and stiffener clamping and attachment regions.

Specimen Deformation Responsg. A good understanding of wie specimen deformation
response is important in evaluating the fracture behavior of welaments and planning new

experiments. The normalized center plate deflection histories in Figure C-29 suggest that a singie
normalized curve may describe at least the early part of the specimen deformation history. For later
times the situation is less clear, because we observe at least two groupings of the curves and we
must consider several possibilities.

First, it is possible that for each explosive thickness (or, equivalently, for each initial plate
c=nter velocity) there is a different deformation mode and herce a different normalized plate center
deflection history. According to this interpretation and considering the set of data normalized using
the experimental initial velocity, all the normalized deflection histories would still be well
represented by second-order polynomials, but the normalized maximum deflections wonld
decrease with increasing initial velocity.
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Alternatively, only two deformation modes may be active in the specimens, one for low
initial velocities (tests HY-130 WE4-2 and -3) and one for high initial velocities (all the other
experiments). These two deformation modes might correspond to one regime--at low initial
velocities and for small resulting maximum deflections--where the deceleration of the plate motion
is effected predominantiy by the bending moments, and to a second regime--at higher initial
velocities--where the membrane stresses would be mainly responsible for slowing down ihe plate
motion. This interpretation would account for the agreement of all the curves at small normalized
times, because the early deformation would be controlled mainly by the bending of the plate.

A third possibility is that the difference in the normalized deflection histories for
experiments HY-130 WE4-2 and -3 was due to differences in experimental conditions, such as the
clamping arrangement of the specimen plate and stiffener. Indeed, measurements of the
deformation of the specimens tested in these two experiments indicated that the plate immediately
under the stiffener deflected significantly more (=1 mm) than in other experiments (compare
Figures C-13 anc C-17a). This deflection under the stiffeners suggests that they were not as
rigidly attached to the yokes as in the other experiments.

The finite element simulations of the dynamic fracture experiments (Appendix D) suggest
that the first of these three interpretation may be the correct one. However, more work is needed to
clarify this point. We recommend more detailed posttest measurements of the plate deformations
and additional finite element simulations of the experiments in which we vary the boundary
conditions for the specimen. More experiments with initial velocities lower than 150 m/s may also
provide some clarification.

Overall Evaluation of Dynamic Fracture Experiments. In analyzing and evaluating the

dynamic fracture experiments, we took a somewhat simplistic "one-dimensional” approach,
focusing on the measurement of the plate center deflection. The preceding considerations and the
finite element simulations described in Appendix D indicate that this approach provides a good
description ¢f the experiments, although we still need to clarify some uncertainties about the Jetails
of the specimen deformation. In particular, we measured the plate center initial velocity to within
10 percent or better. Our ability to measure the initial plate center velocity reliably is an important
result because we used this measured velocity s initial condition for the finite element simulations
of the experiments (see Appendix D). Moreover, the normalized deflection histories can guide
selection of the proper Joading conditions for future experiments with other materials or witk
different scales and specimen thicknesses.
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To derive fracture scaling rules from the results of the dynamic experiments we need to
define the fracture events we want to consider and the loading and deformation parameters that lead

to these events.

The dynamic nature of these experiments made monitoring the crack initiation and the
extension phase much more difficult than during the static experiments. Therefore, we chose to
bracket the explosive thickness needed to produce incipient fracture on the one hand and complete
fracture on the other, We then defined the loading conditions in terms of explosive thickness or of
initial plate center velocity, Vo. We relied primarily on post-test observations to estimate the

deflection at which fracture initiated.

In evalnating the fracture scaling rule, we compared the conditions needed to produce
partial fracture in tests HY-130 WE4-4 and -5 to those conditions in test HY-130 WES8-4;
similarly, we compared the conditions to produce complete fracture in tests WE4-1 and, more
important, WE4-6 to those in test WE8-3. The fracture-controlling parameters for these
experiments are compared in Table C-5. The explosive thickness and the deflection “at {racture”
were normalized by the specimen plate thickness. The deflection "at fracture" was obtained from
the posttest measurements by adding an estimate of the elastic comoonent of the deflection.

TABLE C-5. FRACTURE CONTROLLING PARAMETERS FOR EXPERIMENTS
WITH INCIPIENT OR COMPLETE FRACTURE

HY-130 Nommalized  Experimental Initial Normalized
Specimen Explosive Velocity Deflection "at Extent of
No. Thickness (m/s) Fracture” Fracture

WE44 0.2000 187.1 1.90 Partial
WEA-5 0.2000 192 1.85 Partial
WES4 0.2142 2274 (D 1.98 Partial
WEA4-1 0.2421 2245 1.90 Conplete
WIA-6 0.2346 2163 2.24 Complete
WES-3 0.2598 2342 2.25 Complete

With our current understanding of the experiments, it is not possible to establish exactly to
what event in the fracture process the deflection “at fracture” corresponds. Comparing the
deflections for specimens in which partial and complete fracture occurred suggests that the plate
center continues to be plastically deformed even after a crack begins in the weldment region.
Therefore, we cannot identify the reconstructed deflection "at fracture” as that at the beginning of a




NAVSWC TR 90-360

macrocrack in the plate that would fresze deformation elsewhere, as we did in analyzing the static

fracture experiments.

The fracture-controtling parameters are further compared in Figure C-32, which plots the
normalized maximum deflection achieved at the plate center as a function of the normalized
explosive thickness. In this figure we also delineated, using the experimental results, domains
corresponding to partial and complete fracture, respectively. The results in Table C-5 and Fig-
ure C-32 indicate that in first approximation and on the basis of the sparse available data, dynamic
fracture of the 1/8- and 1/4-scale HY-130 steel T-weldments followed replica scaling. Therefore,
the conclusions drawn from the static fracture experiments are substantiated by the dynamic
fracture results, although loading rates and conditions were vastly different.

More experiments to provide verification of this conclusion are desirable, because the
results for partial and complete fracture of the 1/8-scale experiments fall slightly to the right of the
1/4-scale experiments and could indicate a small scaling effect if more data were available.

Comiparing Deflection at Fracture for Dynamic and Staiic Fracture Experiments. In the
static fracture experiments, fracture began at a normalized plate deflection of about 2.5. Table C-5
shows that an upper-limit normalized deflection for the beginning of dy namic fracture is approxi-
mately 1.9 for a specimen half span comparable to that in the static experiments. The difference in
deflectior: is probably due to two factors: (1) the difference in loading mode (berding and shear
only in the static experiments; and bending, shear, and tension in the dynaaic experiments), and
(2) a difference of many orders of magnitude in loading rate. Considering our experience in tests
HY-130 WES-1 and -2, we believe that the former factor is more important in reducing the
cdeflection at fracture. This conclusion is supported by the results of preliminary finite elerient
simulations of the dynamic fracture experiments, which indicate that despite the large difference in
loading rate, estimates of the fracture strains in the weld toe region are consistent with the fracture
strains in the static fracture experiments.

CONCLUSIONS

The results of the dynamic fracture experiments and their analysis demonstrate that we have
developed a reliable testing procedure for investigating the dynamic fracture of T-weldments. We
can measure the initial specimen plate ceiiter velocity to within 10 percent or better. This
information provides adequate initial conditions for a faithful finite element simulation of the
experiments.
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Figure C-32.

Fracture envelope for HY-130 steel weldiments established on
the basis of the dynamic fracture experiments.

(Dashed straight line reprasents predicted maximum deilection in the
absenca of fracture.)
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We also gained a good understanding of the specimen structural response. In particular we
cstablished the dependence of the initial plate center velocity, the maximum deflection on test
parameters such as explosive type and thickness, and specimen and tamping material properties
and dimensions.

With the dynamic fracture test procedure we established with good reliability the range of
explosive thicknesses (or initial velocities) needed to induce partial or complete fraciure. We
demonstrated that the fracture mode produced in the experunents is similar to that observed in the
static fracture experiments and in corresponding large-scale structures. More important, we
demonstrated that, in first approximation, fracture of 1/8- and 1/4-scale HY-130 steel weldments
under dynramic loading follows replica scaling.
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APPENDIX D

MOBELING HY-139 STEEL WELDMENT FRACTURE
AND FINITE ELEMENT SIMULATIONS

INTRODUCTION

This appendix describes the analytical work performed in support of the weldment fracture
experiments and focused primarily on developing and implementing a weldment modet capable of
simulating the fractures observed during the experimental part of the program. We also performed
finite element simulations of th~ dynamic fracture experiments to evaluate the structural response of
the specimen and to calculate the deformation, strain, and strain rates in the weldment during the
experiment. Finally we performed a static elastoplastic analysis of crack growth in HY-130 steel
specimens to estimate the magnitude of nonscaling effects during crack growth and to compare the
energy needed to exiend the crack with that needed for nucleation.

The objectives and intended applications of the weldment model are

To guide the interpretation of the fracture experiments by providing the stress and strain
distributions in the regions where fracture occurred.

To provide a more quantitative evaluation of the crack growth phase of fracture and the
nonscaling effects potentially associated with crack growth.

To provide a theoretical justification and rationale for the empirical scaling rules derived
from the experimental results. A theoretical interpretation of the experimental results is
an essential step in the safe application of the empirical scaling law to full-scale
weldments not experimentally investigated in the present program.

To serve as a basis for generalizing the empirical scaling rules to weldments prepared by
welding processes other than the GTAW process used in this investigation, which may
have different fracture properties.

To guide the choice of an appropriate severity parameter to describe critical fracture
conditions in the Naval Surface Warfare Center (NAVSWC) statistical fracture model.

To provide a tool for investigating statistical effects on weldment fracture,
To aid the design of scale-model experiments using specimens with machined rather than

welded stiffeners, in which geometric scaling of the stiffener-plate joint fracture is
enforced by introducing appropriate stress concentrations.

D-1
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The weldment fracture model developed in this program consists of three parts: (1) a
geometric and strength model of the weldment representing the various regions and strength
gradients observed in the weld characterization task using metallographic cross section (see
Appendix A); (2) a local fracture model that predicts when a small deformed, stressed volume of
weldment material fails and loses its strength; and (3) a finite element discretization of the
weldment incorporating the other two models. In this study, we used the implicit finite element
code NIKE2DD-1 and the explicit finite eleinent code DYNA2DD-2 for simulation of the static and

dynamic fracture experiments.

The objectives of the modeling effort are quite ambitious, and significant developments are
still needed to provide the desired degree of confidence in the weldment fractire model.
Nonetheless, it will be shown below that the model has been developed encugh to demonstrate
clcarly its promising capatilities and usefulness. In the following sections we discuss each part of
the model and presen: the results of initial simulations, with and withcut the local fracture model of

the weldment fracture experiments.

.

WELDMENT FRACTURE MODEL

Model of Weldment Geometry and Strength

We based our model of the weldment geometry on thie metallographic observations reported
in Appendix A (see Figures A-14 through A-16).

The investigation of trial 1/8-, 1/4-, and 1/2-scale GTAW weldments indicates that the
width of the resulting heat-affected zone (HAZ) is more or less constant and independent of weld-
ment scale. The weld bead in the 1/2-scale weld is proportionally smaller than that in the 1/8- or
1/4-scale weldments. The hardness maps also indicate a significant strengih gradient across the
weldments. The HAZ and the weld metal (WM) have a strength up to 20 percent higher and
lower, respectively, than the base metal (BM). The gradient in hardness, and thercfore in strength,
tends io0 increase with decreasing weldment scale.

. Guided by these experimental observations, we propose the simple model for the weldment
illustratec in Figure D-1. We divided the weldment into three regions: the WM, the HAZ, and the
BM. We assumed simple shapes for each weldment region and synimetry around the stiffener
axis. We characterized the geometry and dimensions of each region with the parameters indicated
in Figure D-1. In particular, we kept tjjaz, the thickness of the HAZ constant, consistent with the
metallographic observations. This constant tyaz is a nonscaling pararicter that may introduce
nonscaling effects in simulations of the weldment fracture. The height, Hwa, and the angle 6, of

D2
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Figure D-1. Model of weldment geometry and strength.
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the weld bead, are two other impertant parameters that can be vinied 1o reflect observed differences
in the weld bead geornetry, emong spechinens of either the same scake or differant scales.

Diflerent material properties can theu de assigned o euch ¢f the three material regions. In
first approximation, we assumed homogencous and isotropic material poperties within each
region. Howevesy, it would be relatively casy to subdivide each region into smaller zones 10
introditce gradients in material properties within each zone and honce model 1naie closely the aciaal
weldments.D-3 We assigned io the HAZ a stress-strain curve equal 1o that of the B miultiplied by
afactor of 1.2. Simiiariy, we assigned to the WM a stress-strain curve equal to gat of the ’M
multiplied by a factor of 0.8. We also varied the fracture propeities of the weldment regions by
changing parameters in the local fracture model, as discussed below.

Local Frasturg Model

A souwnd weldment does not, in principle, contain a single large macroscopic crack.
Therefore, yracture mechanics theories such as linear elastic fracture mechanics (LEFM), based on
the swress-intensity factor concept, and elastoplastic fracture mechanics (EPEM), based cn the J-
integral concept, are not suitable for making frecture predictions in weldments. Rather, one must
resort to material damage models or to so-called local fracture models.P4-D-7 {n this research
programi, we adopied what is probably the simplest local fracture criterion still adequate to perform
simulations of the fracture experiments

Fractographic studies have established that in the temperature range corresponding to the
structural applications pertinent to this investigation, HY-130 steel fxils microscopically by the
nucleation, growth, and coalescence of voids (cee Appendix A). This mechanism is also often
called microscopically ductile fracture. A detailed review of the mechanisms governing the kinetics
of microvoid nucleaticn, growth, and coalescence is beyond the scope of this report. It suffices to
mention that at low strain rates, the rate of void growth is controlled by the plastic strain and is also
strongly dependent on the state of stiess, as measured by the ratio of mean stress, O mean. 1©
effective stress, Oegr.” On the basis of these observations, several ductile fracture criteria have
been proposed.D-8.0-9.D-11,D-12

Here, we selected a formulation of the ductile fracture criterion proposed by MudryP-7 on
the basis of observations by MacKenzie et al.P-10 According to this formulavion, failure of a
material element of a characteristic size Rygc occurs once the element has accumulated a critical

* At high strain rates (on the order of 1000 s~/ or more), voids grow Brcdominanﬂy by a stress-controlled viscous
mechanism, and the model presented here may 13ed 10 be modi ied.P-3

D-4
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plastic struin, which is a funclion of the state of stress experienced by the element during straining.
Mathematically, fracture of the element ocurs when

P
D= J.‘,._._%‘....._ =1 over Ky D-1)
€c(Gmean/Ceq) y

where D can be regarded as a nonnalized damage parameter, qu is the equivalent plastic strain, and
Ec{ Smear/Ceg) is the critical failure strain for a given sirain triaxiality Omean/teq.

We can ¢asily show that Equation (I3-1) is consistent with the theoretical analysis of void
growth and with other associated fracture criteria. Rice and Tracey? showed that the growth of
spherical cavities in an infinite body is given by

4

R o cxpG ‘-’%:-“) deb ®-2)

. . . . . *
where R is the current radius of the cavity and a is a numerical constant.

If we assume that void coalescence occurs at a critical value of the normalized void size
{R/R®), then Equation (D-2) is associated with the following fracture criterion:

Ry _ 3 Omean) . P i
Ln(R,.,)c facxp(z — )deq (D-3)

By defining the critical fracture strain €c(Gmean/Ceq) a5

LnR/R*); D-4)

€(Omean,Teq) = 3
a cxp(— Umcan)
O

2

we can recast Equation (D-3) in the same form as Equation (D-1).

We obtain a similar result using a ductile fracture model developed by Curran et al.D-5
Their fracture criterion is based on attaining of a critical void volume, and with the simplest form of
the criterion, fracture occurs in a material element when

*The exact form of Equation (D-2) is only valid for periect plasticity, but it gives a rather good estimate of void
growth in ferritic steels.D-9

D-5
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_Avg ,zj 2 & Omean gp

p
: g
8TNoRY Cg (D-5)

where Av is the critical void volume fraction inciease above the initial void volume fraction, Rg is
the center of the activated void nucleating defect size distribution and Ny is the number of initia)
defects per unit volume. Again, by defining the critical fescture strain £(Gmean/Uey) 25

v Ay 3

SnN ()R_p

Ec(Gmca'n/‘ ch) e
Ay, Simean

Oey (D-6)

we can recast Equation (D-5) in the form of Equation (9-1).

The key to practical applications of Equation (D-1) is to be able to measure €(Oinean/Teg)
experimentally. Typically this is done by performing t2nsile wsts on notched round bars with dif-
ferent notch radii to vary the degree of triaxiality and to measure the effective strain at fracture.D-10
To use this method, we must assume that the triaxiality remains constant during the experiment,
which is not strictly true. Aliernative approaches involve directly measuring In(R/R*):P-13 or
(Av)c.D-S

The local fracture critevion expressed in Equation (D-1) is atiractive for our problem
because of its simplicity and, more important, because the critical failure data as a function of stress
triaxiality have already been measured for HY-130 steel by MacKenzie et al.D-10

Specifying a characteristic material element size Ry is essential for applying the fracture
criterion to situaitons involving steep stress and strain gradients, such as a sharp fatigue crack.
Because of the strain singularity at a crack tip, the condition expressed by Equation (D-1) is
satisfied for any applied load, and fracture would always be predicted unless Equation (D-1) is met
over a certair distance in front of the crack, rather than at a point. Physically, the condition
invclving RMic can be rationalized by arguing that at least one void ahead of the crack must grow
and coalesce with the tip to produce a crack growth increment. Therefore, a critical strain must act
over a distance at least equal to the spacing of the void nucleating inclusions. This argument also
provides an interpretation of the length parameter Rpc in terms of microstructural quantities.

Because the ductile criterion we adopted contains a nonscalable microstructural length
parameter, RMic, the criterion implies non replica scaling effects for fracture. These effects are
discussed in detail by GiovanolaD-14 and are consistent with predictions of linear elastic and

clastoplastic fracture mechanics.

D-6
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Material Farameters for Local Fractur Crirerion and Finite Element Implementation

Material Parameters. To agply the local fracture criterion expressed in Equation (D-1), we
need the experimental failure curve Ec(Tmean/'Ceq) and the length parameter Rpic for the HAZ and
BM regions of the weldment., No data are needed for the WM region, because fractographic
observations demonstrate that no crack propagates through this zone.

As we pointed out above, the fracture strain data are already available for HY-130 steel in
both the longitudinal and transverse otientations (see Figure A-6 in Appendix A) and we
demonstrated experimentally that they are relevant to our material. Without data for the HAZ, we
applied the curve for the BM to the HAZ. We shifted the failure curve for the BM, as shown in
Figure D-2, to reflect the decreased ductility of the HAZ. The amount of the shift is one of the
adjustable parameters and was estimated from a finite element simuiation of the static experiments

discussed below.

Finite Element Formulation of the Local Fracture Criterion. A finite element formulation of

the local fracture criterion was implemented in the finite element code NIKE2D.D-1 The fracture
critevion was developed by modifying - n existing material model in NIKE2D: elastoplastic with
isotropic/kinemati. Liardening (materia) type 3). In this model, postyield response is input by
specifying effective stress, Ocfy, as a function of effective plastic strain, Perr.

D-7
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Figure D-2.  Critical equivalent plastic strain versus stress triaxiality ratio
Umgan/ﬁeq for HY-130 BM and HAZ.
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Figure D-3.  Strain-softening curve assumed for failing material e'ement.
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One important aspect of implementing the local fracture model in a finite element code is
how we simulate element failure once the fracture condition has been achieved. In contrasi to a
more rigorous model (e.g., the Gurson modelP-13 for porous ductile materials), the damage in our
model is not, strictly speaking, coupled to the constitutive equation of the material. In other
words, damage is not a state variable for our constitutive model. Rather, once the condition
expressed by Equation (D-1) is reached in an element, we reduce the strength and mean stress of
this element to zero by multiplying strength and mean stress by a damage function d. The choice
of the function is based more on considerations of stability of the numerical scheme and simplicity
than on those of the physical process of void-induced softening.

The form of d as a function of damage, DD, is shown in Figure D-3. For values of D less
than 1, d equals 1, and the effective stress-effective strain curve is used as input. For values of D
greater than 1, the effective stress and mean stresses are reduced by the damage factor given by

d = cxpla(1-D)] D-7)

where a is a constant that determines how quickly Ocffdecays with increasing values of D. Thus,
the choice of the unloading path for the element is quite arbitrary and can be adjusted to achieve
better numerical stability when simulating crack extension.

The damage parameter D is a function of effective plastic strain and triaxiality of the
loading, Omean/Cecq. In the finite element fonmulation, damage is accumulated in discrete
increments. During each loading step, the increment in damage is calculated by normalizing the
increment in effective plastic strain, AP, by the value of £c(Cmean/Ceq) corresponding to the
given value of Omean/Ocq. The function €:(Cmean/Ocq), based on the experimental data of
MacKenzie et al.D-10 is shown in Figure D-2, and is given by

€c = 0.2(Cmean/Oeq) -1.65 . g (D-8)

for values of Gmean/Ccq between 0 and 1.5. For values of Omean/Oeq between 1.5 and 1.8, arange
for which no experimentai data are available, & varies linearly between the value given by
Equation (D-8) for Omean/Ceq = 1.5 and 0.01. For values of Omean/Oeq greater than 1.8, €;
remains equal to 0.01. For values of Oinean/Ocq Smaller than zero (predominantly compressive
loading), we assume that no damage is accumulated. In Equation (D-8), & is a specified shift in
the critical strain curve accounting for variations in material properties (e.g., embrittlement in the
heat-affected zone). To avoid numerical complications, we imposed minimum and maximum
values on € of 0.01 and 1.0. Damage is accumulated using this algorithm until D reaches the

D-9
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value of §. At that time the value for critical strain, €¢, is stored. Later increments in damage are

calculated by normalizing the increment in plastic strain by €¢1.

In using the ductile local fracture criterion in finite element simulations of the weldment
fracture experiments, we specify the critical distance RMic by specifying the mesh size in the
region where cracking is anticipated. The appropriate value of Rpc can be deiermined by
performing; a fracture experiment using a specimen with a sharp precrack. The fracture experiment
is then simulated with the finite clement code and the local fracture criterion, and the mesh size (and
Rpic) is adjusted to match the experimental results. MudryP-7 points out that for pressure vessel
steels, a value of Ryic = 0.2 mm has yielded good simulation results. Guided by this experience
and to avoid more testing and simulations, we assuined a value of Ry = 0.4 mm in the

preliminary simulations discussed below.

Limitations and Applications of Weldment Fracture Mode]

In this research program we adopted what is probably the simplest local fracture criterion to
model ductile fracture. Furthermor, except for a few verifying tensile experimens, we did not
evaluate the model's material parameters. Rather, we relied on experience, data from the literature,
and some guided engineering estimates for choosing the material parameters.

In particular, the choice of a value for Rmic was quite arbitrary and, for our preliminary
simulations, somewhat coarse. Moreover, the functional form of the damage factor d, was not
based on a physical modeling of the geometric softening associated with void growth in the matrix
material. Rather, we selccted the damage factor functional form to represent a full strength/no
strength behavior of the damaged material, while at the same t'me not compromising the stability of
the numerical simulation. Finally, the geometric and strength modcl of the weldment is also rather
simple because no gradual strength gradients were introduced in any of the three zones.

Nevertheless, the simulation results, shown below, indicate that even in its p::sent
scroewhat rudimentary form, the weldment model can generate useful results in parametric studies
of weldment fracture. In particular, the model can provide a yuantitative estimate of the nonscaling
elfects introduced by non-scaling length parameters, such as the width of the heat-affected zonez or
the microstructural length parameter Rpmic.

One possible limitation of the current model is that it may uot be applicabie to the dynamic
fracture experiments. ¥inite element simulations of the dynamic fracture experiments discussed
below indicateo that the strain rates in the weld toe region reach several thousands per second and
they are likely to be even higher at the tip of the growing crack. At those strain rates, the ductife
growth of voids may no longer be only strain-controlied but may also include a stress-driven
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viszous growth contribution.D-5 Therefore, a modification to the model may he needed to reflect
the difference in void growth mechanisms at high loading rates.

FINITE ELEMENT SIMULATIONS OF FRACTURE EXPERIMENTS

Eipite El Simulati f Static F Bxneri Without Local F
Qbjectives. The objectives of this series of finite element calculations, which do not
include the local fracture model, were (1) to investigate the influence of strength and geometric
variations in the weldment on the load displacement curve and on the stress and strain distributions
in the weld region, (2) to estimate the critical failure strair in the heat affected zone for later use in
conjunction with the local fracture model, and (3) to evaluate the effect of large specimen
deformations cn the load deflection curve recorded in the experiment (geometric softening).

Finite Elemen: Model. We performied the tinite element simulations of the static
experiments with the NIKE2D codeP-! using a plane strain formulation and quadrilateral
isoparametric elements. A typical mesh used for studying the effects of weldment geometry and
strength on the stress and strain fields is shown in Figure D-4. In simulations in which we
assigned different material properties to the HAZ. and the WM, the mesh configuration (HAZ
relative size) modeled a 1/4-scale specimen. Only half the specimen is represented in Figure D-4.
The center line of the specimen is 2 symmeltry line, and the top of the stiffener is constrained in
both the y and z directions. We imposed a displacement at the node corresponding to the contact
point with the support roller.

For all cascs analyzed. we performed elastoplastic simulations using onz or more of the
four stress-strain curves shown in Figure D-5, depending on the simulation.

Effect of Yariations in Weld Geometry. We performed simulations in which we varied the

weld bead angle 8 with respect to the stiffener axis and the weld bead height Hwy. The four
geometric cases considered ave illustrated in Figure D-6. Case 1 represents the baseline case,
Case 2 the proportionally smaller bead height in the 1/2-scale specimens, and Cases 3 and 4 two
extremes in observed variations in bead angle.

Typical contours of equivalent plastic strain and mean stress obtained in the simulations
(for gecmetric case 1 and the stress-strain curve Base Metal 2 in Figure D-5) are plotted in
Figure D-7. The results in Figure D-7 illustrate that the maximum equivalent plastic strain and the
meximum mean stress both occur at the same location in the HAZ--at the specimen surface near the
toe of the weld bead--consistent with the location of fracture initiation in the experiments.
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Figure D-6.  Variations in weldment geometry investigated in finite
element simulations.
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The results of the calculations for Cases 1 through 4, with the stress-stiain curve labe u.d
"Base Me:ul 1" iv. Figure B -5 for all three weldment regions, are compared in Figures D-8 through
D-10. Figures D-8 and D-9 plot the mean stress and the effective plastic strain in the surface
element at the toe of the weld bead as a function of the imposed displacement. Nonnegligible
differences in the effective plastic strain and 1nean stress histories, avise with changes in geome try.

These differences are further illustrated in Figure D-10, which plots the ratio of mean to
equivalent stress as a function of effective plastic strain. The strain/mean stress curve is important
because, as discussed above, the mechanism of ductile fracture in HY-130 steel is a function of
both the imposed plastic strain and the level of triaxial stress. With a view toward evaluating the
material parameter for the local fracture model, we also plotted the measured mean stress/failure
strain envelope for HY-130 steel in the LT and ST orientations.D-10 There is a clear influence of
the bead geometry on the strain/mean stress curve, with the grouping of the results suggesting that
the height of the weld bead rather than the bead angle controls the curve shift.

We can use Figures D-8 through D-10 to assess the effect of geometric variations in the
weldment regions on the fracture test results by assuming that the failure envelope for HY-130
steel in the LT direction applies to the material at the toe of the weld in the base plate HAZ. We
estimate the failure strain for the various weldment geometries from the intersections of the failure
envelope with the calculated strain/mean stress curves in Figure D-10.* We then determine the
corresponding displacements at crack initiation from Figure D-9.

With this procedure, we find that variations in geometry may induce differences of up to
25 percent in the displacement at the onset of fracture in the element at the toe of the weld. A
weldment with a proportionally smaller weld bead appears to experience less severe plastic loading
conditions. This observation may explain some of the scatter in the experiinental fracture
displacement data for the static experiments. On the other hand, we did not observe any
measurable change in the level of the yield and fully plastic loads because of the weld geometry
differences in the simulations.

Effect of Weldment Steength Gradient. The effect of the strength gradient was investigated

by coraparing the simulations labeled "Case 1" and "Case 5." Both cases had the same¢ weldment
geometry (Figure D-6). For Case 1, we performed the simuiation using the Base Metal 1 stress-
strain curve for the whole weldment region. For Case 5, the HAZ was assigned the stress-strain

*This failure criterion is slightly different from that expressed by Equation (D-1) and from the implementation of
that equation in the finite element code: The triaxialily ratio Cmean/Jeq is assumed constant.

D-17
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curve of the base metal shifted up by 20 percent of the yield . iress along the stress axis (curve
labeled HAZ Metal in Figure D-5), and the weld metal was assigned the stress-strain curve of the
base metal shified down by 20 percent of the yiceld stress (curve iabeled Weld Metal in Figure D-5).
These strength differences were based on the maximum hardness differences observed in the weld

characterization.

'The effect of introducing a strength gradient in the ~~eldment is illustrated in Figures D-11
through D-13, which compare the results of the finite element calculations for Cases 5 and 9.

Like Figures D-8 and D-9, Figures D-11 and D-12 plot the mean stress and the effective
plastic strain in the surface clcment at the toe: of the weld beac as a function of the imposed
displacement. Figure D-13, like Figure D-10, piots the ratio of mean to equivalent stress as a
function of effective plastic strain and tne failure curves for HY- 130 steel. Decreasing the strength
of the weld metal wad increacing the strength of the HAZ tends to elevate slightly the mean stress in
the element considered (Figure D-11) and to significantly decrease the plastic strain (Figure D-12).
Because the effective stress is significantly elevated (20%) in Case 5, the resulting plot of the ratio
of mean to equivalant stress as a function of plastii strain fer Case § is significantly below that for

Case 1.

The effect on fracture of a strength differential in the weldment is less straightforward to
evaluate than the effect of geometry, because it is likely, on the basis of metallurgical arguments
and experience, that a change in strength from region to region is also associated with a change in
the failure envelope. If the same failure envelope (¢.g., the curve jor HY-130 steel in the LT
direction) applies for both Cascs 1 and 5, then Figures D-12 ard D-13 indicate that the HAZ with a
higher flow curve would fracture at higher strains and aprlied displacenients. However, if we take
thz average displacement at the onset of fracture (=33 mm) and read the corresponding failure
strain in Figure D-12, we conclude that the nigh-strength HAZ fractures at a lower failure strain
than the low-strength HAZ, while the degree of triaxiali*y is esseri'ially the same. Thus, assuming
the same displacement at fracture for Cases 1 and 5 implies that the stronger HAZ is more brittle
than the softer HAZ, which is more likely than assuming a strength independent failure envelope.

Because the hardness map indicates a significuntly higher strength value for the HAZ and
lower strength for the weld metal, we believe that Case 5 is more representative of the experimental
behavior than Case 1. Using a lower-limit experimental displacement at fracture of about 30 mm
for the 1/4-scale fracture experiments. we estimated the failure strain at 0.28 (Figure D-12) and
construct the corresponding point in the mean stress-strain diagram (Figure D-13). We then
assumed that the failure envelope for the HAZ. could be obtained by simply translating that for
FY-130 steel in the LT orientation through the failure point for Case 5 corresponding to the
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experimental conditons. This procedure resulted in the dashed curve in Figure D-13. Without
more refined estimates, we used this curve as a failure envelope for the HAZ in simulations using

the local fracture criterion.

Ve also repeated the simulations of Cases 1 through 4, using the flow curve labeled "Base
Material 2" in Figure D-5. The objective of these simulations was to investigate the effect of
differences in strain hardening on the stress-and-strain distributions at the toe of th= weld. A
comparison of geomesric Case 1 for the two flow curves is presented in Figures D-14 through
D-16. For a given geometry and applied displacement, higher mean stresses, lower strains, and a
significantly lower strain/mean stress curve are achieved when the hardening of the stress-strain
curve is increased. On the basis of the failure curve fer HY-130 steel in the LT orientation, we
estimated that these differences, resulting from those in the hardening rate, may cause variations in
the displacement to failure of 20-30 percent.

Large Deformations and Geometric Softening. In the static experiments, the load was

applied to the specimen through contacts that were constrained from moving transversely. During
the test, the plate of the specimen deflected very significantly, as iliustrated in Figure B-4 of
Appendix B. In all the static fracture experiments, the load reached a maximum at a normalized
displacement of about 1.5-2.0, then gradually decreased with increasing deflection.

The stress-strain curve for the material hardens moderately after yield, and there is nc
indication of strain softening. Thus, the decrease in load observed in the experiments must be
caused by a combination of specimen cracking and by apparent softening caused by geometric
changes of the specimen-loading fixture arrangement associated with large deformations (geometric
softening). Geometric softening occurs because the imposed displacement is constrained to move
zlong a tixed vertical line so that the point of displacement application slides transversely along the
plate as the deflection increases. This sliding increases the effective moment arm, and a smaller
load is needed to cause a given moment (the fully plastic moment) at the weldment. A simple static
analysis shows that the load drop associated with geometric softening is proportional to the square
of the cosine of the bend angle o (see Figure B-4 in Appendix B).

We performed two finite element simulations to quantify the effect of geometric softening
on ihs specimen response. The mesh for these calculations is shown in Figure D-17a and b. The
stress-sf72in curve labeled "Base Metal 1" was used for all three weldment regions in the two
simulaucns.

For the {irst calculation, a vertical displacement was imposed at a given point on the plate;
this point did not move as the plate deflected (condition 1, Figure D-17c). In the second
calculation, the plate displacement was imposed along a vertical line fixed in space, so that the
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displacement application point moved transversely as the plate deflected (condition 2, Fig-

vre D-17d). The latter situation corresponded to the loading in the experiments. In this calculation
we accomplished the sccond type of boundary condition by introducing a slide line between the
displacement application point and the plate. We assumed no friction along the slide line.

Curves for normalized load as a function of normalized deflection for the two conditions
are shown in Figure D-1&. Both curves show the onset of material yielding near the weld ata
deflection of about 0.4. Up to that point the two cases agree closely. However, for detlections
greater than Q.5 the two curves differ. Without geometric softening, the load continually increases
as the deflection increases. In this case the change in geometry is apparently contributing to the
specimen hardening, along with the material constitutive hardening. At a displacement of 1.0 the
load i about 1.5, and it gradually increases to 2.0 at a displacement of 4.

In the case with geometic softening, the load reaches a peak of about 1.55 ata
displacement of 1.5. Beyond this displacement, the load continually decreases. At a displacement
of 4 the load has droppec to about 1.25. The normalized load deflection curves for the two
displacement boundary conditions are also compared with the experimental curve for 1/4-scale
experiment HY-130 WSTB4-2 in Figure D-18. The curve for condition 2 (geometric softening)
agress very well with the experimental curve. From the comparison, we conclude that much of the
specimen softening observed in the experiments can be artributed to geometric effects caused by

large deformations,

Discussion and Conclusions. The finite element simulations confirm that, as anticipated on
the basis cf the experimental observations, thc most severe straining of the weldment--and, for that
matter, the specimen--occurs at the toe of the weld metal bead in the HAZ. Both the equivalent
plastic strain and the stress triaxiality are maximum at that location.

The parametric study, in which we varied the weldment geometry and the strength
gradients across the welcment, revealed that variaticns in these parameters, consistent with the
results of the weldment characterization task (see Appendix A) can cause significant differences of
25 percent or more in the specimen displacement at fracture initiation (dpy). This finding provides
a possible explanation for the large variations in dpy observed, particularly in the 1/8-scale
experiments. Indeed, the weld characterization study revealed the strongest strength gradients in
the 1/8-scale specimens. Moreover, because the HAZ is proportionally larger in those specimens
than in specimens of the othe~ scales, the fracture behavior of the 1/8-scale weldments will also be
more sensitive to geometric variaiions ia the HAZ.

D-28




NAVSWC TR 90-380

—d

2,5 vvvvwﬁ'111|‘rvvv7lvrv‘v1vvu"‘lﬁ"‘f“t"""‘""v—rﬁ"l"?""

]

-

]

2.0 FE Condition 1 /:
Experiment ]

3 HY-130 WSTB4-2 3
Q15 ok E
o TN
& FE Condition 2 N\ g
N\

1.0 ]

]

.‘

]

05 -

]

]

il s e s sl e s

0 DWW W W)
0 1 2 3
NORMALIZED DISPLACEMENT

N

RA-2612-13¢

Figure D-18. Comparison of the normalized load-defiection curves for the
finite elament simulations with conditions 1 and 2 and with
resulls of experiment HY-130 WSTB4-2.




NAVSWC TR 90-360

From Figures D-12 and D-13, we also conclude that changes in the fracture resistance of
the HAZ, as modeled by a shift in the failure envelope €c(Cmean/Oeq), may have an effect similar in
magnitude to changes in the weldment geometry and strength gradients.

From a structural viewpoint, a simple static analysis, confirmed by finite element
simulations, shows the softening effect caused by large deformations. This geometric seftening
dominates most of the deformation of the HY-130 steel static fracture specimens and should not be
confused with softening introduced by macrocrack nucleation, which cccurs only in the last phase

of the experiment.

A final remark concerns the comparison of the normalized load-deflection curves obtained
from the experiments and from the finite element simulation wih the displacement boundary
condition 2 (Figure D-18). The gcod agreement between the two curves demonstrates that
although significant transverse strains were measured at the top mid-section of the specimen plate
during the experiments (see Appendix B), the fully plastic load for the specimen is predicted
correctly assuming plane strain conditions. Therefore, a plane strain assumption is adequate, at
least for predicting the specimen's structural response.

Finite El Simulation of Static F Experi With Local E Model

Qbjectives. We performed several preliminary sim:ulations of the 1/4-scale static fracture
experiments that included the local ductile fracture model. The general objectives of such simula-
tions have already been discussed in the Introduction to this appendix. The specific objectives of
the simulations were to demonstrate the model's capabilities and to investigate how its various
parameters affect the simulation of weldment fracture. Here we present the results of only one
preliminary simulation to illustrate the model's current capabilities and to point out further
developments still needed.

Finite Element Model. We simulated a 1/4-scale welded specimen by introducing the
appropriate HAZ-thickness-to-plate-thickness ratio (tgaz = 2.4 mm/H = 12.7 mm). The finite
clement mesh used for these simulations was the same as that used for investigating geometric
softening and is illustrated in Figure D-17. For simplicity in the preliminary simulations, we
assumed symmetry along the stiffener axis. In the actual experiments, symmetry is no longer
preserved once a crack develops on one side of the stiffener.

We used a 0.4-mm mesh size in the region of anticipated crack extension. The finite
clement simulation included the support roller and a slide line to account for geometric softening.
We applied the same flow curve (labeled "Base Metal 1" in Figure D-5) to all three regions of the
weldment and used the HAZ failure curve of Figure D-2 for the HAZ and the HY-130 steel LT
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failure curve for the XM region. Once the damage D) reached 1, we reduced the material strength
and the pressure by multiplying them by the damage factor d given by Equation (D-7), with the
coefficient "a" equal to 2.

Simulation Resulis and Comparison with Experiment. The results of the simulation with
the local fracture model are presented in Figures 13-19 through D-21. Figure D-19 shows
isodamege contours in the weldment region at four levels of applied displacement. Regions within
contours with D 2 1 represent regions that fractured. A crack developed at the toe of the weld bead
and gradually propagated through the heat-affected zone and into the base metal. This evolution of
damage is similar to the fractographic observations of the static fracture specimens (see Figure B-
15 in Appendix B). However, the details of the crack path in the simulation are somewhat
different from those in the experimeni.

Figure D-20 presents calculated contours of effective stress and pressure in the cracked
region of the weldment for a normalized displacement of 4. This figure illustrates how deviatoric
and mean stresses are relaxed by developing damage in the weldment and fall to zero in the cracked
region. Figure D-21 compares the calculated and measured load-displacement curves. The results
of the simulction show good qualitative agreement with the experiment. The mode! seems to
predict the beginning of a crack in the heat-affected zone somewhat too early and then to
overpredict the fracture resistance of the base metal. The normalized displacement value at which
the crack reaches the HAZ/BM interface corresponds well with the value of dpy, which we regard
as an indicator of the onset of the first macrocrack.

Discussion and Conclusions. The finite element simulation, including the local fracture
model, of a 1/4-scale static fracture experiment demonstrates that the weldment fracture model is
capable of simulating the formation of a crack in the HAZ and extending it into the base plate.
However, we observed differences between the model predictions and the experimental results
with respect to the crack path and to the displacements at which cracking begins and the load starts
dropping significantly.

The differences between sirnulation and experiment are due to several probable factors:

(1) Although we coarsely simulated the differences in fracture properties among the
various weldnient regions, we did not simulate the strength giadients.

(¢) The experimental failure eavelope for HY-130 steel does not cover triaxiality ratio
greater than 1.2 (see Figure A-6 in Appendix A), and we had (o extrapolate to higher
values to predict damage ahead of the sharp crack.
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Figure D-19. Contours of damage in a simulated 1/4-scale static Iracture
experiment, showing a crack extending through HAZ and into
the specimen plate
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Figure D-20. Contours of effective strass and prassure in the damage
region of the staic fracture specimen ar a normalized
displacement dyon = 4.
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Figure D-21. Comparisnn of load-detlection curve for experiment
HY-130 WE4-2 with calculated curve from finite element
simulation with local fracture model.
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(3) We used a finite element mesh that was still rather coarse (0.4 mm) aud did not reflect
the desired characteristic microstructural size of about 0.2 mm. The crack path in the
simulation showed the influence of the mesh, because it clearly followed the mesh

layout.

(4) Finally, the simulation assumed specimen symmetry along the stiffener axis during
the entire fracture process, whereas in the experiment, cracking eliminated
symmetry. The difference in symmetry conditions certainly strongly affected the
crack propagation phase in the fracture experiment and in the simulation.

If we keep these factors in mind, we believe the fracture simulation resuits presented here
demonstrate the capability of the weldment fracture model developed in this program. The model
appears to capture the correct physics of the weldment fracture with only a few adjustable
parameters, and we are confident that it will meet its objective. Clearly, more work is desirable
before we use the weldment fracture model to evaluate scaling effects or to make fracture
predictions. More detailed modeling of the strength distribution in the weldment should be
introduced, along with a better definition of the fracture properties for each weldment region.
More experimental data for triaxiality ratios greater than 1.2 are needed to model fracture
realistically at the tip of a sharp crack. Finally, a finer mesh will help model the crack tip gradients
more realistically and allow implementation of a non-scaling microstructural dimension.

Objectives. The finite element simulations of the dynamic fracture experiments had several
objectives:

(1) todemonstrate that the velocity data measured during the experiments provided
enough input to model the experiments,

(2) toestimate the strains and strain rates in the weldment region for an initial velocity
range comparable to that covered by the experiments,

(3) tocompare the dynamic with the static data to determine whether modifications to the
local fracture model were necessary for dynamic loading,

(4) toevaluate the specimen response and calculate the elastic components of the
maximum center plate deflections for use with the improved experimental data
reduction procedure (see Appendix C).

Einite Element Model. The simulations of the dynamic fracture experiments were
performed with the DYNA2D two-dimensional finite element codeP-2 using a plane strain
formulation and quadrilateral, isoparametric elements. Because of symmetry, we modeled only
half the specimen; the undeformed mesh is shown in Figure D-22a. To simulate the specimen's
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attachment method in the experiments, we constrained the vertical and horizontal motions of the
regions of the plate and the stiffener indicated in Figure D-22a.

To simulate the effect of the sheet explosive, we imposed the initial velocity profile shown
in Figure D-22b on the center of the specimen plate. Here we assumed that upon detonation of the
explosive, the measured plate center velocity was simultaneously imposed on the plate length
covered by the explosive. That assumption was not strictly true, because it takes about 7 ps for the
detonation to propagate from the starting line (center line of the specimen) to the opposite edge of
the sheet explosive. Moreover, the initial velocity is not reached instantaneously but over a period
of about 20-30 ps. However, because detonation and acceleration timnes are relatively short
compared with the total duration of the experiment, the assumption appeared legitimate, in first
approximation. The triangular velocity distribution in the plate region closest to the stiffener tries
to simulate the effects of the sheet explosive edges, where the detonaiion pressure is immediately
relieved and the impulse imparted to the plate at that location is reduced.

The literature survey presented in Appendix A indicates that the flow properties of HY-130
steel are not rate-sensitive at strain rates up to 103 s'1. Therefore, for the simulation of the dynamic
experiments, we used the static flow curves for HY-130 steel. We assigned to the base metal and
the HAZ the static stress-strain curve labeled Base Metal 1 in Figure D-5 and 10 the weld metal the
curve labeled Weld Metal.

Simulation Results and Comparison with Experiments. The calculated plate center

deflection histories from the finite element simulations are shown in Figure D-23. Asin the
experiments, a second-order polynomial fits the deflection histories well. Table D-1 compares the
calculated maximum deflections with the experimentally ineasured ones and shows that the finite
element simulation tends to overestimate the measured deflections by up to 18 percent. The
overestimate is larger for the two lower initial velocities.

The calculations also tend to underestimate the time at which the maximum deflection is
reached (see Figure C-9 in Appendix C, and Figure D-23). The elastic component of the deflection
that we used to correct the final deflections in the improved experimental data analysis procedure in
Appendix C was obtained from the calculated final and maximum deflections.

Figure D-24 further compares the normalized displacement histories from the finite element
analysis and the experiments. Here we used the norma'ization procedure described in Appendix C
[Equations (C-1) tarough (C-3)]. The finite element results (Figure D-24a) follow the same trend
as the experimental results (Figure D-24b). During the early part of the deflection histories, the
data for all velocities fall on more or less or the same curve. Later, curves for different initial
velocities fan ovt from one another, with ihe difference between curves decreasing with increasing
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Figure D-23. Plate center deflection histories calculated in finite element
simulations of dynamic fracture experiments.
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initial velocities. This behavior is consistent with the experimental observations and indicates that
different deformation modes control the deflection histories, as discussed in Appendix C.

The overall final deformed shape of the specimens measured after the experiments is
compared with the calculated shape in Figure D-25. Although the plate underwent many
oscillations around the final permanent shape after reaching the maximum deflection, the
calculations were terminated before the ringing of the plate had stopped to limit the computational
time. Therefore, the calculated and experimental shapes shown in Figure D-25 correspond to
slightly different phases of the deformation histories. A measure of the differences is given in
Table D-1, which lists the center plate deflections at the time corresponding to the calculated shape
of Figure D-25 and compares them with the final calculated and measured plate center deflections.

Overall, the calculated and measured general shapes of the specimens agree well, except for
the already mentioned differences in maximum deflections, indicated by A in the figure. However,
they differ on some of the details of the deformed shapes. Curvatures are more pronounced in the
calculations, and no deformation occurs beneath the stiffeners. Moreover, at the higher initial
velocities, the calculations show a strain localization developing in the weldment region. A
pronounced localization process is not observed in the experiments, probably because there is
coupling between strain localization and fracture, with the former accelerating the occurrence of the

latter.

The difference in deformation immediately under the stiffener demonstrates the effect of the
boundary conditions. In the calculations, the tops of the stiffeners are constrained in the vertical
and horizontal directions (Figure D-22); such boundary conditions are difficult to achieve
experimentally, and the more compliant stiffener attachment in the experiments allows larger
deflections underneath the stiffeners than in the calculations. The observed differences in curvature
may be due partly to the differences in the times at which the calculated and experimental shapes
arc compared (in the calculation the plate is still moving) or to differences in the initial velocity
distributions in the simulations and the experiments.

Table D-2 gives a summary of the stress and strain conditions in the weldment region at the
location indicated in Figure D-22. Although a more detailed analysis of the data is needed, the
results in Table D-2 indicate that the degree of triaxiality in the dynamic fracture experiments is
comparable to that in the static experiments. Strain rates in the weldment region increase with
increasing initial velocity. Figure D-26 shows typical strain rate histories for initial velocities of
110 m/s and 190 m/s, respectively. Strain rates reach maximum values ranging from about 1800
to 5000 s-! and average values (averaged for one element over the time required to reach the
specimen maximum deflection) ranging from 1800 to 2800 s-1.
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at the toe of the weld bead.
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TABLE D-1, COMPARISON OF CALCULATED AND EXPERIMENTAL MAXIMUM

CENTER PLATE DEFLECTIONS
VOFE  dmaxFE  diing FE  GFEIn Vo dnux dfinal [(dmax)FE-
Simulation Simulation Simulation FigD-25 Experiment Experiment Experient  (Gmax)expl/(dmax)FE
(m/s) {mm) (mm) (mm) (m/s) (mm) (nm) (%)
110 154 12.6 11.1 - -
- - - - 115 126 9.8 18
138 20.2 17.8 174 - -
- - - - 142 176 15.2 13
190 238 21.7 229 - .
- - 192 23.5 22.1 i
230 325 309 31.6 - - .
. - 235 204 284 7

TABLE D-2. STRESS, STRAIN, AND STRAIN RATES IN THE WELDMENT
REGION IN DYNAMIC FRACTURE EXPERIMENTS

EC(EMEAN/ZEFF), (E! EFPAV (EPEFF?MAX
($°4)

Vo M/S)  IMEANZEFE (EPEFOMAX FROM FIGURE D-2 s-H
110 0.78 0.18 0.22 1100 1800
138 0.74 0.255 0.26 1500 900
190 0.71 0.33 0.27 1900 2800

0.67A 0.36A 031A
230 0.64 0.51 0.34 2800 3900
0.63A 0.7A 0.28A 50004

AVALUES FOR PLATE SURFACE HAZ-ELEMENT ADJACENT TO HAZ-BM INTERFACE.

The raaximum strain rezched in the weldment region also increases with initial velocity.
The maximum strains achieved in the HAZ at the top swiface of the plate and the failure strains
from Figure D-2 are compared in Table D-2 and Figure D-27. For Vo equal to 110 m/s, the
maximum strain is well below the failure strain; for Vo equal to 138 m/s, the maximum strain is
comparable to the failure strain; for Vg equal to 190 m/s, the maximum sirain is about 20 percent
higher than the failure strain; and for Vg equal to 230 m/'s, the maximum strain car be more than
twice the failure strain.
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The maximum strain data are consistent with the experimental observations that show
fracture initiation for Vg between 140 and 190 my/s and complete fracture for Vo between 190 and
230 m/s; they are also consistent with the fracture strain estimated in the static fracture experiments.

Discussion and Conelusions. The analysis of the dynamic fracture experiments is not

complete. We expect to gain more insight into the specimen’s structural response by locking at
strain histories at various locations along the plate to determine the fonmation and propagadon of
plastic hinges. Nevertheless, the current analysis demonstrates that the simulation method gives a
good approximation of the actual specimen behavicr and thet the measarement of the plate center
velocity history provides adequate experimental input for the simulations,

Improvements in the model predictions, especially concerning the uverall deformed shape
of the specimen, can be achieved by adjusting the boundary conditions tc. re’lect the plate and
stiffener clamping conditions. This step, an easy modification of the current finite eleinent model,
will involve introducing elements with adjustable stiffness at the boundary locations where plate

and stiffeners are clamped.

The siress-and-strain fields obtained with the simulations indicate that in spite of the
difference in loading mode and strain rate (on the order of several thousands per second in the
dynamic experiments), fracture in the dynamic experiments occurs at strain and triaxiality level
consistent with those in the static exper..nents, suggesting that the strain-based ductile fracture
criterion applied in one type of experiment may also be applicable in tre other. Morz work will be
needed to confirm this conclusion.

ELASTOPLASTIC FRACTURE MECHANICS CALCULATICNS

Introduction

In the static as well as the dynamic fracture experiments, we did not 1nor.iror the crack
extension behavior in detail. Therefore, we cannot quantify possible non-replica scaling effects
associated with crack extension in specimens of different scales, using experimental data alone. To
provide at least a rough estimate of the magnitude of the nonscaling effects that can be anticipatea
during crack extension, we performed an elastoplastic fracture analysis of crack growth in HY-130
steel three-point-bend specimens of different sizes.
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In this analysis we applied the j-integral-based engineering EPFM methodology developed
by Kumar, et al. under contract from the Electric Power Research Institute.D-16 In this approach,
the crack-driving force is expressed in terms of Rice's path-independent J-integral,P-17 and the
material fracture resistance is expressed in terms of the associated J-resistance curve, which is
measured in laboratory expcriments on small specimens (see Figure A-8 in Appendix A for the
J-resistance curve of HY-130 steel). In the engineering EPFM methodology, the applied J
resulting from the loading on the structure is estimated by combining linear elastic solutions and
fully plastic deformation plasticity solutions.

To estimate the difference in crack growth behavior with weldment scale during static
fracture experiments, we simulated elastoplastic crack growth in three HY-130 steel three-point-
bend bars, each with the sarne initial ratio of crack length over specimen width of 0.5. The
geometry of the bend bars comresponds to ihe standard ASTM E813 specimen.D-18 The three bars
were 6.35, 12.7, and 25.4 mm wide, corresponding to the 1/8-, 1/4-, and 1/2-scale experiments
respectively. The stress-strain curve in Figurs A-11 and the J-resistance curve in Figure A-8 were
used as material models for HY -130 steel in the simuiation.

Obvionsly, modeling weldment fracture with that of three-point-bend bars is a very crude
approach, because their geometry and loading are different. Moreover, in the weldment fracture,
the initial crack nucleated in the HAZ prepagates into material that has already undergone extensive
plastic deformation, whereas in the three-point-tend bar simuiaticn, the crack grovws into material
with: only limited plastic deformatior. Despite these strorg limitations, elastoplastic fracture
calculations can provide an order of magnitude estimate of scaling effects during crack growth in
HY-130 sieel

Resuits of EPFM Simulations
The results of the EPFM simulation are presented in Figure D-28, which plots the
normalized load deflection and crack exteinsion for the three bend specimens. The load was

normalized by the parameter

o~

(D-9)

Olloud = — ;
%" 6y B H2

where S, B, and 3 are the span between supports, the width, wad the thickness of the
comesponding weldment fracture specimen, respectively, and oYy is the yield strength. Here we
chose to normalize with thie weldment fracture specimen dinmiensions tc facilitate discussion of the
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results. This choice does not affect the results, because B and H are the same for the three-point-
bend bar and the corresponding weldment specimen, whereas the ratio of the three-point-bend bar
span to the weldment specimen span is 2/7. The displacement and the crack extension have been

normalized by the specimen width H.

In Figure D-28, we indicated the points of crack initiation for each of the three specimen
scales, as well as the points at which each specimen reached the same normalized crack growth
increment of 0.15, for a total crack-depth-to-specimen-width ratio of 0.65. We evaluated the
scaling effect during crack extension by comparing the increase in displacement and the energy
needed to extend the crack by a normalized increment of 0.15. The results are shown in
Table D-3.

An increase in scale by a factor of 4 induced differences in the displacement increments and
energy dissipations of 17 and 33 percent, respectively.

TABLE D-3. ESTIMATE OF NON-GEOMETRIC SCALING EFFECT DURING (.15 NORMALIZED
CRACK GROWTH IN THREE-POINT-BEND BARS (INITIAL CRACK-DEPTH-TO-
SPECIMEN-WIDTH RATIO 0.5, HY-130 STEEL)

MAXIMUM
DIFFERENCE
1/8-SCALE 1/4-SCALE 12-SCALE (%)
Normalized displacement
Increment . 0.062 0.058 0.053 17
Normalized energy dissipation 0.0069 0.006 0.0051 3

Next we compared the normalized displacement increments and energy dissipations to
those at the beginning of a macrocrack in the static weldment fracture experiments (see
Appendix B).* The comparison revealed that the displacement increment to grow the crack is on
the order of only 10 percent of the total displacement at macrocrack initiation. Therefore, non-
geometric scaling effects during crack growth induced differences in displacement amounting to
only a few percentage points of the total. Similarly, the energy dissipation during crack growth is
only a fraction of 1 percent of the total, and the differences introduced by non-geometric scaling
cffect would be even smaller.

*To account for the difference in span between the three-point-vend and the weldment fracture specimens, we
multiplied the normalized displacements in Table D-3 by a factor of 3.5.
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i - | Conclusi

We obtained very crude estimates of non-geometric scaling effects by perfonning an EPFM
analysis of standard three-point-bend specimens. Comparing these estimates with the results of the
weldment static fracture experiments indicated that differences in the displacement increments and
energy dissipations during crack growth caused by nongeometric scaling amounted to only a few
percentage points at most. (n view of the great scaiter in experimental data, it is doubtful that we
could observe the slight differences induced by scaling effects. Therefore, we are justified in
concluding in Appendix B that, in first approximation, there does not appear to be a non-geometric
scaling effect in the criack growth phase of the weldment static fracture experiments.

CONCLUSIONS

Our modeling effort was aimed at providing a better understanding of the factors affecting
the fracture behavior of weldments of different scales by faithfully simulating the structural and
fracture response of the test specimens using finite element analysis and a local fracture model.

Although more work is still needed, the results presented here show that our analytical
effort has met its objectives. We have demonstrated our ability to simulate faithfully the structural
response of the specimens used in both static and dynamic fracture experiments. We have
developed a weldmeit fracture model that incorporates the essential physical parameters governing
ductile fracture of weldments and is capable of predicting initiation and growth of cracks in
weldments of different sizes. Finite element simulations have provided quantitative information on
the critical stress-and-siraia conditions for fracture in the dynamic fracture experiments and on the
effect on fracture of strength and geometric variations in the weldment region. ‘Through analysis,
we have also demonstrated that nonscaling effects during crack growth in HY-130 steel are
negligible compared with the data scatter.

The models and analytical methods we have developed can now help to extrapolate the
empirical scaling rules derived in the present program to larger, nonexperimentally investigated
scales and to define simple: fracture characterizing parameters for welded T-joints. With the correct
material properties, these methods can easily be exterded to analyzing weldment fractures in other
alloys, such as the two tit: nium alloys under investigation in the second phase of the present
project.
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