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ABSTRACT

The ultimate goal of welding technology is to improve the Jomt mtegnty and increase productmty
Over the years, welding has been more of an art than a science, but in the last few decades major
advances have taken place in welding science and technology. With the development of new
methodologies at the crossroads of basic and applied sciences, enormous opportunities and potential
exist to develop a science-based tailoring of composition, structure, and properties of welds with
intelligent control and automation of the welding processes.

1. INTRODUCTION

Worldwide, welding is a multibillion-dollar fabrication technology used extensively in the construction
of buildings and bridges, and in the automotive, aircraft, aerospace, energy, shipbuilding, and
electronic industries. Defects in welds, or poor performance of welds, can lead to catastrophic
failures with costly consequences, including loss of property and life. Perhaps because welding is a
construction technique, it is viewed by many as a primitive science. In the last several decades,
welding has evolved as an interdisciplinary activity requiring synthesis of knowledge from various
disciplines and incorporating the most advanced tools of various basic and applied sciences. Scientists
from diverse disciplines such as arc and plasma physics, thermodynamics, high-temperature chemistry,
materials science, transport phenomena, mathematical modeling, computer science, robotics,
economics, and a variety of engineering fields including mechanical, chemical, and electrical
engineering are currently making new contributions. A series of international conferences' and
other publications** have all covered the issues, current trends and directions in the welding science
and technology. In the last few decades, major progress has been made in (i) understanding physical
processes in welding, (ii) characterization of microstructure and properties, and (iii) intelligent control
and automation of welding. This paper describes some of these developments.
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2. PHYSICAL PROCESSES

During welding, as the heat source interacts with the metal, melting, solidification, and var.ious solid
state transformation occur and these transformations influence the structure and properties of .the
welded product. In the weld pool, metal undergoes vigorous circulation. In non-autogenous welding,
where filler metals are used, additional physical processes add to the complexity of the weld p901
phenomena. The fluid flow and heat transfer affect the size and shape of the.weld pool, the cooling
rate, and the kinetics and the extent of various solid state transformation reactl.ons.‘*n. The weld pool
geometry influences dendrite and grain growth selection procc.esses.‘lz“f The distribution of nitrogen,
oxygen and hydrogen between the weld pool and its su.rfoundlngs §1gn'1ﬁcantly affe.cts the weld metal
composition, microstructure and properties. In addition, vaporization of alloying e.lements, and
transport of elements into and away from the weld pool greatly influence the microstructure,
composition and properties of weld metal.

In recent years, significant progress has been made in understanding how the various physical
processes in the weld pool influence the development of the weld pool, the macro and
microstructures of the welded region and residual stresses. Much of the recent research on the weld
pool phenomena has attempted to gain an understanding of fluid flow and heat transfer in the weld
pool. Significant progress has also been made in understanding both weld pool solidification behavior
and solid state transformations in the weld metal and the heat affected zone and measurement of
residual stresses. It should be noted that a fundamental understanding of some of these topics is still

evolving.

2.1 WELD POOL SHAPE AND PENETRATION

Since the early efforts of heat transfer calculations,'®'” significant advances have been made in the
calculation of weld pool heat transfer and geometry. Mathematical modeling is now commonly used
to simulate the development of weld pool geometry and cooling rate. Most of these models now
address coupled conduction and convection heat transfer problems to predict weld pool geometry and
cooling rate. In many instances, convection plays a critical role in determining the weld penetration,
shape and size. Convection in the weld pool is driven by surface tension, buoyancy, and, when
electric current is used, electromagnetic forces. A critical variable that controls the weld penetration
is the nature and amount of surface active element in the alloy. Recent work has shown that
consideration of a temperature coefficient of surface tension that is dependent on temperature and
composition is important for the calculation of fluid flow in the weld pool and its shape.’®? In
actuality, depending on the interplay between various driving forces mentioned above, the convective
flow can be simple, or more complex with a number of convective cells,’®? as shown in Fig. 1. For
simplicity, most of the earlier models have addressed stationary arc welds with a flat weld pool
surface. In recent years, the models have been refined to incorporate realistic weld pool conditions
such as free deformable weld pool surfaces and moving heat sources. 2%

Mathematical modeling is a powerful tool for understanding the heat transfer, fluid flow and
development of weld pool geometry. However, in view of the complexities of the welding process,
attempts to understand them through numerical simulation must involve concomitant, well-designed
experimental work to validate the models.




22  VAPORIZATION OF ELEMENTS FROM WELD POOL SURFACE
During the interaction of the heat source with the metal, the weld pool sm:face temperatu.res are
much higher than the liquidus temperature of the weld metal. When very high power density p.eat
sources such as lasers and electron beams are used, the temperature can even exceed the boiling
point®? Consequently, pronounced vaporization of alloying elements takes place. Such loss of
elements from the weld pool often results in a change in the composition of the.weld metal and is
a serious problem in the welding of many important engineering alloys.%3 Fxgur.e 2 shows the
change in the manganese concentration during laser welding of various grades of high manganese

steels.®®

DebRoy et al.?*?* have developed a comprehensive model to understand the vaporization of
elements and the composition change of the weld metal. Their procedure allows for the calculation
of both the evaporation and the condensation fluxes based on the application of conservation of mass,
momentum and energy equations to both the liquid and the vapor phases. The model predictions
were compared with experimental results for laser welding of titanium, pure iron and stainless steel.
The experimental data and the model predictions are consistent with one another.

23 SOLUTION OF GASES IN WELD METAL

During welding, hydrogen, nitrogen and oxygen may dissolve in the weld metal to form porosity and
inclusions that may affect weldment properties. During laser welding, the concentrations of hydrogen,
nitrogen and oxygen in the weld metal are affected by the interaction between the weld pool and the
surrounding gas shield environment. Oxygen and nitrogen contents as high as 0.7 and 0.2 wt%,
respectively, have been obtained in the weld metal during arc welding.*® These concentration levels
were far greater than those in the base and filler metals.

In a diatomic gas environment, the equilibrium concentration of a species such as hydrogen in a metal
is given by the Sieverts’ law, which states that the concentration is proportional to the square root
of the partial pressure at any given temperature.®> However, in most welding processes, the weld
metal is exposed to a plasma environment. The gas phase contains neutral atoms, ions, excited
molecules and atoms, and electrons. Under these conditions, the concentrations of these species in
the metal are significantly higher than those calculated from the Sieverts’ Law.***® The
transformation of ordinary molecular species to excited neutral atoms or ions in the gas phase leads
to enhanced solution of the species in the metal. Gedeon and Eagar,” in their study of hydrogen
dissolution, clearly indicated the prominent effect of atomic hydrogen gas in determining the hydrogen
concentration in the weld metal. Efforts to develop a fundamental understanding of the partition of
species such as hydrogen, nitrogen and oxygen between the weld pool and its environment are just
beginning.

24 WELD METAL INCLUSION FORMATION

The physical processes like heat transfer, fluid flow, vaporization of 'alloying elements, and dissolution
of gases also control other physical processes that occur in the liquid weld metal, during weld cooling.
For example, the dissolved oxygen in low alloy steel reacts with the dissolved deoxidizing elements
like aluminum, titanium silicon and manganese to form non-metallic oxide inclusions in liquid steel.
These inclusions are trapped within the solid during solidification. These trapped inclusions stimulate
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the formation of acicular ferrite microstructure during solid state phase transformations. Hence,
substantial amounts of research had been done in the past and are being performed currently to
modify the inclusion characteristics to obtain the optimum weld metal properties.

Recently, fundamental theories of ladle steel deoxidization reactions have been extended to inclusion
formation in steel weld metal.? This work indicates that the inclusion characteristics are quite
sensitive to the oxygen content, the deoxidizing element concentrations, the presence of pre-formed
inclusions, and the reaction temperature. The inclusion formation depends strongly on the
concentration of dissolved oxygen and deoxidizing elements, and on the weld.cooli'ng rate. A
complete understanding of inclusion formation and spatial distributi(?n of these inclusions in steel
welds is of importance in estimating the effect of inclusions on solidification and solid state phase

transformation.

2.4 WELD SOLIDIFICATION

Development of the microstructure in the fusion zone (FZ), also known as weld metal, depends on
the solidification behavior of the weld pool. Since the properties and performance of the FZ depend
on the solidification behavior and the microstructural characteristics, understanding weld-pool
solidification behavior is critical. Efforts are underway to use both analytical and numerical models
to understand better the solidification behavior of the FZ.121%4%4¢ Most of our current knowledge
of weld pool solidification is derived from an extrapolation of the knowledge and models for freezing
of castings, ingots and crystals at lower thermal gradients and growth rates.”? The same parameters
that are important in determining microstructures in castings, such as growth rate (R;), temperature
gradient (G), undercooling (AT,), and alloy composition also play significant roles in determining the
development of microstructure in welds. The temperature gradient and growth rate are important
in the combined forms G/R, and GR; (cooling rate) since they influence the solidification morphology
and the scale of the solidification substructure, respectively. In welding, where the molten pool is
translated through the material, both G and GR, vary considerably across the FZ. Figures 3 and 4
show schematically the influence of G and R on the microstructural variations within the weld metal.

In general, solidification microstructures that are observed in welds are often quite complicated and
difficult to interpret. Significant progress is yet to be made in characterizing and understanding the
development of microstructures in the FZ. However, at present, attempts are being made to
interpret these microstructures by considering classical ideas of nucleation theory as well as growth
behavior used for conventional solidification processes. Further, recent advances in rapid
solidification theories are also being extended to understand the development of microstructures in
welds.??1%43-% With the increased use of high energy beam processes, such as electron and laser
beams for welding, observations of non-equilibrium microstructures under rapid cooling conditions
are becoming very common. Such observations have been well documented for austenitic stainless
steel welds.®>*  Figure 5. shows a fully austenitic stainless steel weld microstructure in a laser weld,
which would normally contain a duplex austenite plus ferrite microstructure. This microstructure has
been attributed to a change in the mode of freezing from primary ferrite to primary austenite during
rapid solidification. During weld pool solidification, unlike in castings or ingot solidification, there
is no nucleation barrier and, accordingly, no undercooling of the liquid required for nucleation of the
solid. Solidification occurs spontaneously by epitaxial growth of the partially melted grains in the base
metal, especially for autogenous (melt run) processes. For non-autogenous welds in which a filler
metal is used, in addition to epitaxial growth, heterogeneous nucleation may also occur. Innoculants
and other grain refining techniques may be used during welding in much the same way as they are
employed in casting practices.!

¢




The development of the microstructural features during growth of the solid in Ehe'FZ.j is. controlle.d
by the shape of the solid/liquid interface. The nature and stability of. thf: sohd{hquxd .lnterf.ac.:e.ls
mostly determined by the thermal and constitutional conditions that exist in the immediate vicinity
of the interface. Depending on these conditions, growth of the solid will occur by planar growth, or
cellular or dendritic modes. Sometimes in a weld, all of these distinct microstructural features of
growth can be observed. The dendritic growth of the solid, with its multiple branches, fluring welding
of a nickel-base superalloy single-crystal is shown in Fig. 6. Solidification theories have been
developed for interface stability under the conditions of equilibrium at the interface,*’*® and these
theories can be extended to welds. In recent years, necessary modifications have also been made
to these theories to accommodate extreme non-equilibrium conditions prevalent during rapid
solidification.*>**® These may be extended to weld pool solidification.

Another significant aspect of weld pool solidification is the solute redistribution. During solidification
extensive solute redistribution occurs, resulting in segregation that can drastically affect weldability,
microstructure, and properties. Most of the FZ hot cracking problems (the potential for the weld
to crack as the FZ cools), associated with a wide variety of common engineering materials as well as
advanced materials, is in large part due to elemental segregation during welding. Segregation on a
fine scale (um) is called microsegregation while segregation on a large-scale (mm or greater) is known
as macrosegregation. It is only recently that some attention is being given to this important aspect
of weld pool solidification.**% In evaluating solute redistribution under dendritic growth conditions,
the dendrite tip temperature is extremely important.!” The tip temperature and composition are
strong functions of tip radius, growth rate, thermal gradient, and other factors in welds. Since the
structures are finer because of higher growth rates, the contribution to the total undercooling due
to the dendrite tip curvature effect is very significant.

A critical microstructural feature that controls hot-cracking tendency and properties of welds is the
FZ grain structure. Since solidification proceeds spontaneously by epitaxial growth of the partially
melted grains in the base metal, the FZ grain structure is determined, to a large extent, by the base
metal grain structure. Crystallographic effects and welding conditions have been found to influence
significantly the development of grain structure.!*®’ Often, the grains during weld pool solidification
tend to grow along a crystallographic direction i.e., the easy growth direction.!>’%® For cubic metals,
the easy growth directions are <100>. Conditicns for growth are optimum when one of the easy
growth directions coincides with the heat flow direction. Therefore, during welding, among the
randomly oriented grains in the polycrystalline base metal, those grains that have one of their <100>
crystallographic axes most closely aligned with the heat flow direction will be favored. A number of
fundamental issues related to the microstructural development of the FZ, such as details of the
mechanism of grain growth selection process, role of weld pool shape on the grain or dendrite
selection process, grain multiplication or transition, and finally, related predictive capabilities, are
currently being addressed. Recent developments in this area include theoretical and experimental
analyses of the dendrite growth selection process,'>’** and transitions in the grain structure.® An
extremely powerful experimental technique that utilizes macroscopic single crystals of Fe-15Ni-15Cr
to investigate the details of the microstructural development has been used. The analytical model
based on modern solidification theories provides a relationship between travel speed, solidification
velocity and dendrite growth velocity to predict three-dimensional microstructural features in the FZ.
Furthermore, from the experimental observations of the dendritic arrangements, a three-dimensional
reconstruction of the weld pool is possible (Fig. 7). Finally, significant progress on the beneficial
effects of having a fine-equiaxed grain structure in the FZ center is being made.*’




25 PHASE TRANSFORMATIONS

During welding, extensive solid state phase transfonl}ations occur in both th'e FZ and t.he heat
affected zone (HAZ). The nature of these transformations depends on t!:e heating and cooling rates
and also the maximum temperature reached at any given lpcation during the weld thex:mal cycle.
Depending on the thermal cycles and temperature gradients that r;s.ult fron.l welding, p.hase
transformations and grain growth occur, and microstructural ax{d composition gradients .and residual
stresses develop in the HAZ.” Characterization and modeling of these transformations and the
resulting microstructures in weldments remains a great challenge. Because of the extensive thermal
gradients and non-uniform thermal exposure, both the FZ and the HAZ often exhibit significant
compositional, microstructural, and property gradients. Such gradients are unique to welded
structures. In addition, generation of thermal stresses during welding can drastically affect the
kinetics of solid-state transformations in both the FZ and HAZ. Significant advances have been made
in recent years in modeling the solid-state phase transformations in weldments.”*” Models have been
developed based on physical metallurgy principles. Efforts are also underway to use Monte Carlo
techniques to simulate grain growth behavior in the HAZ and to quantitatively predict microstructural

evolution in the HAZ.3®

3. CHARACTERIZATION OF MICROSTRUCTURE AND PROPERTIES

In both the FZ and the HAZ of a weldment, gradients in the composition and microstructural
features exist because of heating, cooling, and steep thermal gradients, partitioning of elements, and
extensive phase transformations. Extensive gradation in composition and microstructures in a
weldment are very common and unique to welded structures. In addition, due to localized heating
during welding, complex thermal and transformation stresses are generated that add to the complexity
of the structural integrity. The origin of microstructural and stress gradients and their influence on
the structural integrity of weldments is an unexplored field. This is in part due to the lack of
understanding of the formation of these gradients and their complex interactions and the
unavailability of characterization tools to probe these gradients on both macroscopic and microscopic
scales.  However, recently developed experimental techniques, particularly microstructural
characterization, mechanical properties, measurement, and simulation are ideally suited for
examination and characterization of welds with microstructural and composition gradients.?>® 1t is
now possible to characterize microstructures on scales as fine as a few nanometers or less.
Techniques, including analytical electron microscopy, Auger electron spectroscopy, scanning electron
microscopy, secondary ion mass spectroscopy, and atom probe field ion microscopy, can be effectively
used to unravel the complexities of the weld microstructures.?

One of these complexities include nano-scale compositional changes in the microstructure. Complete
understanding of these features is crucial for designing of high integrity welded structures. The use
of sophisticated characterization techniques to understand the weld metal microstructure development
is illustrated below with an example. Type 308 stainless steel welds are used in welded power plant
structures that operate at high temperature (~900 K) and at high stress (~100 MPa). Hence, these
welded structures must be creep resistant. It is known that the addition of small amounts of boron
(60 wt ppm) to these welds increases the creep strength. It is speculated that this improvement in
property is due to segregation of the boron atoms to interphase (austenite-ferrite) interfaces; however
there is no experimental proof for this type of segregation. It is important to note that width of the
segregation will be about one or two lattice plane spacings (0.5 to 1 nm). Atom probe field ion
microscopy is capable of analyzing this type of segregation in atomic scale resolution. A field ion




image of the austenite-ferrite interface is shown in Fig. 8. The interface is decorated by series of
brightly imaging atoms indicative of solute segregation. The measured gomposx}xox}al proﬁlc;‘ in th.e
atom probe indicated the segregation of boron and carbon to the austenite -ferrite interface.™ This
example shows that by employing a combination of various charactenmng techmque.s,.the macro,
micro, and nano-scale features of weld metal microstructure can be characterized and this information

can be used in the design of weld metal composition.

Testing of welds to determine their mechanical prope:rties is eq}lglly complf:x, because each qf the
various regions has distinct characteristics of its own in composition and n}lcrostru.ctural gradients.
Hence, properties vary from region to region. In addition to large-scale testing, testing of properties
on a fine-scale is often required. Recent techniques have made it possible to test we;lds either by
performing tests on very small areas or by miniaturizing test specimens. These techl}xques mc.:ludg
mechanical properties microprobe, indentation creep testing and miniature Charpy specimen testing.
Sometimes, direct characterization of structure and properties of weldments is not easy. In such
situations, simulation techniques have been successfully used for characterization purposes.f%3§
These techniques include thermal simulation techniques such as differential thermal analysis,
thermomechanical simulation, and finally, use of single-crystals to understand the microstructural
development during welding. Recently, application of thermal neutrons to characterize residual
stresses in weldments is gaining importance.”® Thermal neutrons can penetrate 50 mm into steel
and scattering analysis.of the material found in depths of this range can characterize stresses in the
material on a mm scale. In addition to stress measurements, the potential exists for neutron
scattering techniques to be successfully used for microstructural characterization.

4. INTELLIGENT CONTROL AND AUTOMATION

As welding technology matures, there will be a steady decline in manual welding operations. For
increased productivity, future welding operations will require automated welding systems with
effective adaptive control.%®

One of the critical elements of adaptive control is sensors. In making a manual weld, a master welder
uses his sensory perceptions such as touch, sight, and hearing to evaluate the process and make the
necessary adjustments for corrective measures, if required. Advances are being made in the
development of sensors for welding. The types of sensors currently being developed include optical,
arc, infrared, acoustic, and ultrasonics. For example, novel approaches have been used to view the
welding operation using optical sensing systems.”? Some of them have the resolution to not only view
the puddle area, but to clearly see the solidification substructure formed on the pool surface.>%
Some of the systems can be used for real-time control. Recent investigations on infrared sensing
have demonstrated the potential of this type of sensing for seam tracking, and detection of weld
geometry and discontinuities.”** Although these sensors are all critical for the ultimate process
control, significant emphasis should be placed on sensing for microstructures and properties. Another
critical element in the adaptive control loop is process modeling. Process modeling computations in
real time could provide the necessary bridge for coupling the process parameters with the desirable
properties of the weld.

The ultimate goal of adaptive control in welding is to regulate the process to make welds with desired
quality, performance, and productivity. The current trend is to use an emerging research tool known
as intelligent control. This will enable one to choose a desirable end factor such as property, defect
control, or productivity instead of process parameters such as current, voltage, or speed, and to




provide for appropriate control of the process. Important elements of intelligent control include
sensing, control theory and design, process modeling, and artificial intelligence. Currently, only
limited efforts are underway to advance various aspects of intelligent control. These include
development of a connectionist fuzzy logic system for weldlng control,* mdependent control of
electrode melting,”” and multi-output process dynamics.”® Significant progress is yet to be made in
all these facets of intelligent control to improve quality and productivity of weldments.

5. SUMMARY

This paper summarizes some of the recent developments in welding science. A fundamental
understanding of the various aspects of this critical technology is still evolving. Enormous
opportunities and potential exist to develop a science base tailoring of composition, structure and
properties of welds through intelligent control automation of the welding process to improve

weldment quality and productivity.

6. ACKNOWILEDGEMENT

The authors would like to thank Dr. Debra Joslin and Dr. G. Prabhu for their review and many
helpful comments, and Carolyn Wells for preparing the manuscript. Research is sponsored by the
Division of Materials Sciences, U.S. Department of Energy, under contract DE-AC05-840R21400

with Martin Marietta Energy Systems, Inc.




10.
11.
12.

13.

14.

15.

16.

17.

REFERENCES

Advances in Welding Science and Technology, edited by S. A. David and J. M. Vitek (ASM
International, Materials Park, Ohio, 1986).

Recent Trends in Welding Science and Technology, edited by S. A. David and J. M. Vitek
(ASM International, Materials Park, Ohio, 1990).

International Trends in Welding Science and Technology, edited by S. A. David and J. M. Vitek
(ASM International, Materials Park, Ohio, 1993).

S. A. David and T. DebRoy, Science 257 p. 497 (1992).

T. DebRoy and S. A. David, Review of Modern Physics, to be published.
G. M. Oreper and J. Szekely, J. Fluid Mech., 147, 53 (1984).

S. Kou and Y. Le, Metall. Trans. 147, 2243 (1983).

J. Szekely, "Advanced in Welding Science and Technology,” edited by S. A. David, 3, ASM
International (1987).

A. Paul and T. DebRoy, "Advances in Welding Science and Technology,”" edited by S. A.
David, 29, ASM International (1987).

C. Chan, J. Mazumder and M. M. Chen, Metall. Trans.,15A, 2175 (1984).
T. Zacharia, S. A. David, J. M. Vitek, and T. DebRoy, Metall. Trans., 20A, 957 (1989).
S. A David and J. M. Vitek, Intl. Materials Rev., 34(5), 213 (1989).

M. Rappaz, S. A. David, J. M. Vitek and L. A. Boatner, Metall. Trans. A., 20A, 1125-38
(1989).

M. Rappaz, S. A. David, J. M. Vitek and L. A. Boatner, Metall. Trans. A., 21A, 1767-82
(1990).

S. A. David, J. M. Vitek, M. Rappaz, and L. A. Boatner, Metall. Trans. A., 21A, 1753-66
(1990).

D. Rosenthal, Weld. J. 20(5), 220s (1941).

D. Rosenthal, Trans. ASME, 68, 849 (1946).




18.

19.

20.

21.

22,

24.

26.

27.

29.
30.
31.
32
33.
34.
35.

36.

37.
38.

39.

T. DebRoy, "Interfacial Phenomena in the Numerical Analysis of Weldability,” presenteq at
the proceedings of the Second International Seminar on Numerical Analysis of Weldability
H. Cerjak, Ed., 10-11 May 1993.

P. Sahoo, T. DebRoy and M. J. McNallan, Metall. Trans. 22B, 483-491 (1988).

K. Mundra and T. DebRoy, unpublished research, Department of Materials Science and
Engineering, Penn State University, University Park, PA 1993.

S. Kou and Y. H. Wang, Weld. J., 65(3), 63s (1986).

E. Friedman, Weld. J., 57 161s (1978).

A. Paul and T. DebRoy, Metall. Trans. B., 19B, 851-858 (1988).

T. Zacharia, A. H. Eraslan and D. K. Aidun, Weld. J., 67, 53s-62s (1988).

V. A. Batanov, F. V. Bunkin, A. M. Prokhovdv and V. B. Fedorov, Soviet Physics - JETP, 36
311-322 (1973).

C. J. Knight, AI4A4 Journal, 17, 519-523 (1979).

C. L. Chan and J. Mazumder, J. Appl. Phy., 62 4579-4586 (1987).

P. A. A. Khan and T. DebRoy, Metall. Trans. B., 15B, 641-644 (1984).

T. DebRoy, S. Basu and K. Mundra, J. Appl. Phys., 70, 1313-1319 (1991).

M. M. Collur, A. Paul and T. DebRoy, Metall. Trans. B., 1813, 733-740 (1987).

P. A. A. Khan, T. DebRoy and S. A. David, Weld. J., 67, 1s-7s (1988).

K. Mundra and T. DebRoy, Weld. J., 72(1), 1s-9s (1993).

K. Mundra and T. DebRoy, Metall. Trans. B., 24B, 145-155 (1993).

S. Kou, "Welding Metallurgy," John Wiley and Sons, New York, 61-63 (1987).

R. D. Pelhke, Unit Processes in Extractive Metallurgy, Elsevier, New York (1979).

A. Banerjee, T. DebRoy, C. Onneby and M. Small, "International Trends in Welding Science
and Technology,” S. A. David and J. Vitek, Eds., ASM International, Materials Park, OH, 39-
44 (1993).

S. A. Gedeon and T. W. Eagar, Weld. J., 69, 264s-271s (1990).

M. Uda and S. Ohno, Trans. Nat. Res. Inst. Metals, 15, 20-28 (1973).

H.K.D.H. Bhadeshia, "Bainite in Steels,” Institute of Materials, London, (1992).




40.
41.

42.

43,

45.

47.

49.

50.

S1.
52.
53.
54,

55.

56.
57.
58.
59.

60.

Abson, D. J. and Pargeter, R. J., Int. Met. Rev. 31, 4, 141-194 (1986).

Grong, O. and Matlock, D.K., Int. Met. Rev. 31, 1, 27-48 (1986).

S.S. Babuy, S.A David, J.M. Vitek, K. Mundra and T. DebRoy, "Development of Macro- and
Microstructures of C-Mn Low Alloy Steel Welds - Inclusion Formation,” accepted for
publication in Materials Science and Technology (1994).

M. Rappaz, J. M. Vitek, S. A. David, and L. A. Boatner, Metall. Trans. A, 24A, p. 1443
(1993).

1. A. Brooks, M. J. Baskes, and F. A. Greulich, Metall. Trans. A, 22A, p. 915 (1991).

J. W. Elmer, T. W. Eagar, and S. M. Allen, in Proc. Int’l. Conf. Stainless Steels (Iron and Steel
Institute of Japan, Tokyo), p. 669 (1991).

A. Matsunawa, S. Katayama, and M. Shimidzu, Trans. Jpn. Weld. Res. Inst. 19, p. 67 (1990).
M. C. Flemings, Solidification Processing, McGraw-Hill, New York, New York, (1974).

W. Kurz and D. J. Fisher, "Fundamentals of Solidification,” Trans. Tech. Publications,
Aedermannsdorf, Switzerland (1986).

R. Mehrabian, Int. Met. Rev., 27, 185 (1982).

J. F. Matsuda, T. Hashimoto, and T. Senda, Trans. Natl Res. Inst. Met. (Japan), 11(1), 83
(1969).

G. J. Davies and J. G. Garland, Int. Met. Rev. 10, 83 (1975).

W. F. Savage, Weld. World, 18 89 (1980).

K. E. Easterling, Introduction to Physical Metallurgy of Welding, London, England (1983).
T. Ganaha, B. P. Pearce, and H. W. Kerr, Met. Trans., 11A, 1351 (1980).

S. A. David and J. M. Vitek, Lasers in Metallurgy, eds. K. Mukerjee and J. Mazumder,
Warrendale, Pennsylvania, 2247-554 (1981).

J. M. Vitek, A. DasGupta, and S. A. David, Metall. Trans., 14A, 1833-41 (1983).
S. A. David, J. M. Vitek, and T. L. Hebble, Weld. J., 66(1), 289s (1987).

S. Katayama and A. Matsunawa, Proc. ICALEO, 60-67 (1984).

J. W. Elmer, S. M. Allen, and T. W. Eagar, Metall. Trans. 20A, 21 1;7-131 (1989).

R. Trivedi and W. Kurz, Acta. Metall., 34, 1663-70 (1986).

BT e e e e e
T AN Ty R A TR AN T A




61.

62.
63.

65.

67.

69.

70.
71.
72.
73.

74.

75.

76.

71.

78.
79.
80.

W. Kurz, B. Giovanola, and R. Trivedi, Acta. Metall., 34, 823-30 (1986).
W. J. Boettinger and S. R. Coriell, Mater. Sci. Eng, 65, 27 (1984).
1. C. Baker, Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA (1970).

M. J. Aziz, J. Appl. Phys., 53, 1158 (1982).

K. A Jackson, G. H. Gilmer, and H. J. Leamy, Laser and Electron Beam Processing of
Materials, 104, ed. C. W. White and P. S. Peercy, Materials Research Society, Pittsburgh, PA

(1979).

J. C. Lippold and W. F. Savage, Modeling of Casting and Welding Processes, 443, eds. H. D.
Brody and D. Apelian, Metallurgical Society of AIME, Warrendale, PA (1980).

W. F. Savage, C. D. Lundin, and A. Aronson, Weld. J,, 44, 175s (1965).
S. A. David and C. T. Liu, Weld. J,, 61(5), 157s (1982).

H. W. Kerr and J. C. Villafuerte, The Metal Science of Joining, Conference Proceedings, eds.
M. J. Cieslak, J. H. Perepezko, S. Kang and M. E. Glicksman, TMS, Warrendale, PA (1992).

J. M. Vitek and S. A. David, Weld J., 63, 246s (1984).

J. M. Vitek and S. A. David, Weld J., 67, 95s (1988).

S. A. David, J. M. Vitek, J. R. Keiser, and W. C. Oliver, Weld. J., 66, 235s (1987).
C. F. Willis, R. Gronsky and T. M. Divine, Metall. Trans. 22A, 2889 (1991).

K E. Easterling, "Mathematical Modeling of Weld Phenomena,” ed. H. Cerjak and K. E.
Easterling, The Institute of Materials, london, p. 183 (1993).

H.K.D.H. Bhadeshia and L.E. Svensson, "Mathematical Modeling of Weld Phenomena," ed.
H. Cerjak and K. E. Easterling, The Institute of Materials, london, p. 183 (1993).

H.K.D.H. Bhadeshia, L. E. Svensson, and B. Gretott, Acta Metall. 33, 7, pp. 1271-1283 (1985).

H.K.D.H. Bhadeshia, "Recent Trends in Welding Science and Technology, ed. S. A. David
and J. Vitek, ASM International, Materials Park, OH, p. 189 (1990).

D.F. Watt, L. Coon, M. Bibby, J. Goldak, and C. Henwood, Acta Metall. 36, 3029 (1988).
C. Henwood, M. Bibby, J. Goldak, and D. Watt, Acta Metall., 36, p. 3037 (1988).
Y. Shen, B. Radhakrishnan, and R. G. Thompson, "International Trends in Welding Science

and Technology,” ed. S. A. David and J. M. Vitek, ASM International, Materials Park, OH,
p. 259 (1993).

LA A N /e
A g b

5




81.

83.

85.

87.

89.

91.

92.

93.

94.

95.

96.

B. Radhakrishnan and T. Zacharia, paper submitted to Metall. Trans A.

J. M. Vitek and S. A. David, "First U.S.-Japan Symposium on Advances in Welding
Metallurgy,” Proceedings of American Welding Society, p. 1 (1990).

S. A. David, G. M. Goodwin, and D. N. Braski, Weld. J., 58(11), 330s (1979).

S. S. Babuy, S. A. David, J. M. Vitek and M. K. Miller, "Atom Probe Field Ion Microscopy of
Type 308 CRE Stainless Steel Welds,” accepted for publication in Applied Surface Science
(1994).

M. J. Cieslak, Metal Science of Welding, Conference Proceedings, Cincinnati, OH, TMS,
Warrendale, PA, 1991 (to be published).

J. M. Vitek and S. A. David, Metall. Trans A, 21A, 2021 (1990).

K. W. Mahin, W. Winters, J. Holden, R. Hosbons, J. Krafcik, and S. MacEwen, Recent Trends
in Welding Science and Technology, Conference Proceedings, p. 83, eds. S. A. David and J. M.
Vitek, ASM International, Materials Park, OH (1990).

J. H. Root, J. M Holden, J. Schrdder, S. Spooner, C. A. Hubbard, T. A. Dodson, and S. A.
David, Materials Science and Technology, 9, 754 (1993).

S. Spooner, T. M. Holden, J. H. Root, and S. A. David, Trends in Welding Research, eds. S.
A. David and J. M. Vitek, ASM International, Materials Park, OH, 139 (1993).

G. E. Cook, K Andersen, and R. J. Barrett, Recent Trends in Welding Science and
Technology, Conference Proceedings, p. 891, eds. S. A. David and J. M. Vitek, ASM
International, Materials Park, OH (1990).

R. W. Richardson, A. Gutow, R. A. Anderson, and D. F. Farson, Weld. J., 63(3), 43 (1984).

J. Bolstad, Advances in Automation for Precision Arc Welding, Conference Proceedings, Edison
Welding Institute, Columbus, OH, December 1987.

C. Bolikel and J. Mazumder, "Optical Diagnostics of Laser Weld Pool Free Surface,” paper
to be presented at the 3rd International Conference on Trends in Welding Research,
Gatlinburg, TN, June 1-5, 1992, AMS International, Materials Park, OH.

B. A. Chin, N. H. Madsen, and J. S. Goodling, Weld. J., 62(9), 227s (1983).

Sudaram Nagarajan, Probal Banderjee, Weittua Chen, and B. A. Chin, IEEE Transactions on
Robotics and Automation, 8(1), 1 (1991).

H. B. Smartt and J. A. Johnson, Proceedings of the Artificial Neural Networks in Engineering
(ANNIE '91), November 1991, St. Louis, MO, ISBN-07918-0026-1, 711, ASME Press, New
York, New York (1991).




97.

98.

L. A. Jones, T. W. Eagar and J. H. Lang, International Trends in Welding Science and
Technology, ed. S. A. David and J. M. Vitek, AMS International, Materials Park, OH, 1009

(1993).

M. B. Hale and D. E. Hardt, "Multi-Output Process Dynamics of GMAW," paper to be
presented at the International Trends in Welding Science and Technology, ed. S. A. David and
J. M. Vitek, AMS International, Materials Park, OH, 1015 (1993).




‘uoffxo
9% W €070 Y uox (q) pue uox aind 10] (B) :sased
JUSIoNIp Oml 10j sploy aImjeradws) pue KI00[RA 153

U /') ————»

ua3AX0 % 1M €0°0-°d

Ty —

I’ -
v 7 -
c 7y -:
I// “\
LY | ‘\
(A “
b ")
by
oy 4
[ S W S
~ =~ |

A TI8I

SRR
"*\\\\\\\\\i‘\§§\ ‘

\s-a/,,'\ ‘\1

S TI8T rfees
S 0687 |

M 0661 |

5 VT



Mn

%

WEIGHT

7

| ! | | | | | |
—o—  AIS| 202
16 - A e AlSl 201 ]
—_——b A
58 ﬁ ~—&-——  USS TENELON
| —
15 ; L
4 7
o
o
A
. T
6 |— o o o T~ . A - :
A
' o
5 |- A\ = Q —
8
N —_—ee g
0 0
4 |- -
BASE METAL WELD ZONE
3 l I I | | | I
0 04 0.8 1.2 1.6
HORIZONTAL DISTANCE (mm)
Fig. 2 Concentration of manganese versus distance in the base metal and in the weld

zone for continuous wave carbon dioxide laser welding. Laser power: 560
watts, welding speed: 3.5 x 10® m/s, shielding gas flow rate: 10* m%s, and

sample thickness: 7 x 104 m.




5S!
R
o

)

ORNL-DWG 88-16467

FUSION ZONE

WELD CENTER

it
(LARGER R, A EEE 5% EQUIAXED DENDRITE
SMALL G,) COLUMNAR DENDRITE
(SMALL Ry
LARGE G,) _
CELLS
BOND \/ N N Y \-PLANAR
BASE METAL

Fig. 3 Schematic drawing of structural variation of weld microstructure across fusion zone




CRYSTAL GROWTH VELOCITY (mm/s)

ORNL-DWG 88-12690

GeR=CONSTANT
G/R = CONSTANT
10°
1
10 2
10" 10 10°
TEMP GRADIENT IN MELT (°C/mm)
Fig. 4 Variation of weld microstructure as function of

temperature gradient, growth rate, and
combination of these variables (G;, G/R).
The arrow indicates the range of
microstructures and growth conditions
encountered in a weld.




ORNL-PHOTO 1730-87
\“ * /J\ . : - =

4 e IR S
4 N \ : ' v -
. l{ . ! L
1 o‘ 1 - ") Y
& T 'J";y- 0 >
~ v - W "o
4 ~ f__ -
3 ' .E: L c
' ¢ ¢
© i' ™ 2l Y
-y , 0 ~— . ‘/\L .
’ N />
- . l \

?""‘ . . .
't‘a ~ LASER WELD - L.

\~ \ ’
)’J'; . * . . S
‘,:" 5 t & ~
c / \
- - . © P - o
% . ‘ : \. 7 -
; o \

. \ :
; ) \
! ~
i ‘ B
’ .
‘ L_40pm
Fig. 5 Duplex (austenite plus ferrite) structure in conventional weld overlay and fully austenitic structure

in laser weld region of type 308 stainless steel.



Fig. 6 Scanning electron micrograph showing the
development of dendrites in a nickel-based superalloy
single-crystal weld.
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