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Abstract

Fusion welding is used extensively in industries that support the nation’s energy supply,
defense, infrastructure, and standard of living. Safety and reliability of the welded joints are
affected by their geometry, composition and structure. This report provides an account of the
significant advances made in quantitative understanding of the geometry, composition and
various aspects of the weldment structure with financial support from DOE/BES. In particular,
this report provides an account of the research conducted under the grant DE-FG02-84ER45158
in this important area and lists all the publications that document the details of the technical
accomplishments that resulted from the work.  Investigations of heat transfer, fluid flow and
alloying element vaporization during laser welding resulted in a new technique for the
determination of the peak temperature in the weld pool and provided a new method to estimate
weld metal composition. Studies on the interfacial phenomena in fusion welding resulted in
guantitative understanding of the interrelationship between the weld metal composition and
geometry and provided new knowledge as to when the surface active elements would affect the
weldment geometry and when these elements would have no effect on the geometry.
Partitioning of oxygen nitrogen and hydrogen between the welding environment and the weld
metal was affected by the extent of the dissociation of diatomic gaseous species which depended
on the nature of the plasma formed during welding. The interfacia tension of the liquid metal
was also affected by the plasma and the properties of the plasma affected the concentrations of
oxygen, nitrogen and hydrogen in the weld metal. Apart from the understanding of the evolution
of composition and geometry of the weldments, application of transport phenomena provided
useful information about various features of the weldment structure. Quantitative understanding
of microstructure of the fusion zone and heat affected zone and grain structure in both steels and
titanium aloys could be achieved starting with numerical heat transfer and fluid flow
calculations. In addition, the evolution of inclusion composition and structure in steels during
welding could also be understood from fundamental principles.

The positions of the students supported by the grant are indicated since an important
component of the work was the education of many outstanding students who now occupy
leadership positions in major organizations in the US. The research sponsored by the Basic
Energy Sciences has been recognized by many major scholastic awards. These are listed
because they testify to the quality of the curiosity and the commitment of the students that were



supported by the grant. Our collaborations with Oak Ridge National Laboratory, Lawrence
Livermore National Laboratory and Sandia National Laboratory are indicated because many
outstanding scientists from these laboratories shared our goals in advancing quantitative
understanding of fusion welding processes and the geometry, composition and structure of
welded materials.

Resear ch objectives

The welding related expenditure in the U.S. in the year 2000 was approximately $34
billion, equivalent to about $325 per household. The large economic impact of welding
originates from its extensive use in industries that support the nation’s energy supply, defense,
infrastructure, and standard of living. Fusion welding processes are complex because several
physical processes such as heat and mass transfer, fluid flow, chemica reactions and phase
transformations take place simultaneously during welding. Because of its complex nature, fusion
welding has evolved mostly as an empirical technology. Since there are a large number of
process variables in welding, the desired weld attributes such as the weld geometry and structure
are commonly produced by empirically adjusting the welding variables. However, this approach
does not always produce optimum welds and inappropriate choice of variables can lead to poor
welds.

Systematic quantitative understanding of fusion welding processes and welded materias
can save life and property by preventing catastrophic failures of large welded structures. Safety
and reliability of the welded joints are affected by their geometry, composition and structure.
The goal of the research was to quantitatively understand the evolution of geometry, composition
and structure of welds starting from heat transfer, fluid flow and mass transfer calculations.

Technical accomplishments

During laser welding of stainless steels containing volatile components, the composition
of the weld metal was significantly different from the composition of the base metal at low laser
powers,, primarily because of the loss of manganese from the weld pool. The change in the
composition was affected by the vaporization rate and the size of the weld pool, the latter being
the dominant factor in most cases. The computed values of the vaporization rates of various

alloying elements and the vapor composition were found to be in good agreement with the



experimental results for welding with a sub-kilowatt power CO, laser. Although the rate of
vaporization of aloying elements increased with the increase in the laser power, the composition
change was most pronounced at low laser powers because of the small size of the weld pool. The
rates of vaporization of the alloying elements were found to be independent of both the gas flow
rate and the nature of the shielding gas. The most important factor for the alloying element loss
was found to be the plasma influenced intrinsic vaporization at the weld pool surface.

The role of plasma was determined by physical simulation experiments. Rates of vapor-
ization of pure metal drops and metal drops that were doped with small amounts of oxygen and
sulfur were found to decrease when plasma was present. These results were consistent with the
presence of a charge distribution field near the liquid metal surface when plasma was present.
The presence of plasma lowered the interfacial tension of both iron and copper, which is
consistent with the presence of a space charge effect. The temperature coefficient of interfacial
tension, which affects weld penetration, did not change significantly when plasma was present.
The intensity and the direction of the convection current and the accompanying heat transfer are
influenced by the temperature coefficient of interfacial tension. A procedure was developed to
calculate the temperature coefficient of interfacial tension using Gibbs and Langmuir adsorption
isotherms. It was demonstrated that when the surface tension was calculated by using a model for
the prediction of surface tension as a function of composition and temperature excellent
agreement was achieved between the theoretically predicted and experimentally observed fusion
zone geometry.

A novel technique for the determination of laser weld pool temperature was presented,
i.e., the relative rates of vaporization of any two elements from the molten pool can serve as an
indicator of the weld pool temperature, irrespective of the element pair selected. The weld pool
temperatures were found to be in the range of 2900 — 3400 K, which was in reasonable
agreement with the effective weld pool temperature obtained from the vapor composition
measurements. The weld pool temperature was found to increase mildly with the increase in
laser power under the conditions of the experiments. The variation in the welding speed did not
influence the pool temperature significantly.

The results of numerical simulation of heat transfer and fluid flow in the weld pool
strongly depend on the physical processes considered and the input data used in the model. The
results indicated that absorptivity of CO; laser, viscosity, thermal diffusivity and the temperature



coefficient of surface tension are the most crucial parameters for realistic smulation of the weld
pool behavior. A model was developed for the calculation of surface tension of the Fe-Ni-Cr-S
alloys as a function of bath temperature and composition. The results indicated that, in most
cases, the surface tension data for the Fe-S system can be used for the calculation of heat transfer
and fluid flow in the Fe-Cr-Ni-S system. A new technique was developed to measure the
absorptivity of CO, laser, which was based upon the analysis of heat flow and required
measurement of transient temperature profiles at various monitoring locations in the solid region
of the samples during welding. The measured values of absorptivity were found to lie in the
range of 0.1 to 0.2 for 0.7 mm thin samples of AISlI 202 stainless steels with surface polished
with standard 240 grit polishing paper. The extent of absorption of laser beam in various grades
of stainless steels could be significantly improved by suitable surface modifications. The
numerical calculations of heat transfer and fluid flow indicated the presence of strong
recirculatory flows in the weld pool with maximum velocity as high as 80 cm/s. The weld pool
shapes predicted by the model were found to be in good agreement with those obtained
experimentally. The microstructure data for AlISI 202 stainless steel weld was collected using
SEM and TEM. Weld microstructure contained duplex austenite and ferrite at low welding
speeds and was fully austenite at high welding speeds.

During pulsed laser welding, liquid metal is often expelled from the weld pool. Lead,
titanium and stainless steel samples were irradiated by single and multiple pulses of CO, laser of
varying power and pulse duration to investigate the conditions for liquid expulsion. It was
demonstrated that by balancing surface tension and recoil forces, the conditions for the initiation
of the liquid metal expulsion could be determined. The concentrations of interstitial impurities
such as nitrogen, oxygen and hydrogen affect the structure and properties of the weld metal.
Physical modeling and thermochemical calculations were conducted to understand the partition
of interstitial impurities between the weld pool and its environment. The results showed that the
enhanced solubility during welding can be attributed to the existence of excited atoms and
perhaps other species in the welding environment.

A comprehensive model was developed, which integrated the calculations of heat transfer
and fluid flow in the weld pool and the rates of vaporization and alloying element loss occurring

during conduction mode laser welding. The model predictions of weld pool geometry,



vaporization rates, and composition changes agreed well with the corresponding experimental
results for laser welding of aluminum alloy 5182.

The time-temperature-transformation (TTT) diagrams of growth and dissolution of
various types of inclusions show that Al,03, MNOA1,03, and TizOs are always the most stable
oxide inclusions in the weld pool for the steel composition studied in the present research.
However, alloy composition affects the relative stabilities of inclusions dramatically. The non-
isothermal behavior of growth and dissolution of individual inclusions was predicted from their
isothermal growth behavior by constructing continuous-cooling-transformation (CCT) diagrams
for growth and continuous-heating-transformation (CHT) diagrams for dissolution of inclusions.
A well tested numerical fluid flow and heat transfer model that considers turbulence was used to
calculate the temperature and velocity fieldsin the weld pool.

Due to the fluid flow in the weld pool the nuclei of inclusions undergo vigorous motion.
During the residence time of inclusions in the liquid bulk aloy, they experience both growth and
dissolution. Particle tracking results showed that most inclusions experience complex gyrations
and thermal cycles before they are trapped on the solid region in the weldment. The temperature
versus time plots of the inclusions in many cases displayed several characteristic temperature
peaks. However, about one-third of the particles experienced continuous cooling behavior, i.e.,
no temperature peak. Thermal cycles of thousands of inclusions nucleated in the weld region
were tracked and their growth and dissolution was calculated to obtain the fina size distribution
and number density of inclusions statistically. The computed results showed that inclusion size
distributions are affected by the welding parameters and alloy composition. The inclusions are
coarser at low welding speeds and high welding powers. Good agreement was found between the
computed and the experimentaly observed inclusion size distribution. The collison and
coalescence model was applied to modify the calculated number density of single kind of
inclusions. With the increase of time, the number densities of smaller size inclusions became
lower. The entire distribution profile became more uniform in size and the average size became
higher.

The effect of turbulence on the heat transfer and fluid flow in the weld pool was studied.
Therigorously calculated results from the three dimensional thermofluid model indicated that the
heat transfer and fluid flow in the weld pool was significantly enhanced by turbulence in many



cases, particularly when high heat input was used. The “finger penetration”, a unigue geometric
feature of gas metal arc (GMA) welding, was satisfactorily predicted.

In low aloy steel weldments, the weld metal microstructure is a function of both
chemical composition and cooling rates. The effects of chemical composition and cooling rates
on the weld metal microstructure were satisfactorily predicted in C-Mn steels and HSLA-100
steel by coupling the continuous-cooling-transformation (CCT) diagrams obtained from a well
tested phase transformation model and the cooling rates calculated from the comprehensive
thermal model. The mathematical modeling was combined with real-time experiments to
investigate the phase transformation mechanism in the HAZ of commercially pure titanium. The
mechanism of the a-Ti — B-Ti transformation during heating was identified by a comparison of
the experimental results with kinetic data obtained from modeling assuming various possible
mechanisms.

The grain growth phenomenon in the HAZ is complicated due to the steep temperature
gradients and rapid thermal cycling in this region. The salient features of the grain growth and
grain topology in the entire HAZ of commercially pure titanium welds considering the steep
temperature gradients and transient thermal cycles were effectively simulated by coupling the
three-dimensional (3D) Monte Carlo (MC) model with the 3D thermofluid model. The spatial
distribution of grain size in the HAZ could be quantitatively predicted. Similarly the topological

class distribution was a so calcul ated.
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