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ABSTRACT

WELD METAL SOLIDIFICATION AND SOLIDIFICATION MODELING IN
ELECTROSLAG SURFACING

Youping Gao, Ph.D.

Supervising Professor: Jack H. Devletian

Electroslag surfacing (ESS) with strip electrodes is a cost-effective and efficient
method to combine the structural properties of the substrate material with the surface
properties of the cladding. For example, ESS of high strength steel propulsion shafting
with a thin layer of highly corrosion-resistant (but expensive) nickel alloy 625 provides a
cost-effective means to manufacture ship shafting with both high strength and high
corrosion resistance. Despite the economic benefits, the solidification mechanism and
microstructural characteristics involving dissimilar metal cladding combinations have not

been adequately addressed for ESS.

The solidification mechanism and microstructural characteristics of ESS
deposits involving several common strip and base metal compositions were investigated
and compared to traditional techniques such as gas-metal arc (wire) and submerged arc
strip surfacing methods. Strip compositions for ESS included: (a) nickel alloys 625, 59,
200, and 70/30 NiCu; (b) stainless steels 304, 308L, and 410; and (c) 70/30 CuNi alloy.
Base metals included: MIL-S-23284, Class 1 steel as well as 304 and 316 stainless

steels.




The solidification mechanism of strip cladding by ESS is modeled and verified
by experiments. In this study, the distribution of alloying elements such as niobium is
determined experimentally and modeled using the modified Scheil equation with solid
state diffusion and the new concept of a variable equilibrium partition coefficient for
enhanced accuracy. This model has successfully predicted the distribution of alloying

elements in dissimilar metals cladding such as nickel alloy 625 deposited on steel.

The unique microstructure of cladding deposited by ESS is characterized by
virtually 100% vertically oriented dendrites. The mechanism of epitaxial growth and
renucleation is used to model this phenomena. The weld metal solidification initiates
epitaxially from the unmixed zone and grows competitively into the composite zone.
Nucleation may occur near the interface between the unmixed zone and the composite
zone when the new grains in the unmixed zone have an unfavorable growth direction. In
addition, because the weld pool size is large and the solid/liquid interface moves vertical-
up, the resulting microstructure is characterized by the unique microstructure where
grains and dendrites are virtually all parallel to the vertical axis. Precipitation of second
phases such as MC carbides and Laves phases in nickel alloy 625 cladding has be
modeled and verified by interface-quenching experiments. A new solidification cracking
test has been developed and successfully applied as means of ranking cracking resistance

of strip cladding.

In summary, this work characterizes and models the solidification mechanism
for electroslag surfacing of dissimilar strip/base metal combinations. In addition, a new

weld metal solidification cracking test is developed for strip surfacing process.

Xiv




CHAPTER 1

INTRODUCTION

Surfacing of a material with a desired property onto a component to attain a
combined property is an effective way to best utilize materials in engineering practice.
The economic value of the composites is clearly seen in the cases where the surfacing
provides inexpensive low-alloy steel with a high degree of resistance to a wide range of
working environments. In those applications, welding has been the primary process in

manufacturing such composite structures.

Electroslag surfacing (ESS, shown in Figure 1.1) with its unique features is a proven
ideal welding process for thick section component surfacing."?? Since the introduction
of ESS in 1971,V it has gained tremendous popularity in industry especially in Europe
and Japan. Many fluxes have been developed for different applications.(15 20.22.23) The
state of the art ESS uses strip electrodes up to 300 mm wide which gives ESS such a
high deposition rate far beyond any other weld surfacing processes can possibly
reach.?%2D A comparison of the relative deposition rates and welding current operating
ranges among the popular surfacing processes is shown in Figure 1.2. At optimum
working conditions, ESS provides many advantages over other surfacing processes. The
most important characteristic of ESS is that it offers low dilution (compare to other high
deposition rate processes) and high deposition rate simultaneously which is often a

contradictory factor in most other welding processes. This is especially suitable for
1




Figure 1.1 Electroslag Surfacing Processes.



surfacing purposes where retention of the proper surfacing material composition is

important and high efficiency is achieved at the same time.
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Figure 1.2 Deposition Rates and Welding Current Operating Ranges Comparison
among the Popular Surfacing Processes.

Nickel alloy 625 has high strength, excellent fabricability, outstanding

(24,

corrosion resistance in air and sea water, and good weldability.**% It has been widely

used in the industries where the service conditions are particularly severe. As a solution
strengthened superalloy, it upholds its excellent properties in wrought, cast, and weld
product forms. In marine conditions, its virtual immunity to general corrosion and

(26-28)

chloride-induced stress-corrosion cracking makes it ideal for surfacing low alloy
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steel components exposed to seawater and subjected to high mechanical stresses.
Although weld metal solidification cracking problems have been encountered in welding

and surfacing,(29’30)

many successful applications of nickel alloy 625 surfacing have
been demonstrated.13:1931-3%) 1p the present study, nickel alloy 625, as the surfacing
material, is used to surface low alloy steel propulsion shafting by the ESS process for the

long term corrosion protection.

Despite the promising future of ESS and the industrial prospective of ESS, the
studies on the ESS process have been so far limited to the performance characteristics. In
previous studies on dissimilar metal welding, a unique microstructure
morphology(5’18’19’36) had been observed. It appeared to defy conventional studies
developed for weld metal. However, the mechanism for forming such structures remains
unknown. In fact, the basic aspects regarding the microstructure evolution in surfacing
deposited by ESS have not yet been studied. In autogenous or matching filler metal
welding, the grain growth in the weld metal initiates epitaxially and grows competitively.
The nucleation event is insignificant in weld metal solidification.®”** However, in
dissimilar metal welding, due to the presence of an unmixed zone, the weld metal
solidification starts with essentially unmixed molten base metal solidifying on solid base
metal then growing into a chemically different composite zone. Those differences along
with the new observations of the unique microstructures®!81%36) have demonstrated the

need for further study of weld metal solidification in ESS surfacing.

In order to better understand and control the solidification process, many
models have been developed to analyze microsegregation during solidification in casting
and other welding processes.(45'55) Models derived from binary alloy systems have been

used for the complex multi-component alloys based on the assumption that the individual




alloy components do not influence each other with respect to segregation behavior, and
often it is under the assumption that the partition coefficient applied at the interface is a
constant throughout solidification. Those assumptions are not valid for the solidification
of complex alloy such as nickel alloy 625 in the current study. A new model that
accommodates multi-component alloy system with a variable partition coefficient
throughout solidification and takes into account of back diffusion in the solid is
developed and effectively predicted solute redistribution in the weld metal solidification of
nickel alloy 625. Furthermore, a correlation of solute segregation and welding condition
has been established for nickel alloy 625 surfacing. Since solidification cracking
susceptibility is to a degree dependent upon the extent of segregation and the components
which are segregating, the correlation between solidification cracking susceptibility and

welding condition has also been established based on the solidification model.

A variety of weldability tests have been developed to study the performance
characteristics of materials and processes during the welding.(56’57) However, none of

them can be easily adopted in the strip surfacing process.C%>

It was found in present
study that those weldability tests produce an altered weld metal microstructure different
from that of ESS. Therefore, such test results could not represent strip surfacing
conditions. A new testing method has been developed in this study to evaluate the

solidification cracking tendency in order to make an assessment on welding materials and

process parameters.

In this study, the ESS process has been compared with the popular submerged
arc surfacing (SAS) process using 30x0.5 mm nickel alloy 625 strip electrode deposited
on MIL-S-23284 class 1 steel. Different combinations of filler metal and base metal have

also been studied. The essential aspects of ESS strip surfacing such as weld pool




formation, solidification mechanism, and microstructure evolution have been investigated
in both dissimilar metal and matched filler metal cladding. An optimum welding
condition has been attained. An analytical model with variable partition coefficient for
solute redistribution during weld metal solidification has been developed. Also, a
correlation has been established between weld metal microstructures and the solidification
cracking susceptibility. A new testing device to assess solidification cracking

susceptibility particularly designed for strip surfacing is also being employed.

The objectives of this study are:

» To study the fundamental aspects of the electroslag surfacing process regarding
weld pool formation and weld metal solidification mechanism.

e To establish a model to predict solute redistribution during weld metal
solidification in surfacing and to compare the model with experimental data, and

* To investigate the weld metal solidification cracking susceptibility, mechanism,
and the influencing factors in strip surfacing process using a newly developed
solidification cracking test.




CHAPTER II

BACKGROUND

Materials are frequently called upon to perform multiple functions, and often no
single alloy is the best for each of the required functions. Composite material is one of
the solutions to this problem and often this has become both a structural and an economic
necessity. One of the most common techniques applied to construct such composites for

improving a material’s resistance to corrosion and wear is weld surfacing.

SURFACING TECHNOLOGY

Manufacturing processes to build composite structures include weld surfacing,
roll bonding, explosion bonding and other mechanical methods. Among those methods,

weld surfacing has been the most versatile and popular way to produce clad structures.

Weld Surfacing Processes

Surfacing has been a common industrial practice for many years. Although
many different welding processes, or derivatives of those processes, as listed in
Table 2.1, could be used for the surfacing purpose, labor intensity, low deposition rate
and inefficiency had always been the major drawbacks during the early years of weld

surfacing. In order to increase deposition rate and cover a larger surface area, a strip

7




cladding technique was applied(60'63) in the early 60’s using strip electrodes with the
submerged arc welding process - submerged arc surfacing (SAS). This automatic strip
cladding process, which was considered the most cost-effective method to surface large
components, dramatically increased the deposition rate and reduced intensive labor
requirement. It has been exclusively used in the industries since then.®4%  Another
important factor in surfacing is that the penetration must be limited to a minimum so that
the desired surfacing material properties can be properly retained. However, excessive
dilution from base metal is intrinsic in this arc welding process and deteriorates the

overlay properties. Often, more than one layer of overlay is required to ensure the proper

surface composition and properties.

ComEarison of Welding Processes Used for Surfacin

Welding process rfé‘;ﬁéggﬂ Deposition rate [Dilution level Feature
Oxyfuel 1-2 low low labor intensive
SMAW 3 low moderate | labor intensive
GTAW 1.5-2 low low labor intensive

GTAW hot wire 3-4 moderate low labor intensiv:"
GMAW 3-4 moderate moderate | labor intensive “

GMAW pulsed 2-3 low low labor intensi\gl
Plasma 3-4 moderate low labor intensive
| SAW wire 3-5 moderate high automatic
" SAS strip 4-5 high moderate automatic
“ ESS strip 4-6 high low automatic |

Electroslag Surfacing

In 1971, Seidel and Hess" invented an improved cladding process which had a

similar appearance to SAS but used an electroslag technique called electroslag surfacing




(ESS) or electroslag strip cladding. It utilized the same principle as electroslag welding
developed by Hopkins“’ﬁ} in the United States in the 1930’s, except that electroslag
cladding operated in the flat position with a rather shallow layer of molten slag pool and
used a strip electrode. In electroslag strip cladding, there is no arc except during the
initiation. The heat of fusion is generated by the ohmic heating of a molten slag pool with
the passage of electric current through it. This ohmic heating melts not only the filler
metal and the surface of the base metal, but also the flux to maintain a dynamically steady
slag pool as such to protect the weld metal from atmospheric contaminants as the process
proceeds Figure 2.1. The filler electrode is continuously fed into the slag pool, where it
melts and deposits on the surface of the substrate. The equipment setup for ESS is

similar to that of SAS.

Cladding Direction

| D

Strip Electrode

L ——

24| Molten slag Pool o en Sla
.-.held Pool . — Solid Deposit
St AT AR A A AA AL A 0

Penetration

Base Metal

Figure 2.1 Schematic [llustration of the Electroslag Surfacing Process.
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The electroslag strip surfacing process has many advanced features over other
cladding processes.(l'l6’18'22’67'69) One important feature is that it combines two usually
contradictory factors in welding: high deposition rate and low dilution. Moreover, it
offers more uniform shallow penetration, easier and more effective alloying adjustment
through flux,7? cleaner deposits, lower oxygen content,’! better slag detachment,
superior surface finish, wider strip capability, and lower workmanship requirement as
compared with conventional surfacing processes. In comparison to its nearest competitor
SAS, ESS allows higher welding current density than SAS does especially when wider
strip is applied. ESS deposit is metallurgically cleaner than that of SAS. Due to its
superior performance characteristics and cost-effectiveness, the ESS process has virtually
eliminated other competitive processes used for thick section surfacing in Japan. It has
been widely used from the internal surface cladding of pressure reactor vessels to the
external surface cladding of marine structural components, to improve heat resistance,

corrosion resistance, and wear resistance as in hardfacing.(72'73)

Despite the wide application of ESS in industry, the studies on the ESS process
have been so far limited to the performance characteristics with emphases on the
surfacing composition, operating parameters, mechanical and corrosion properties. They
have provided an important guideline to industry in applying the ESS process. Some
have studied the microstructures produced by the ESS process. A unique microstructure
morphology(5’18’19’36) has been found. It appears different from conventional welding
microstructures. However, questions still remain to be answered regarding how such

microstructure is produced in the ESS process.
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NICKEL ALLOY 625

Metallurgy of Nickel Alloy 625

Nickel alloy 625 (UNS N06625, NiCr22Mo9Nb, ENiCrMo-3) was developed
in the early 60’s by H. L. Eiselstein of Inco Alloys International, Inc. Originally, it was
designed for applications in high-strength main steam-line piping and gas turbine
materials for super critical steam power plants.®> Due to its specific combination of
excellent fabricability, mechanical properties and corrosion resistance in both wrought
and cast product forms, it has gained its popularity as the second mostly used nickel base
superalloy.(74’75 ) Beyond the original applications, it is now widely used as a generic
alloy throughout industries where the corrosion problems are particularly severe. This
alloy contains many elements, and most of them are strategic materials. For economic
and conservative considerations, nickel alloy 625 has often been used as a surfacing
material. Surfacing can be achieved by weld surfacing, roll bonding,(76) explosion
bonding and other mechanical methods. (thermohydraulically and P/M coextruded)’ "8
Among those methods, weld surfacing has been the most popular method to produce a

clad structure.

Under marine conditions, nickel alloy 625 is immune to crevice corrosion and
chloride-induced stress-corrosion cracking. It has been exploited as the weld surfacing
material for corrosion resistance in the marine applications.(18’19’31’32’34) Additional
applications as weld surfacing material can be found in nuclear reactors for high

temperature corrosion resistance,®®® and rollers for wear resistance. 8%

Nickel alloy 625, based on nickel-chromium-molybdenum ternary system, is a

solid-solution strengthened alloy. Molybdenum, in addition to niobium, is added to
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stiffen the nickel-chromium matrix, and thereby provides high strength without a
strengthening heat treatment. In the wrought condition, MC and MgC (rich in nickel,
niobium, molybdenum, and carbon) are the primary carbides which distribute uniformly
in the Yy matrix and add additional strength through dispersion hardening to the alloy. In
addition, M»3C¢, a chromium-rich carbide, which appears in solution treated material,
distributes along grain boundaries and stabilizes grain boundaries against excessive
shear. Although nickel alloy 625 contains small amounts of aluminum and titanium, it is
not usually considered as an age hardenable superalloy. However, as a consequence of
its content in Nb, precipitation of the metastable ordered y" phase (a Ni3(Nb,Al Ti)
coherent body-centered tetragonal) and stable & phase (a Ni3(Nb,Mo) incoherent
orthorhombic) does occur during long term aging of solution treated alloy. This alloy can

also be further strengthened by aging treatment.(2>-26.74.81-84)

Welding of Nickel Alloy 625

Nickel alloy 625 is generally considered having good weldability as compared

with other nickel based superalioys because it is free from strain age cracking.(24’25’85)

However, it is still quite susceptible to solidification cracking during welding.86-87)

(30) (29)

Solidification cracking has been found in dissimilar metal welding'”’ and cladding

with nickel alloy 625.

The as-welded microstructures of nickel alloy 625 are quite different from that
of the wrought material. Strong segregation of the alloying elements forms a composite-
like structure with interdendritic area which is richer in niobium than corresponding
dendritic area. Eutectic-like constituents are formed in the interdendritic area during

casting and welding.(18’87'96) Laves phase and Nb-rich carbides, as examples of the
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constituents, are produced as the result of strong segregation caused by non-equilibrium
weld metal solidification and always distributed in the interdendritic region. The general
formula of Laves phase is (Fe,Cr,Mn,Si),(Nb,Mo,Ti). Excessive amounts of Laves
phases will impair room temperature tensile ductility. The solidification characteristics of
nickel alloy 625 have been studied and the phases found in the as-welded alloy are listed

in Table 2.2.8791.97

A comprehensive comparison of weldability of nickel alloy 625 with other heat
resistant superalloys and stainless steels has been carried out by Arata et al.®® Hot
ductility characteristics and weld cracking susceptibility of those alloys have been
investigated using weld thermal cycle simulator, Varestraint, and Trans-Varestraint test.
The brittle temperature ranges had been determined. The ductility of nickel alloy 625
showed a drastic decrease to zero near nil ductility temperature. Although some of the
ductility characteristics of nickel alloy 625 are comparable to that of 316 stainless steel,
the cracking susceptibility is substantially higher than that of the stainless steel. Among
heat resistant superalloys, such as Inconel 617, Hastelloy X, and Incoloy 800, nickel

alloy 625 has a moderate cracking tendency.

Cieslak®D has further studied the alloying element effect on weldability. A
statistically designed matrix varying in C, Si, and Nb content has been employed to
determine the individual effects of those elements. The Varestraint test was used as the
evaluation tool. The correlation between the alloy chemistry, solidification microstructure
and weldability (solidification cracking susceptibility) was established. It was concluded
that the formation of Nb-rich eutectic constituents was primarily responsible for the

increased susceptibility to solidification cracking. However, the influences of welding
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condition on the formation of Nb-rich eutectic constituents and further on the weldability

were not studied.

Table 2.2 Summary of the Phases Found in Nickel Alloy 625 Weld Metal

Phase Structure Morphology Composition Melting range
Il Matrix FCC Dendritic Ni, Cr 1360-1285 °C
Laves Hexagonal Lamellar Ni, Fe, Cr, Nb, Mo, Si 1148 °C
MC Cubic Blocky C, Ni, Cr, Nb, Mo 1246 °C JI
“ M¢C | Diamond Cubic | Irregular C, Ni, Cr, Nb, Mo, Si 1206 °C “

Heubner et al.®® investigated the solidification behavior in directionally
solidified nickel alloys. The equilibrium solidification ranges and melt equilibria of nickel
alloy 625 had been determined. Partition coefficients of the alloy components as a
function of temperature had been measured by isothermal holding and quenching during
solidification. Segregation behavior of each component corresponded with the

equilibrium model under such solidification condition.

STRUCTURE of WEL DMENT

In dissimilar metal welding, the weldment is a chemically heterogeneous
composite consisting of six metallurgically distinct regions defined as (1) the composite
zone, (2) the unmixed zone, (3) the weld interface, (4) the partially melted zone, (5) the
heat-affected zone, and (6) the unaffected base metal, as illustrated in Figure 2.2 (42.99-
101) The composite zone in a weld is the part where filler metal and melted base metal are

completely mixed. The unmixed zone in a weld is the part where base metal has been

melted due to the heat of the weld, but not mechanically mixed as in the composite
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region, and it has an identical chemical composition to the base metal. However, its
microstructure differs from both composite zone and base metal. The weld metal (fusion
zone) is a combination of those two zones. Separated by the weld interface, is the
partially melted zone where some localized melting in base metal such as second phase
particle dissolving may occur. The heat-affected zone (HAZ) and unaffected base metal
will not be discussed in this study. However, in autogenous welds or weld made with
matching filler metal, the unmixed zone does not exist as a distinguishable zone. It is
virtually identical to the composite zone in terms of solidification structures and chemical
composition, and no interface can be drawn in between (except some heavily segregated

base metals may also produce a distinguishable unmixed zone'!92),

The factors affecting the unmixed zone such as welding method and heat input,
have been studied.®®'%? It is concluded that the unmixed zone exists in heterogeneous
welds regardless of the welding method, and a higher heat input and greater penetration
produce a wider unmixed zone generally. It is also suggested by Matthews and Savage
that a larger unmixed zone is expected when the melting range of the filler metal is equal
to or greater than that of base metal. A more recent study has focused on its adverse
effect on the weld metal corrosion resistance.(1%% However, the presence of the unmixed

zone effect on the microstructure development has not yet been studied.

Heat-affected zone

Unaffected base metal

Figure 2.2 Metallurgical Zones in a Typical Weld.
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WELD METAL SOLIDIFICATION

Microstructure Evolution

The solidification of metallic alloys is generally considered as a nucleation and
growth process. Although it is true that in the case of ingots and castings, it has been
concluded by many researchers in welding (autogenous weld or weld made with
matching filler metal) that the nucleation event is insignificant and the control mechanics
of weld metal solidification is an epitaxial growth.(37'44) That is, the molten weld metal
solidifies on the pre-existing lattice sites in the partially molted grain of the heat-affected
zone. As a result, the heterogeneous nucleation event in welds is eliminated during the

initial stage of weld metal solidification.

Epitaxial and Non-epitaxial Growth in Welding

The understanding of the fundamental aspects of the solidification mechanism
and grain structure development in the fusion zone of conventional welding has increased
substantially during the past 30 years. Essentially, there are two distinguishable
solidification modes in fusion welding, epitaxial growth mode and independent
nucleation (non-epitaxial) mode. They are followed by competitive growth (although the
independent nucleation does not necessarily occur as the first step as the weld pool
solidifies). The fundamental concepts of epitaxial growth and competitive growth during
weld metal solidification were established in the 1960's by Savage and his
colleagues.(37“40) They proposed that no nucleation event was necessary to initiate weld

pool solidification. Solidification mechanism in fusion welds is a process of epitaxial
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growth from the partially melted base metal at the fusion boundary where a perfect or
near perfect wetting of the base metal by the molten weld metal and favorable substrate
characteristics precludes the distinct nucleation. However, in the bulk weld metal, grain
growth is a process of competitive growth where grains with their easy growth direction
parallel to the direction of the maximum temperature gradient will grow more easily and
crowd out other less favorably oriented neighboring grains. The easy growth direction
for f.c.c. and b.c.c. metals is <100>.38104106) Thjg preferential growth in the <100>
direction is thought to be because the <100> is the least close packed, as crystallization
occurs from the random atomic arrangement in the liquid, the looser packing of atoms in
this direction effectively allows a faster growth than in other closer parked directions.
Further investigation focused on the epitaxial growth was conducted by Loper and
coworkers*1'1% who expounded the microstructural development in conventional
autogenous GTA welding. They concluded that no mechanism of solidification at the
fusion boundary other than epitaxial growth mechanism occurred. They summarized the

relationships of epitaxy, nucleation, and grain growth.

The microstructure in the weld fusion zone was profoundly influenced by the
partially melted base metal grains.(‘”’mS) Favorably oriented partially melted base metal
grains resulted in nucleation-free growth in the fusion zone, whereas unfavorably
oriented partially melted base metal grains induced a nucleation event in the bulk weld
metal. Statistically, the percentages of nucleation free growth and nucleation growth in
the entire weld metal were 30% and 70%, respectively, in their study. The closer the
partially melted base metal grains oriented to the unfavorable <111> direction, the greater
the possibility for nucleation to occur near the fusion boundary. Nucleation in the fusion
zone requires a favorable crystallographic growth orientation, favorable thermal

conditions and impurities in the weld metal. 1% More studies on nucleation in the fusion
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zone have been conducted by Kou et al. 197110 They described some favored
conditions for other types of nucleation taking place in the weld fusion

(107,108,110,111)

zone, and these new grain were internal epitaxial columnar grains when

the weld was oscillated, and equiaxial grains caused by dendrite fragmentation.

In 1979, Loper and Gregory(1 12) published the most extensive study on non-
epitaxial growth in fusion welding where significant high welding travel speed (from 210
to 850 mm per second) was used in autogenous welds on aluminum alloys. Epitaxial
growth was eliminated and non-epitaxial growth became a dominant factor in such welds.
Non-epitaxial growth created a metallurgical grain boundary (referred as type B grain
boundary by Matsuda'?) near the fusion boundary which separated the partially melted
base metal grains from the fusion zone grains. Also epitaxial grain growth still existed to
some extent but it was quickly eliminated by surrounding non-epitaxial grains which
were more favorable in growth direction. In the case of the non-epitaxial growth,
microstructure developed in weld fusion zone became independent from base metal
microstructures. In the absence of epitaxial growth, the microstructure in the fusion zone
was essentially a single crystal structure, only low angle grain boundary maybe
presented.(lm This study has also found that high welding travel speed, small base

metal grain size and narrow weld bead all tend to favor non-epitaxial growth.

The non-epitaxial phenomena were also observed by Baikie and Yapp''¥ in
316 stainless steel multipass welds where nucleation was found in partially melted grains
which had a less favored orientation (for example, 30°). More cases were found in laser
irradiation situations where the cooling rate was about 10° to 108 °C per second.!1>!11®)
Based on these works, it was predicted by Brook and Mahin‘!!”? that more cases of non-

epitaxial growth were expected with the increasing research in the area of rapid
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solidification. However, whether the non-epitaxial growth is truly dependent on rapid
solidification or not is still a question. Devletian and Wood™ have studied the capacitor
discharge welding where the solidification rate is about 106 °C per second yet the grains
still form epitaxially in the fusion zone.*Y N oticeably, all of those studies were carried
out on autogenous or matching filler metal welds. In the case of dissimilar welding,
although it has been observed that epitaxial growth seldom occurs between clad metal and

base rnetal,(5 ) no further study has been conducted.

It is important to study the solidification of electroslag strip cladding because it
directly affects the cladding properties and the formation of defects in cladding. Both the
technical importance and theoretical importance are obvious. Weldability and the
mechanical properties of fusion welds are affected by the microstructures developed
during weld pool solidification in the weld fusion zone (if the base metal’s response to
the welding is to be neglected). In welding, the molten weld pool shape can profoundly
influence grain orientation produced during weld metal solidification and affect
weldability.(38) It was observed by Savage ef al. that welds made with a tear drop shape
weld pool were more susceptible to solidification cracking than welds made with an
elliptical shaped pool.!'® Davies and Garland'® pointed out that this is because in a
tear drop shaped weld pool, low melting point segregates tend to be trapped at the grain
boundaries along the weld centerline when the essentially straight columnar grains(2®
growing from opposite sides of the weld pool impinge against each other. In an elliptical
shaped weld pool, on the other hand, curved columnar grains growing perpendicular to
the trailing edge of the pool do not impinge against each other. Therefore, they do not
trap low melting point segregates along the weld centerline. It is also true that fine-
grained welds are less susceptible to solidification cracking than coarse-grained welds.

This is due to the fact that in fine-grained welds low melting point segregates tend to be
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distributed over a larger grain boundary area and, therefore become less harmful (121:122)

The microstructures produced in fusion welds have always resulted in anisotropic

mechanical properties of the weld deposit.(38’123 124)

Microsegregation

Microsegregation, that is, segregation of solute elements over distances on the
order of dendrite arm spacings.(125) The origin of the microsegregation in cladding is the
result of the uneven redistribution of solute accompanying the solidification of an alloy.
It affects mechanical properties, corrosion properties, and workability of ingot. In
welding, it is such segregation that produces a microstructure susceptible to solidification
cracking to a degree dependent upon the extent of segregation and the components which
are segregating.(!2® The extent of microsegregation in the alloy structures can be
determined experimentally by measuring one of the following: (a) amount of non-
equilibrium eutectic constituent, (b) amount of non-equilibrium second phase, (c) ratio of

minimum to maximum element concentration.

The equilibrium partition coefficient (distribution coefficient) k is defined as the
ratio of solute concentration in solid to solute concentration in liquid at a particular
temperature. It can be obtained by the liquidus and solidus lines over the solidification
interval of a phase diagram. It is influenced by the diffusion of solute in the liquid,
diffusion of solute in the solid, convection, turbulence, and solute trapping. The
equilibrium partition coefficient k equal to one, means an even distribution of solute in
solid and liquid. The further the & of an element deviates from the unity, the greater that
element segregates. Although, under equilibrium solidification conditions, the solute

distribution across the solidification path is equilibrated, the value of the partition
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coefficient k does not reflect the segregation behavior in solidified alloy. However, in

non-equilibrium solidification, it has been a primary indictor to the segregation.

In the complex alloy system, such as nickel alloy 625, the partition coefficient
can only be determined experimentally. A significant change of partition coefficient over
the solidification range has been reported,(gs) and it also has been described as a function
of temperature. For solutes which exhibit distribution coefficients less than 1.0, the
molten weld metal becomes enriched in that solute ahead of the solid-liquid interface. As

solidification proceeds, this enriched liquid freezes in the dendritic boundaries. 12

In nickel alloy 625, niobium has been the strongest element that

segregates, 98127

As the result of such segregation, elements like niobium,
molybdenum efc. are substantially concentrated in the interdendritic region. As the
interdendritic liquid solidifies, Laves phase, a non-equilibrium product forms in the

interdendritic region.

The cooling rate at a given location in the weld is the product of the temperature
gradient and the solidification growth rate (G x R = cooling rate, G is the thermal gradient
at dendrite tips, R is the solidification rate in the direction of dendrite advance). For
many alloys, there is an empirical correlation between the dendrite arm spacings and the
cooling rate.!!?%129 The correlation exists for both primary and secondary dendrites.
Caution must be taken to accurately measure the primary dendrite arm spacings. Because
the primary dendrite usually doesn’t line-up well for direct measurement, while
secondary dendrite arms line-up on the stems of primary dendrites. It should be noted
that dendrite coarsening can also lead to a false result. The dendrite arm spacings are
determined experimentally from the microstructures. Therefore, the local solidification

time can be calculated using a correlation with experimental data. For nickel alloy 625,
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the correlation between primary dendrite arm spacings and cooling rate has been

determined®® to be:

A = 758.3 (Cooling rate)®* [2.1]

MODELING of WELD METAL SOLIDIFICATION

Solidification modeling has shown an increased importance in modern industry.
The potential to influence the microstructure through extensive hot forming and high
temperature annealing has been limited. Many parts are used in the as-solidified (as-cast
or as-welded) condition, as in net shape casting and surfacing. Controlling the

solidification process has been the only method to obtain better microstructures.

Solute redistribution during solidification in complex alloy systems is
important, since it profoundly influences the weldability or castability and mechanical
properties of the solidified alloy. Many models developed for binary alloys have been
used for the complex multi-component alloys based on an assumption that the individual
alloy component does not influence each other with respect to segregation behavior, and
often it is under the assumption that the partition coefficient applied at the interface is a
constant throughout solidification. Although Brody and Flemingsmo) showed that the
assumption of constant partition coefficient may not always be valid, this assumption has
been continuously used in many models. In the binary alloy system, the partition
coefficient can be obtained from the equilibrium phase diagram of the alloy system. In
the complex alloy system, such as nickel alloy 625, the partition coefficient can only be

determined experimentally. It has been found in the literature that for the same alloy
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system (e.g. nickel alloy 625) different models often use a different partition coefficient
value. Some uses the value directly from binary system, some uses experimental value.
To overcome the discrepancy between model and experiment, many have adjusted the
partition coefficient k to a effective partition coefficient k. or ks which has no physical
meaning regarding to the alloy system at all. A significant change of partition coefficient

®® and described as a function of

over the solidification range has been reported,
temperature. This should be taken into account when models the complex alloy systems,
such as nickel alloy 625, and this would significantly improve the modeling of the solute

redistribution behavior in those alloy systems.

In a binary alloy, under equilibrium conditions (complete solute diffusion in

both solid and liquid), by applying the lever rule, the following equation is derived:

C
L -1
—& = [1-(1-k )fs] [22]
CO
where C L is the solute concentration in the liquid;
C o 1is the initial element concentration;
k  is the equilibrium partition ratio; and

fs  is the weight fraction of the solid.

This equation could be used in calculating the solute concentration during the
equilibrium solidification. However, in the real world, liquid metal rarely solidifies
under equilibrium conditions. It is virtually always under non-equilibrium conditions

such as in casting and welding.
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The first theoretical treatment of microsegregation in the non-equilibrium
solidification condition was given by "Scheil" equation [2.3]. It assumed that complete
solute diffusion in liquid and no diffusion in solid. Other assumptions such as no mass
flow into or out of the volume element, constant physical properties, and fixed volume

element size were also applied.

C. =k C, (1-f5)*" [2.3]

*
where C ¢ 1s the solute concentration in the solid at the solid/liquid interface.

The Scheil equation predicts generally greater microsegregation than that found
experimentally. The discrepancy between predicted and actual microsegregation

measured experimentally arises mainly from back diffusion in the solid.

Brody and Flemings'**!31) were the first to account for diffusion in the solid
during dendritic solidification. They approximated the solute concentration gradient at the
solid/liquid interface during solidification and derived the solutions as the following:

Eq. (2.4, 2.5]
C, =kC, [1 - —l]k - [2.4]

I1+ak

for the linear rate of the interface advancement and

C,=kC, [1-(1-2ak)fJt 2 2.5]

for the parabolic rate of the advancement, respectively, and the « is the

diffusion Fourier number, which represents the extent of diffusion of solute in the solid;
t

it is defined as o = Dy i
)‘2
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where Djg is the solute diffusivity in the solid;

tf is the local solidification time; and
A is the one-half of the dendrite arm spacing.

This model predicted a reasonable solution only when ak < 0.1. When the
solid diffusion became significant factor, mass balance can not be preserved with this
model. Considering this model must reduce to the Scheil equation [2.3] for no solid
diffusion and to equation [2.2] for complete diffusion, Clyne and Kurz{!3? have
modified this model and added a spline fit to match the Scheil equation and equilibrium

equation for infinitesimal and infinite diffusion coefficients, respectively, so that these

extreme conditions can be fully satisfied. They defined an o' to substituted o in Brody
and Flemings' model. Their definition of o' for parabolic growth is shown in Eq. [2.6].
It has been pointed out by Kobayashi(5 D this approach overestimated the extent of
diffusion in the solid and, therefore, underestimated microsegregation. And the 'is not

constant during solidification, it is a function of ¢, &, and f.

o=af1-e ") ——;— e [2.6]

Kobayashi(5 L133) derived an analytical solution for solidification with parabolic
growth. The solution was given by an infinite series expansion, and offered the most
accurate results. However, the number of terms required to generate an accurate solution
were excessively large (more than 10,000 terms) for small values of o and k. Thus, itis
very difficult to use his model for practical purposes. Furthermore, his model was
derived with the assumptions of constant equilibrium partition ratio and constant

diffusivity. These assumption are not valid for most complex alloys, for example, the
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equilibrium partition ratio of certain element in nickel alloy 625 can vary over 30% of its

value over the solidification range,(gs) so that this model cannot be properly applied.

The diffusion of solute in liquid can generally be ignored especially in case of
dendritic solidification because of the relatively high diffusivity (D; is approximately
equal to 10 m?s™!) and the small diffusion distances within the interdendritic liquid
(approximately 10 to 100 pm). The extent of diffusion in the solid varies widely

depending on the nature of the solute atoms.

To reduce segregation and eliminate Laves phase in nickel alloy 625 casting,
Sawai et al.1?7 have studied the microsegregation behavior in directionally solidified
casting. Matsumiya’s 1-D finite difference model'3® was used in predicting the
formation of Laves phase. A lower liquid concentration was predicted at a given
temperature especially for small partition coefficient elements. It was suggested that
increasing cooling rate during solidification produced a finer dendrite structure which
could reduce the amount of the Laves phase. Meanwhile a stronger segregation behavior
of Nb and Mo which led to the formation of Laves phase was also observed with the
increased cooling rate. A substantially low threshold was used in the model to predict

more Laves phase in the interdendritic region.

Sarreal and Abbaschian!>> have studied the effect of solidification rate on
microsegregation. A broad range of solidification rate from slow to rapid (6x102 to
1x10° K/s) was examined and compared with the classical non-equilibrium models. The
difference between the models and experimental results was found in the prediction of
the eutectic fraction, and the error in the prediction was assumed mainly due to lack of
consideration in dendrite tip undercooling, related to the solute built-up at the dendrite tip,

and eutectic temperature depression. Progress was based on the Brody and Flemings’
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work. A newer model including the effects of dendrite tip undercooling and eutectic
temperature depression was proposed by Sarreal and Abbaschian.1?3 Still a constant
partition coefficient k was applied for all solidification rates in this model. Giovanola and
Kurz(136137 have also studied the microsegregation under rapid solidification
conditions. The assumption of complete mixing in the liquid used in many other models
has been found invalid in the rapid solidification conditions. In their semi-empirical
approach, both solute distribution in the interdendritic liquid and solute diffusion in solid
was accounted. The model predicted a realistic microsegregation under rapid
solidification condition. However, in both the above mentioned models, a constant
partition coefficient k was used. The concept of the Péclet number used for high rate
solidification has been ignored. It would have helped to predict a less segregation
behavior if the significantly increased partition coefficient were used under high

solidification rates.

WELD METAL SOLIDIFICATION CRACKING

Weld metal solidification cracking has been a major and persistent problem in a
variety of engineering alloys. It has been the subject of many extensive studies for

several decades.

Mechanisms of Solidification Cracking

Borland's Generalized Theory(13 8

of solidification cracking has been the most
widely accepted one in explaining the mechanism of solidification cracking. In the
Generalized Theory, cracking is explained by considering four stages during the

solidification of weld metal: In the first stage - dendrite formation, free growth of
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dendrites into a continuous liquid takes place and no cracking can occur. In the second
stage - dendrite interlocking, impingement of growing dendrites causes interlocking. The
liquid remains continuous in the interdendritic regions and healing occurs if any cracking
may form. The third stage - critical solidification range, grain boundaries start to form
when very little liquid remains. Cracking can not be healed if the strains exceed the strain
tolerance of the material. The fourth stage - completion of solidification, the solidification
completes, no liquid remains and no solidification cracking occurs. According to this
theory, the weld metal solidification cracking is a result of the competition between the
material resistance to cracking and the mechanical driving force for cracking. Like many
other cracking phenomena, cracking occurs when the mechanical driving force exceeds
the (endurable limit of) materials resistance. The mechanical driving force (strain) is
raised by not only the internal contraction of the weld metals, but also the external
deformation caused by parent metal movement due to the rapid local heating and cooling
cycle. Stress is often tension stress in the cladding bead when nickel alloy 625 or other
soft materials deposit on low alloy steel. 139 In the case of cladding, reducing cladding

speed or preheating the base metal will decrease tensile stress level in the cladding.

Factors Affecting Solidification Cracking

Factors affecting weld metal solidification cracking can be considered either
metallurgical or mechanical origin.(138’140'148) The metallurgical factors relate to the
conditions of solidification of the metal, the grain size and morphology, the presence of
low melting eutectic films, etc. and those affecting the extent of the critical solidification
range. The mechanical factors relate to conditions of stress/strain build-up in weld metal
during solidification resulting from transient, non-uniform heating and cooling at various

weld and near-weld posiﬁons.(58’95’124’126’139’149'171)
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Trace elements: The early work performed by Pease,(!72)

Owczarski,*>!731" and others regarding tramp elements such as sulfur, phosphorus,

lead, etc. was excellent and is still a good guideline to follow with respect to alloy trace

element limits. Although almost all of the detrimental trace elements have been eliminated

to a substantially low level by today’s processing technology, the possibility of

contamination during welding has become significant.

Factors affecting solidification cracking formation in welding from a materials

composition standpoint have been summarized by Cieslak®”*! as listed below.

I. From a materials composition standpoint, there are three reasons for hot

cracking to occur in an alloy.

related.

The nominal alloy matrix, excluding impurities, has a wide solidification range.

An intentional alloy addition may cause the formation of a low melting point
constituent, such as a eutectic, which could wet solidification grain boundaries
at temperatures well below the equilibrium solidus.

Impurity elements strongly segregate to interdendritic regions and grain
boundaries where they either form low melting point constituents or lower the
surface tension of the final solidifying liquid. Most of the low melting point
constituents formed by impurities have a very brittle property even when they
are solidified.

II. From a welding process point of view, the following factors are all process
Magnitude of the thermal strain induced during the welding is determined by the

welding process, welding variables, weldment configuration and materials’
thermal properties.
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The morphology of solidification structure has a great effect on the formation of

hot cracking.(146’l75)

Solidification mode, which has been a primary factor affecting hot cracking in
stainless steels, is both compositional and process dependent.(176'178)

Welding alloying vector indicates which elements are introduced into the
weldment and which elements are lost or diluted during welding process. This
should also be an additional consideration for compositional factors.

II1. Status of base materials:

Base metal microstructures prior to welding may affect cracking

susceptibility.(“'”g)

Features of Solidification Cracking

Hot cracking in welding can be categorized in the chart shown in Figure 2.3. In
many cases, more than one type of cracking occurs in the same weld. However, the
solidification cracking has its own features. 80189 1t is usually observed as grain
boundary fracture. The fractured surface of the cracking shows a deep dendritic feature
when cracking occurs in the temperature between near the liquidus and the bulk solidus,
and it shows a shallow dendritic or flat surface when cracking occurs in the temperature
range between the bulk solidus and the true solidus. Solidification cracking can often
induce subsequent ductility dip cracking as temperature drops. So proper analysis of the

fracture surface is important to solve welding cracking problem.
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Hot Cracking in
Welding

Solidification Crackin

Super-solidus Cracking
Weld Metal Hot Cracking /
Ductility Dip Crackin
uctiity Dip Crackd g< _ \Sub-solidus Cracking
HAZ Hot Cracking /

Liguation Cracking/

Figure 2.3 Classification of Hot Cracking in Welding.

Solidification Cracking Test

In order to investigate the tendency of weld metal solidification cracking in
welding, many tests have been developed to assess the solidification cracking
susceptibility of both welding material and welding process. Those testing methods can
be classified into two categories: self-restraint tests and external restraint tests. The self-
restraint test relies on the rigidity of specimens whereas the external restraint test requires
an external load to impose an augmented restraint during testing. The imposed restraint
in general is large enough so that the thermally induced restraint can be neglected. This
allows the metallurgical and compositional factors associated with cracking to be isolated
from the mechanical factors associated with welding process. However, the test
conditions, especially the combination of thermal and mechanical history, are inherently
different from actual welding conditions. This difference may result in disparate cracking
behavior in the external restraint test relative to actual welding. The primary advantage of
a self-restraint type test is that it requires no additional equipment or apparatus. And
human operating error could be limited in this test as compared with modified varestraint-

transvarestraint test (MVT) where inconsistent results were found for clad metal®%>)
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Although, there are numbers weldability tests available to assess the weld metal
solidification cracking susceptibility during the welding,(56’57’184) none of them can be
easily adopted in the strip surfacing process. The Canadian standard GBOP (Gap Bead-
on-Plate) test was found insensitive to cracking in strip surfacing process.(lg) Other
attempt using the existing test (Varestraint test and MVT) for strip surfacing process can
be found in references (58,59). It was found that those tests produced an altered weld
metal microstructure different from that of ESS in the present study. Therefore, such test
results could not represent strip surfacing condition. Since solidification cracking in the
weld metal is a material, structure, and process dependent factor, consequently any test
method which produce an altered microstructure could not represent strip surfacing
condition.®%>® A new testing method has been developed to meet the need to evaluate
the solidification cracking tendency in order to make assessment on welding materials and

process parameters.




CHAPTER Il

EXPERIMENTAL PROCEDURES

MATERIALS

The materials used in this study can be categorized into three groups. They are
filler strip electrodes, base metals (substrate), and surfacing fluxes. In the process
optimization study, nickel alloy 625 strip electrode, MIL-S-23284 class 1 steel base
metal, and electroslag surfacing (ESS) flux (submerged arc surfacing flux for comparison
only) were used. In the study of clad metal solidification, class 1 steel and several types
of stainless steels were used as base metals, while nickel alloy 625, 70/30 copper-nickel,
stainless steels, and mild steel were used as filler strip. In the weld metal solidification
cracking assessment, the nickel alloy 625 was compared with other filler metals including
nickel alloy 59, 70/30 copper-nickel, 70/30 nickel-copper, 308L stainless steel, and
nickel 200. MIL-S-23284 class 1 steel was used as base metal.

Surfacing Strips

Composition and melting temperatures of the strip electrode filler metal used in
the present study are shown in Table 3.1 Among those filler metals, nickel alloy 625 was
the primary filler metal used in all studies. The 30 x 0.5 mm nickel alloy 625 strip
electrode was produced by vacuum induction melting (VIM) then electroslag remelting

(ESR) and supplied in cold rolled condition. Other strip filler metals were used for either
33
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the cladding interface study or the solidification cracking study. These filler strips

include: nickel alloy 59, 70/30 Cu-Ni, 70/30 Ni-Cu, Ni 200, 308 stainless steel, and mild

steel.
rl Table 3.1 Compositions (wt%) of Strip Electrode Filler Metals ——||
Element | Nickel | Nickel _—7_6/37 70/30 | Nickel | 308L 410 Mild
(Wt%) |Alloy625| Alloy 59| Cu-Ni | Ni-Cu 200 |[Stainless|Stainless| Steel
C 0.03 | 001 | 002 | 002 | 002 | 003 | 0.14 | 025
Mn | 003 | 015 | 073 | 354 | 030 | 1.96 | 1.15 | 0.97
Fe | 095 | 034 | 055 | 052 | 007 | BAL. | BAL. | BAL.
|F S <001 | 0.003| 0.001| 0.001| <001 | 0.001| 002 | 0019
Si 004 | 004 | 004 | 017 | 012 | 045 | 1.11 | 0.31
Cu | 0.03 66.99 |28.64 | 0.02 | 0.07
Ni | 6345 | 60.90 |31.25 |65.10 | 9641 | 102 ]
cr | 2250 | 2250 205 | 123 4
Al | 026 | 031 0.03 | 004 | 0.26 0.001
|t | o190 042 | 1.98 | 3.02 | 0.19 0.04 4'
Mo | 932 | 15.50 0.42
Nb | 347 | 023 0.03
P 0.005 0.001 | 0.001| 0.001] 0.01 | 0.03 | 003
Elfl‘;lﬁ_nogc 1285 | 1310 | 1170 | 1308 | 1435 | 1400 | 1483 | 1505
Base Materials

MIL-S-23284, Class 1 steel was used as the primary base metal in this study

(A36 steel was also used occasionally) except in the interface study where the stainless

steel 304 and 316 were used. The composition and melting temperature of the base
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metals are listed in Table 3.2. The surface condition of base metal to be clad was
machined or ground to bare metal. Surface roughness was always maintained

approximately RMS = 3.25x10mm (RMS = 130pin, about 63P) or better.

Table 3.2 Compositions (wt%) of Base Metals

MIL-S-23284 A36 304 316
Class 1 Steel Steel Stainless Steel Stainless Steel
C 0.25 0.27 0.04 0.04
Mn 0.34 1.20 2.01 175 |
Fe 94.86 98.02 68.73 6426 |
| s 0.013 0.05 0.01 0.01
Si 0.22 0.25 0.86 0.33
Ni 321 8.81 12.21
Cr 0.42 19.3 18.52
Al 0.005 0.001 0.001
| = 0.001 0.02 0.01 |
Mo 0.44 0.19 2.85
\ 0.06 0.001 0.001
P 0.006 0.04 0.03 0.02
LT?;;%% 1505 1510 1400 1378

Surfacing Fluxes

Agglomerated fluxes were used for both ESS and SAS processes. The major

chemical ingredients of the fluxes are listed in Table 3.3
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“ Table 3.3 The Major Chemical Ingredients of the Surfacing Fluxes

IF MgO+CaO+CaF) ADO3 5102 LipO+NapO+K20 ||
70 20 8 2 “
SAS flux
MgO+CaO+CaFy | Si0p | ADO3 | FeO+MnO | NapO+K20 |
| 45 20 10 5 s |

WELDING EQUIPMENT

The Union Carbide, Linde series VI-1200 CV/DYV, a direct current, constant
voltage power supply was used for both ESS and SAS process. Electrode positive was
set for both ESS and SAS processes. The equipment setup is illustrated in Figure 3.1
The welding current, being an indirect parameter, was controlled by the adjustment of the
strip electrode feeding rate. A high capacity shunt was linked to the welding head and the
potential over the shunt was monitored then converted to the welding current. Welding
voltage was directly adjusted in the power supply control box, and it was also monitored
and recorded between contact shoes and work pieces. The travel speed was controlled by
Linde UEC-7 control unit. The characteristic volt-ampere output of the power source is
shown in Figure 3.2. In this experiment, current and voltage were not totally unrelated.
Changing each of the process variables also altered the physical state of cladding pool and
this change also had inevitable effects on the other process variables. For instance,
increasing travel speed would naturally decrease cladding current, due to decreasing
depth of cladding pool and reducing heat input in the cladding. In order to keep the same

current level, proper adjustment was needed (strip feed rate was increased).
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Figure 3.1

The Surfacing Equipment Setup
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Figure 3.2  The Output Volt-Ampere Characteristics of the Power Source: Curve A
and B are the power source's upper limit and lower limit, respectively. The output A/V
curve can be adjusted between A and B by the voltage control.

ELECTROSILAG SURFACING PROCESS

Surfacing Process Variables

A comprehensive parametric study was conducted in a systematic series of tests
on the ESS process to statistically evaluate the effect of each independent process variable
upon dependent process responses consisting of deposition rate, penetration, dilution,
and bead shape. Duplicated surfacing conditions were used on SAS for comparison

purpose (to establish a common ground, compare with popular industry process). The
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independent experimental variables mainly consist of cladding current, voltage, and travel
speed. The final optimum condition was evaluated in the order of acceptable dilution,
highest possible deposition rate, and a sound bead shape (wetting angle < 70°) with a

stable ESS mode.

Bead-on-plate claddings were deposited on 25 mm (1") thick MIL-S-23284,
Class 1 steel. Selected claddings were longitudinally sectioned to inspect for a uniform
penetration pattern along the entire cladding bead. All claddings were transversely
sectioned for image analysis evaluation. The cross-sectioned samples were grounded to
600 grit, then diamond polished to one micron finishing. The base steel was etched with

2% nital to make the cladding deposit and base metal distinguishable.

Light Image Analysis

LECO L2001 image analyzer was used to measure features of cladding cross
section. A special method was developed for this analysis by using a predefined line
coupled with live image. This technique enables the system to determine the dilution and
penetration of the cladding. Due to the no attack on cladding bead (composite zone) by
the 2% nital, the composite zone remained as mirror polished condition and acted like a
black whole (total reflection, zero light intensity) when CCD camera took the image of
specimen into the image analyzer. The heat-affected zone and unaffected base metal
reacted differently to the etchant and gave a different lighting contrast (diffuse reflection).
Figure 3.3 shows the image analysis procedures. The predefined line separated the
composite zone (same lighting intensity in image analyzer) into two areas, a
reinforcement area and penetrated area. The penetration could then be determined, so as
the dilution level. The bead shape factor (wetting angle, bead height, Bead width) and

HAZ size were also measured from image analyzer. The deposition rate was calculated
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based on the cross section area. The program for the image analysis is listed in Appendix

A.

CCD Camera Light

% ’({/ Source

y/

NV 7/ 4
625
Cladding Sample

Figure 3.3 Showing the Image Analysis Procedures.

The dilution is defined as:

% Dilution = [3:1]

B
(A+B)P°
where A is the transverse cross sectional area of the surfacing reinforcement

above the base metal surface and B is the cross sectional area of the melted base metal

below the base metal surface as shown in Figure 3.4.

W Separating line

~— B I
Heat-affected zone

Unaffected base metal

Figure 3.4 [lustration of the Transverse Cross Section of Surfacing Deposit.
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Chemical Composition of Cladding

Multiple layers of nickel alloy 625 were deposited. Samples measured 1" cubic
were taken from each layer with top surface grounded to 400 grit. The samples were
then analyzed by spark emission spectroscopy. Alloying vectors for both ESS and SAS
processes were calculated based on the fourth layer composition to minimize the dilution

effect from base metal.

WELD METAL SOLIDIFICATION

The studies on the weld metal solidification included: weld metal interface
characterization, weld metal microstructure initiation and growth, weld metal
solidification structure, and weld metal solute segregation. In the studies of weld metal
interface characterization and weld metal microstructure initiation and growth, different
combinations of filler metal strips and base metals were used. Both dissimilar and
matched filler metal cladding were produced by ESS process. Such combination of
several materials covered a wider range of melting temperature difference between the
filler metals and base metals and this gave us the advantage of investigating the
temperature effect on the unmixed zone in the weld metal. Table 3.4 is the list of
different filler and base metals used in this study. Nickel alloy 625 and low alloy steel
were mainly used in the studies of weld metal solidification structure and weld metal

solute segregation in the ESS process.
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Table 3.4 Combination of Filler Metal and Base Metal Used in Weld Metal
Solidification Study
Filler Metal Base Metal Welding Process
Nickel Alloy 625 Class 1 Steel ESS
Nickel Alloy 625 Stainless Steel 304 ESS
Nickel Alloy 625 Stainless Steel 316 ESS
— 625 Deposit GTA Remelting
— 70/30 Cu-Ni Deposit GTA Remelting
70/30 Cu-Ni Stainless Steel 304 ESS
Stainless Steel 304 Stainless Steel 304 ESS I
|| Class 1 Steel Stainless St=eel 304 ESS _lI
Quenched Interface Studies

Pressurized water was applied to the cladding pool to partially remove molten

weld metal and slag pool to reveal the cladding metal solid/liquid interface and to obtain

quenched weld metal. Due to the large slag pool size, pressurized water jet could only

effectively remove portions of the molten pool (about 1/3), therefore, multiple runs were

conducted such that each aimed at different portions of the molten pool. Intermediate

solidification structures were obtained with the water quenched samples. The partition

coefficients were also measured from the water quenched samples.

Solidification Cooling Rate

Solidification cooling rate is an important parameter in assessing weld metal

solidification. Therefore, it has been a primary target in studying ESS process.

Unfortunately, direct measurement of the cooling rate in the ESS cladding has been
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impossible due to the severe corrosive media of the molten slag which rapidly attacks the
thermocouple. Both well protected R type (Pt-13%Rh:Pt) and D type (W-3%Re:W-
25%Re) thermocouples were used in the ESS process and failed to record any
meaningful data. Therefore, the cooling rate for the ESS process had to be determined by
other means. Indirect measurement of the ESS solidification cooling rate is based on the
dendrite arm spacings and cooling rate relationship since the dendrite morphology and
dendrite arm spacing are controlled by crystallographic system and solidification
conditions. (104189 Although, the relationship has been established by Heubner et al.®®
in directional solidification casting, it is still needed to be proven in the welding
condition. Since the solidification conditions (local solidification time) in the GTA weld
can be measured, the GTA remelting of nickel alloy 625 deposit has been used in this

study to confirm the Heubner's relationship in welding condition.

Experiments for this weld solidification study were conducted with both ESS
and GTAW processes. The welding conditions for both ESS and GTAW are listed in
Table 3.5. In ESS process, nickel alloy 625 was deposited on the MIL-S-84323 steel.
In GTAW process, a ESS cladding bead was remelted by the arc process. A fine wire of
R type (Pt-13%Rh:Pt) thermocouple was plunged into the molten weld pool directly
behind the arc along the centerline for measuring the local solidification time in the
GTAW weld metal. The output of the thermocouple was recorded on strip chart
recorder. The local solidification time for ESS was estimated based on dendrite arm

spacing - cooling rate relationship.(gs)

Metallographic specimens were carefully
sectioned near the thermocouple insert point and were polished through 0.05 pum
alumina, they were then etched with HC1-5%H,0; to reveal the general dendritic
structure or electrolytic etched (2-3 V) with 10% oxalic acid to identify the eutectic

constituents.




Table 3.5 Welding Variables of ESS and GTAW Used in Weld Metal

Solidification Study _
| ESS(0x05 |  GTAW "
Current (A) 650 290
Voltage (V) 27 29
Travel Speed (mm/min.) 175 125
" Heat Input (kJ/mm) 6 4 ||

Primary and secondary dendrite arm spacings (DAS) were measured by an
intercept method around the point of interest. An average value was used to determine

the cooling rate.

Differential Thermal Analysis

Solidus and liquidus of the weld deposits were determined by differential
thermal analysis (DTA) method. The DuPont 9900 DTA analyzer with the high
temperature 1600 cell was used. The cell was calibrated using pure nickel (>99.999) and
pure gold (>99.999). Pure platinum was used as reference material. The precision of
this system, using R type (Pt-13%Rh:Pt) thermocouples, was determined to be better
than £2.5°C. A high capacity gas purifier was used with ultra high purity argon (research
grade) to purge the furnace assembly and protect oxygen contamination during heating
and cooling. DTA samples were taken from center of cladding deposit as shown in
Figure 3.5, and then machined into a 3.3 mm diameter by 3 mm long cylinder with a
1.65 mm radius on one end to fit into the alumina crucible. Three specimens of each

alloy were tested under identical conditions as shown in Table 3.6.
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DTA sample
Cladding

Base metal

Figure 3.5 Schematic Showing of the DTA Specimen Orientation in Cladding.

Table 3.6 DTA Analysis Parameter for Measuring Clad Metal Solidus

and Liquidus
Heating rate (°C/min.)
“ Holding time (min.) 10

II Cooling rate (°C/min.) 30 I

Weld Metal Solute Segregation

Weld metal solute redistribution (mainly Nb) behavior was studied. The
interface quenched cladding samples were used in measuring the partition coefficient (k).
The samples were longitudinal sectioned along center line of the bead. To preserve the
very thin layer of the water quenched molten metal at edge of the specimen during
polishing, a powder hardener was added to the sample mounting material (bakelite). The
sample was very lightly etched. The EDS analyses were performed on the interface
quenched samples and included (1) bulk composition of the frozen liquid above the
dendrites (quenched molten metal), (2) compositions at the solid/liquid interface around
the dendrite at the following locations: (a) at the dendrite top adjacent to the quenched
frozen liquid, (b) and (c) in between the dendrite top and the dendrite valley, and (d) at

the valley of dendrites where the frozen liquid still existed (before secondary phase is
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clearly formed) as shown in Figure 3.6, (3) normally solidified clad metal.
Microsegregation behavior was measured by SEM/EDS with a windowless detector. The
composition of Laves phase and the distribution of the interdendritic eutectic constituents

were determined on the as-welded samples.

Water Quenched Liquid
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Figure 3.6 Schematic Illustration of the position of SEM/EDS Compositional
Analysis in Interface Quenched Cladding Specimen.

Metallography

Metallographic specimens were polished through 0.05 pm alumina, and then
etched with HCI-5%H,0; to reveal the general dendritic structure or electrolytic etched
(2-3 V) with 10% oxalic acid to identify the eutectic constituents. A special etchant was
used for interface study. Due to the difference in chemical composition between cladding
material and base metal, two-step etch was used. Polished sample was first etched with

10% oxalic acid then etched with Amy's reagent.
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Scanning Electron Microscopy

SEM image analysis was performed for quantitative of percentage of Laves
phase. Backscattered mode was used to provide an accurate measurement of the
interdendritic constituents. The electron image was captured in a Macintosh Quadra 950
computer linked to the SEM. The quantitative analyses of the interdendritic constituents

were performed on the computer using the public domain NIH Image program.

Chemical microanalyses of weld metal segregation and secondary phases
chemistry were performed using a Zeiss digital scanning electron microscope (DSM960)
equipped with an energy dispersive X-ray spectroscopy (EDS). The accelerating voltage
was 25 kV for all EDS analysis. Measurement was made on untilted specimens with an
X-ray takeoff angle of 35 degree. K o X-ray lines were used for the analysis of all

elements except for Mo and Nb, where L o lines were used.

EXPERIMENTAL VERIFICATION of the MODEL

Verification of the solidification model usually is based on examining individual
dendrites where the solute concentration profile is taken and compared with model's
prediction. In directionally solidified alloys (or castings), it is easier to obtain such
dendrites since they are large in size and uniform in shape. They can be easily sectioned
for proper solute concentration measurement. However, in the current work, it is
improper to use the above method due to the small dendrite size and large variation in
shape and size in the cladding, and more important is that those dendrites at the specimen
surface may not be center sectioned. So the experimental verification of the model was
conducted by measuring the solute concentration in the liquid (C;) and the liquid fraction

(fr) at different solidification stages (it is much easier to measure Cy and f;). Samples
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from the interface quenched cladding were used. Composition profile of the solid and
fraction of the liquid were measured using SEM. Claddings under different cladding

conditions were examined.

Solid/Liquid Fraction Measurement

Samples of the quenched interface cladding were grounded and diamond
polished. Very light etch was applied to make the boundary of the frozen interdendritic
liquid and solidified solid be clearly identified. Solute concentrations in the interdendritic
frozen liquid were measured using SEM/EDS. The fraction of the interdendritic frozen
liquid was determined using SEM in the backscatter mode. The frame size and shape of
the measured area were controlled based on the niobium concentration level. Within each
frame, the niobium concentration variation is smaller than 0.02 wt%. Surfacing deposits
under different cladding conditions were examined. The experimental data were

compared with the model predictions.

Solute Concentration Measurement

Niobium concentration profile was measured across the sectioned dendrites.
Due to the difficulty in getting a perfect center sectioned dendrite, the validation of the
model was performed by comparing the fraction of interdendritic liquid at certain niobium
concentration with model result. Experimentally, this is much more reliable than
measuring solute concentration at different solid fraction level. The solute concentration
in the liquid is uniform. The fraction of interdendritic liquid was measured in a small

arca.
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WELD METAL SOLIDIFICATION CRACKING TEST

A new testing method “OGI solidification cracking test” was invented and
employed in assessing the solidification cracking susceptibility in strip cladding. The
self-restraint weld metal solidification cracking test is shown in Figure 3.7. It used a 25
mm thick base metal plate with a non-symmetric 1.75 mm (0.07") wide gap through the
thickness of the substrate over which the cladding was deposited. In this figure, "L" is
the total crack length measured across the width of the cladding bead, and "W" is the
bead width. A single pass strip cladding was deposited along the center line of 25 mm
thick base metal plate. The solidification cracking susceptibility was evaluated by a
cracking index CI = L/W. CI = 0 means no cracking and CI =1 means cracking

propagated through the whole cladding bead.




Figure 3.7
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200 mm

OGI Solidification Cracking Test for Strip Cladding.
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Cracking Susceptibility of Cladding Materials

In order to establish the trend of material resistant to solidification cracking, the
solidification cracking susceptibility of popular used cladding materials was compared.
They were nickel alloy 625, nickel alloy 59, 70/30copper-nickel, 70/30nickel-copper,
nickel 200, and stainless steel 308L. The test was conducted using the OGI solidification
cracking test under identical cladding conditions (600A, 25v, and 152mm/min.) for each
cladding strips. Different cladding processes (ESS, SAS) were also investigated for the

same cladding material (nickel ally 625).

Effect of Cladding Variables

Effect of cladding variables: The effect of travel speed on solidification
cracking susceptibility was investigated. The travel speed was adjusted from 100 to 175

mm/min. (4 to 7 ipm) while maintaining the heat input at 6 kJ/mm (150kJ/in),

The effect of heat input on solidification cracking susceptibility was also

investigated. Heat input was adjusted from 6 to 9 kJ/mm (150 to 225 kJ/in)

Figure 3.8 Solidification Cracking Test for Strip Cladding. Following the step 1,
drilling; 2, cutting; and 3, pulling.
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Solidification fracture samples were taken from the cracking test follow by the
procedures illustrated in Figure 3.8. Two holes were drilled and the fix end of test piece
was saw cut open, then the remaining unfractured cladding deposit was pulled apart. The
fractured surfaces were protected while being further section into smaller piece for
fractographic analysis. The fractographic analysis of cladding solidification cracking

surface was conducted using the Zeiss digital scanning electron microscope (DSM960).




CHAPTER IV

RESULTS and ANALYSIS

ESS PROCESS OPTIMIZATION

Surfacing Variables

To optimize the electroslag surfacing (ESS) process, each independent
operating variable had been utilized to its limit and yet kept the process in a stable mode.
For example, the cladding voltage was varied from 20 volts, the lowest possible limit of
the power source, to 29 volts, beyond which arcing took place and the ESS mode was
lost. The cladding current was varied from 500 amps, to maintain the minimum heat
input for proper operation, to 900 amps to avoid possible short circuiting. The cladding
travel speed was from 102 to 254 mm/min. (4 to 10 ipm). Below 102 mm/min. (4 ipm),
a crown shaped cladding bead (wetting angle > 90°) was produced and this could cause
slag inclusions between two adjacent cladding beads. Beyond 254 mm/min. (10 ipm) in

travel speed, arcing took place.

Cladding sections were metallographically examined and found to be free from
defects. The longitudinal section of cladding deposited by ESS showed a uniform
penetration pattern along the entire cladding bead except at the starting point where the arc
had struck the base metal. The characteristic features of the cladding such as bead

dimensions, wetting angle, dilution level, maximum and average penetration, and
53
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deposition rate were evaluated on the cross-section sample by an image analyzer and
compared to similar submerged arc surfacing (SAS). Figure 4.1 and Figure 4.2 show
the cross section of typical cladding deposited by ESS and by SAS, respectively. This
clearly shows that cladding deposited by ESS has uniform penetration and low dilution
compared to the cladding deposited by SAS. A typical image analysis of cladding is
shown in Figure 4.3, where the surfacing reinforcement portion is identified in red, the

penetrated area in white, and the HAZ in green.

The effect of each independent process variable (current, voltage, travel speed)
on the dependent process responses (deposition rate, dilution, and penetration) is shown
in Figure 4.4 to 4.6. Increasing cladding current (Figure 4.4) increases deposition rate
significantly due to the higher strip feeding speed. However, increasing current has little
effect on the penetration, as a result, the dilution decreases. The same trend is also
observed in SAS. Increasing travel speed while maintaining a constant cladding current
and voltage (Figure 4.5) increases deposition rate slightly due to the higher strip feed rate
required to maintain the current level. In addition, increasing travel speed increases
penetration and therefore the dilution is increased significantly. The cladding voltage has
little effect on deposition rate and on penetration, (Figure 4.6) although increasing voltage

increases bead width.




55

Figure 4.1 The Typical Cross Section of Nickel Alloy 625 Cladding Deposited on
MIL-S-23284 Class 1 Steel by ESS.

Figure 42  The Typical Cross Section of Nickel Alloy 625 Cladding Deposited on
MIL-S-23284 Class 1 Steel by SAS.
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Figure 4.3 Image Analysis of the Nickel Alloy 625 Cladding Deposited on MIL-S-
23284 Class 1 Steel by ESS, (a) Feature Identification of Cladding Cross Section and (b)

Result of the Image Analysis (Area Fraction).
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Figure 4.6 The Effect of Voltage on the Deposition Rate of Nickel Alloy 625
Surfacing Deposited on MIL-S-23284 Class 1 Steel (current and travel speed are
maintained at 600A and 152 mm/min., respectively).

The optimal ESS conditions produced (1) acceptable dilution level of
approximately 7%, (2) a sound bead shape, and (3) maximal possible deposition rate.
The dilution level for the surfacing, as specified in MIL-STD-2191, required the iron
content in the cladding < 9 wt% and the molybdenum content in the cladding = 8 wt%,
both of which were considered at safe levels without deteriorating the corrosion
resistance of nickel alloy 625 in sea water.?73132.3%) The bead shape was evaluated by
wetting angle and bead height. Possible slag entrapment (slag inclusion) was avoided
completely by controlling the wetting angle to less than 70°. The final optimal electroslag
surfacing variables are listed in Table 4.1 for the 30 x 0.5 mm nickel alloy 625 strip
deposited on MIL-S-23284, class 1 shafting steel. The typical characteristics of

surfacing deposit under optimal surfacing conditions are listed in Table 4.2.




Table 4.1 Optimized ESS Variables for 30 x 0.5 mm

Nickel Alloy 625 Strip Electrode Deposit on
MIL-S-23284, Class 1 Shafting Steel

Current (A) 650
Voltage (V) 27
Travel Speed (mm/min.) 175

I Lateral Overlap (mm) 3.5 “

Table 4.2  Typical Characteristics of ESS and SAS Deposits
using 30 x 0.5 mm Nickel Alloy 625 Strip Electrode on MIL-
S-23284, Class 1 Shafting Steel under the Condition Listed in
Table 4.1

Dilution (%)
Deposition rate (kg/hr) 15.7 13.6
Average penetration (mm) 0.33 0.66
| Maximum penetration (mm) 0.61 1.09
Bead height (mm) 5.7 5.2
Bead width (mm) 37.0 37.4 4
Wettini_a_llgle 57° _ 50° I
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A wider, lower, and smoother bead profile was found in the second layer
cladding in comparison with the first layer. Deeper penetration which caused higher
dilution was also observed in the second through fourth layers of cladding. The deeper
penetration and wider bead profile in the second layer are due to the low thermal
conductivity of the first layer (compared to the steel base metal) and better wetting
conditions. The more rapid thermal flow in the first layer is caused by the high thermal
conductivity of the base steel. When depositing a second layer, the heat is conducted
through the first layer in which a build-up of heat is observed as the result of the lower
thermal conductivity. The second layer beads tend to be wider because of a better lateral
flow-out. The dilution levels of the second layer measured by an image analyzer were
16% and 33% for ESS and SAS, respectively. Increasing cladding current increased the
bead height to the same level as the first layer without producing a steep edge. However,
for consistency, the same cladding variables for the first layer were still used for the

following layer.

Composition Profiles

The surfacing deposit chemical compositions of different layers of nickel alloy
625 deposited on MIL-S-23284 class 1 steel measured by spark emission spectroscopy
are listed in Table 4.3 for the ESS process and Table 4.4 for the SAS process. The
dilution level could also be calculated from the chemical composition of the surfacing
deposit using Eq. [4.1]. According to this equation, based on iron composition, the first
layer dilution of nickel alloy 625 deposited on class 1 steel were 6.0% and 8.8% for ESS
and SAS, respectively. Comparing to the dilution measured by the image analyzer (6.5%

and 11.7% for ESS and SAS), the calculated dilution based on iron composition is lower
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than that measured by the image analyzer especially when the iron content in the strip
electrode is high. The difference between physically measured dilution and chemically
calculated dilution is because the strip electrode contains iron and the base metal is not
pure iron. The dilution obtained physically from the image analyzer should be considered
as the most accurate measurement, because it represents the actual geometry of surfacing

deposit.

Deposit Fe% - Strip Fe%
Steel Fe% - Strip Fe%

Dilution % = x100% [4.1]

The alloying vectors of ESS and SAS for each element in this alloy were
calculated based on the fourth layer compositions as listed in Table 4.5. Metal-slag
reactions and reaction condition (arc & non-arc) for the two flux system were completely
different. The cladding deposited by the SAS process exhibited a significant silicon
pickup and chromium reduction due to high content of silicon in the SAS flux and high
reaction temperature due to the welding arc. In contrast, ESS flux contains less silicon
and the metal-slag reacts at lower temperature (slag temperature approx. 2300°C%%) and

no arc is involved in ESS except at the start.




Table 4.3

Chemical Compositions of Four Layer Cladding of Nickel
Alloy 625 Deposited on MIL-S-23284 Class 1 Steel by ESS

Element wt% | First layer | Second layer | Third layer | Fourth layer
“ C 0.012 0.008 0.007 0.006
IL Mn 0.04 0.00 0.00 0.01
Fe 6.54 0.24 0.00 0.00
S 0.004 0.003 0.003 0.004 4'
Si 0.16 0.08 0.07 0.08
Ni 60.80 66.30 66.49 66.25
I cr 20.82 21.66 21.64 21.64
Al 0.04 0.03 0.04 0.04
Ti 0.001 0.001 0.001 0.001 Jl
Mo 8.71 8.64 8.66 8.75
Nb 2.84 3.01 3.06 3.17
|| P 0.001 0.00 0.00 0.00
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Table 4.4 Chemical Compositions of Four Layer Claddings of Nickel
Alloy 625 by SAS
Element wt% | Firstlayer | Second layer | Third layer | Fourth layer
C 0.05 0.02 0.02 0.02 "
Mn 0.12 0.04 0.04 0.03
h Fe 9.20 3.54 1.70 1.37 ||
r S 0.006 0.004 0.005 0.004 “
Si 0.69 0.67 0.69 0.67 _"
Ni 56.41 61.75 63.19 63.62
Cr 20.60 21.03 21.26 21.29
Al 0.11 0.10 0.11 0.10
Ti 0.061 0.048 0.055 0.062 J\
Mo 9.30 9.15 9.26 9.09
Nb 2.82 2.98 3.01 3.06
I P 0.001 0.00 0.00 0.00 |

Table 4.5

Alloying Vectors for ESS and SAS Process

C

Mn

Fe S

Si Cr

Al Ti

Mo | Nb

ESS 1-0.02

-0.02

-0.95

+0.03

+0.04(-0.86

-0.22

-0.19

-0.57]-0.30

SAS |-0.01

0.001

0.42 | .003

+0.63|-1.21

-0.16

-0.13

-0.33-0.41

0.005
-0.005"
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WELD METAL SOLIDIFICATION

Weld Pool & Weld Metal Solid/Liquid Interface

The size of the weld pool in ESS using 30 mm wide strip electrodes was very
large compared with conventional wire welding. For typical cladding, the molten slag
pool was measured from 76 mm to 100 mm (3 to 4") long and the molten metal pool 54
mm (2.1") long. The shape of the weld pool for electroslag surfacing was revealed from
the quenched interface samples as shown in Figure 4.7. The solid/liquid interface of the
weld pool is illustrated in Figure 4.8. Of the 54 mm (2.1") long weld pool, at least one
third of it was a flat region in the front portion near the electrode of the interface as shown
in Figure 4.8. Therefore, the direction of maximum thermal gradients at the early stage
of the solidification is perpendicular to the base metal or vertical. Unlike the double
ellipsoid heat source in conventional welding, the vertical thermal gradient will produce
grain and dendritic structure that are virtually unidirectional and vertical as illustrated in

Figure 4.9, 4.10, 4.13 - 4.17, and 4.20.

5 mm

Figure 4.7  Water Quenched Weld Metal Solid/Liquid Interface of Nickel Alloy 625
Electroslag Surfacing.
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Figure 4.8  Tllustration of the Weld Metal Solid/Liquid Interface of Nickel Alloy 625
Electroslag Surfacing.

Solidification Parameters

Because most grains in the clad metal were straight and grew perpendicularly to
the substrate, the average solidification time at the center of the cladding could be roughly
estimated by Eq. [4.2]. For typical cladding, the center pool length was about 53 mm
(2.1") and the travel speed was 152 mm/min. (6 ipm), resulting in an average freezing

time about 21 seconds for the cladding.

60 x Pool Length (mm)
" Travel Speed (mm/min.)

Solidification Time (sec) [4.2]

Freezing range of nickel alloy 625 cladding

The solidus and liquidus of the first layer cladding of nickel alloy 625 deposited
on MIL-S-23284, class 1 steel were measured by DTA as shown in Table 4.6 The
surface deposit of ESS exhibited a narrower melting range and higher melting
temperature than that of the SAS surface deposit. The wider melting range and lower
melting temperature of the SAS surface deposit were attributed mainly by its high silicon
content which nearly quadrupled the amount of silicon content in the ESS deposit.

Silicon was identified as Laves phase promoter in nickel alloy 625V which widened the
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melting range of the alloy system by depressing the melting point of interdendritic

constituents.

Solidus and Liguidus of Nickel A]]oz 625 Cladding Deposit

. - . - . O
Weld deposit Solidus °C Liquidus °C AT °C
I[ ESS 1284.4 1359.5 75.1 "
SAS 1270.2 1350.9 80.7

Solidification cooling rate

The local solidification time of gas tungsten arc (GTA) remelting of nickel alloy
625 cladding deposited by ESS (measured by plunging a thermocouple into the molten
weld pool) was 2.4 seconds. The melting range of nickel alloy 625 was from 1359.5°C
to 1284.4°C (75.1°C), so the average cooling rate was 31 °C/sec. The average primary
dendrite arm spacings (4) of GTA remelted nickel alloy 625 ESS deposited near the
plunged thermocouple was 36.6um as shown in Figure 4.9. The dendrite arm spacings
versus the cooling rate of the GTA remelted metal is plotted in Figure 4.11. It is in
agreement with Heubner’s correlation®® (Eq. 2.1). So that Heubner’s correlation
established in directionally solidified castings of nickel alloy 625 is confirmed to be true
in welding situations, A = 758.3%(Cooling rate)®#. For ESS, the measured primary
dendrite arm spacing at the center of the cladding deposited by ESS was 88.5 um (on
average) as shown in Figure 4.10. By using such a correlation, the estimated cooling
rate for ESS was about 3.6°C/s, that corresponded to 21 seconds cooling time. This
result coincidentally agreed with the estimation predicted by Eq. 4.2 which was based on

weld pool geometry and surfacing travel speed. For high heat input cladding by ESS, the
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primary dendrite arm spacing was 120um (on average) which corresponded to a 1.7 °C/s

cooling rate.

Figure 4.9 Dendritic Structure of GTA Remelted Nickel Alloy 625 ESS Deposit.



@0 nam

Figure 4.10  Dendritic Structure of Nickel Alloy 625 Cladding Deposited on MIL-S-
23284 Class 1 Steel by ESS.
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The solidification parameter of the stainless steel unmixed zone was also
determined by a similar manner using the widely accepted Grant's relationship,
Ay=7.6%(Cooling rate)’%1°. The secondary dendritic arm spacing averaged about 2 pm
which implied a cooling rate at this region about 1.3x10° °C/sec according to the Grant

relationship as shown in Figure 4.12.(44-12%:186)
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Figure 4.12  Cooling Rate Determination of the Unmixed Zone in Nickel Alloy 625
Deposited on 316 Stainless Steel Based on Grant’s Correlation, Reference (186).
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Solidification & Segregation

Solid/liquid interface in cladding

The microstructure of the solid/liquid interface of nickel alloy 625 cladding was
revealed by water quenching during ESS as shown in Figure 4.13. This figure showed
that most of the liquid metal was removed by the water jet, and only a thin layer of liquid
weld metal remained and rapidly froze on top of the normal welding solidification
structure (dendrites). Both bulk composition of the frozen liquid (quenched liquid weld
metal) and bulk composition of the completely solidified solid (naturally solidified
dendrites) were measured by SEM/EDS and are listed in Table 4.7. The composition of
the liquid and solid were basically identical. As weld metal solidification proceeded,
strongly convected liquid weld metal was continuously supplied to the top of the
dendrites while the dendrites grew. No solute was built up and no segregation took place
in the dendrite growth direction, i.e. there was no evidence of normal segregation or
macrosegregation. The dendrite always grew into a liquid which had the same bulk
composition vertically as the solid; as a result, no solute bands were formed in cladding.

The segregation only took place laterally as dendrites coarsened.




Table 4.7 SEM/EDS Analysis of Water-Quenched Cladding of Nickel
Alloy 625 Deposited on MIL-S-23284 Class 1 Steel by ESS
Sevews | Quosteltigns | Nl solate
Mn 0.12 0.15
Fe 7.61 T
Si 0.23 0.20
Ni 57.89 B 56.98
Cr 20.21 20.0 o
Mo 8.46 ~ 8.45
Nb 2.80 2.82

Figure 4.13  Optical Micrograph of the Water-Quenched Cladding Sample of Nickel
Alloy 625 Deposited on MIL-S-2384 Class 1 Steel, electrolytic etched with 10% oxalic
acid.
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Under the optical microscope, the interdendritic region containing high niobium
appeared to be darker than the dendrites (Figure 4.14). In the SEM image, the
interdendritic region was brighter because of the greater number of secondary electrons
emitted from regions which had high-atomic-number elements. The backscattered image
from an unetched specimen showed the niobium and molybdenum-rich interdendritic

regions were brighter as shown in Figure 4.15.

Figure 4.14  Optical Micrograph of Nickel Alloy 625 Cladding Deposited on Class 1
Steel. Water Quenched Sample, Dendrites Core Appear Brighter than Interdendritic
Area, at the Top is the Water Quenched Liquid Weld Metal.
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Figure 4.15  Scanning Electron Backscattered Image of Nickel Alloy 625 Cladding
Deposited on Class 1 Steel. Water Quenched Sample, in Contrast to the Optical
Micrograph, Interdendritic Area Appear Brighter than Dendrites Core.

Figure 4.16 is a SEM micrograph of the water-quenched samples where the
majority of the weld metal is solidified. The interdendritic liquid appears in Figure 4.16
as a white network. It clearly indicates that dendrites were completely surrounded by the
niobium-rich interdendritic liquid and the liquid film was in a continuous network-form.
The continuous liquid film existed even when the dendrites were nearly completely

formed. At this stage, no interdendritic precipitates were formed.
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Figure 4.16  SEM Micrograph of Niobium-rich Liquid Network in the Water-
Quenched Nickel Alloy 625 Cladding Deposited on MIL-S-23284 Class 1 Steel by ESS.



77

Interdendritic precipitates

The as-welded nickel alloy 625 microstructure consisted of y matrix and Laves
phase and carbides in the interdendritic regions as a result of the non-equilibrium
solidification. These interdendritic precipitates were discontinuous within the
interdendritic regions as shown in Figure 4.17. Detailed SEM images of the Laves phase
and MC carbides at higher magnification are shown in Figure 4.18 and Figure 4.19. The
interdendritic precipitates (Laves phase and carbides) can be distinguished by their
morphology. Laves phase showed a lamellar script shape as shown in Figure 4.18, and
carbides exhibited a blocky shape as shown in Figure 4.19. The compositions of Laves

phase and MC carbides are listed in Table 4.8.

= 10 kU
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Figure 4.17 SEM Backscattered Image Shows y Matrix (dark area) and Interdendritic

Precipitates (bright area) for Nickel Alloy 625 Cladding Deposited on Class 1 Steel by
ESS.
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Figure 4.18  Scanning Electron Microscopy Showing Laves Phase in Nickel Alloy 625
Cladding Deposited on Class 1 Steel by ESS.



79

Figure 4.19
Cladding Deposited by ESS.

Scanning Electron Microscopy Showing Carbides in Nickel Alloy 625

Table 4.8 EDS Analysis of Laves Phase and Carbide in Nickel Alloy 625
Cladding by ESS

Ni_ | Fe Cr Si Mo Nb Ti

Laves | 43.8 1.1 14.5 1.0 18.1 15.4 0.1

Laves | 39.8 6.3 17.6 1.3 19.8 152 | 090

Laves | 41.2 5.9 15.9 1.6 17.4 17.9 0.1

Laves | 37.4 6.1 | 20.6 1.6 19.8 14.4 0.1
Laves | 409 | 78 | 145 | 21 | 182 | 165 | 00 |

Laves | 36.1 | 7.6 | 14.6 2.1 23.1 16.4 0.1

MC 47 | 1.0 2.3 0.3 34.3 55.2 2.2
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The average niobium content of the Laves phase was 16 wt%. This result is in
agreement with other research work found in references (91,97,187) and it also fits in the

general formula form (Ni,Fe,Cr,Mn,S1),(Mo, Ti,Nb) for the Laves phase in nickel alloy
625.

Variable partition coefficient

The niobium concentrations in the solid and the liquid at the interface measured
by SEM/EDS on the water-quenched samples are listed in Table 4.9. The positions (a, b,
¢, d) were from dendrite top (tip) to the bottom, corresponding locations (a, b, ¢, d) of
measurement in the dendritic structure are shown in Figure 4.20. The local temperature
decreased from dendrite tip (a) to valley (d). However, in the current experiment the
exact temperature of the measured point could not be determined. The partition
coefficients (k) was determined based on niobium interfacial concentration, the result is

also listed in Table 4.9.

Table 4.9 Niobium Redistribution in Nickel Alloy 625 Deposited on
Class 1 Shafting Steel by ESS. Data is from the Water-Quenched Samples

Location | 1erdendit | Solid dendrite | o fccn,
quid, Cp, core, Cg k=Cs*/C,*
"Dendrite tip (a) 2.63 0.93 0.35 JI
Y (b) 3.03 1.03 0.34
I ¢ © 4.97 1.49 0.30
hbendrite root (d)_= 7.29 1.97 _ 0.27
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Figure 4.20 The Locations (a, b, ¢, d) of the Composition Measurement in the
Dendritic Structure of the Water Quenched Nickel Alloy 625 Cladding Deposited on
Class 1 Steel.

Weld Metal Microstructure

The cladding deposit consisted of an unmixed zone and a composite zone. The
unmixed zone in the cladding was a band of melted base metal in between the composite
zone and base metal. It had been melted and solidified during the cladding process and
had not been mechanically mixed with filler metal. The composite zone contained a

mixture of filler metal and base metal. A small region of the steel surface was melted and
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mixed with filler metal; and the elements from the melted steel were incorporated and

homogenized into the liquid phase.

The unmixed zone

Regardless of the strip/base metal composition, the cladding contains an
unmixed zone, although it was not always visible. Figure 4.21 shows an interface region
of nickel alloy 625 deposited on class 1 steel. The unmixed zone in this cladding could
not be identified because steel undergoes a solid state phase transformation. The
solidification structures of the unmixed zone could not be preserved to room temperature.
Since it had the same composition and structure (after the phase transformation) as the
base metal, it was often considered as part of HAZ. Table 4.10 summarizes the unmixed

zone in different cladding conditions.
Nickel Alloy 625 Deposit

a Az
lass 1 Base Metal; £y -
e R "f'-“ 'ﬂ:i‘l‘ M

Figure 421 Interface of Nickel Alloy 625 Deposit on Class 1 Shafting Steel by ESS
process, No Visible Unmixed Zone.
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Table 4.10 Effect of Filler Metal and Base Metal

Compositions on the Formation of the Unmixed Zone
Filler Metal Base Metal | AT=T;r-T;;,8°C | Unmixed Zone |Welding Process
Ni Alloy 625 | Class 1 Steel -220 invisible! ESS
Ni Alloy 625 304 SS -115 yes ESS
Ni Alloy 625 316 SS -93 yes ESS
- %gpgssits 0 invisible? | GTA Remelting
- ggg%ecgggi -0 invisible? | GTA Remelting ||
70/30 Cu-Ni 304 SS -230 yes ESS
" 70/30 Cu-Ni 316 SS =208 yes ESS
| 304 SS 304 SS -0 invisible? ESS
@d Steel 304SS | +105 yes ESS

AT the melting temperature difference between filler metal (T';r) and base metal (Tpp).
! Due to solid state phase transformation.
2 No structural or compositional difference between the unmixed and composite zone.

It was observed that the unmixed zone existed in both 70/30 Cu-Ni alloy and
nickel alloy 625 surfacing deposited on 316 stainless steel. Even the melting
temperatures of the two strips were lower than that of the 316 stainless steel base metal
(208 and 93°C lower than 316 stainless steel for 70/30 Cu-Ni alloy and nickel alloy 625,
respectively). In contrast to the low melting temperature of filler metal, a mild steel strip
was deposited on 304 stainless steel which had a positive temperature difference about
105°C, yet, similar unmixed zone was still observed. The existence of the unmixed zone
was not affected by the melting temperature difference in the ESS. The depth of the

unmixed zone could be as deep as 75 pm.

When nickel alloy 625 was deposited on 316 stainless steel base metal, the

unmixed zone consisting of melted 316 stainless steel solidified as primary austenite cells
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or cellular dendrites with ferrite in the interdendritic regions, as shown in Figure 4.22.
The EDS compositional analyses showed that the unmixed zone had a chemical
composition identical to that of the base metal, as shown in Table 4.11 and 4.12 for 316

and 304 stainless steel base metals, respectively.

Nickel Alloy 625 Deposit
(composite zone)

16 Stainless Steel

Figure 422  Microstructure of the Unmixed Zone in Electroslag Surfacing on 316
Stainless Steel Base Metal using Nickel Alloy 625 Strip Electrodes.
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Table 4.11  EDS Analysis of the Unmixed Zone and Composite Zone in Nic?e_ll—‘
Alloy 625 Deposited on 304 Stainless Steel by ESS
(Compared with the Base Metal and Filler Metal Composition)
304 Stainless m Composite Filler Metal
Steel Base Metal Zone Zone Nickel Alloy 625
Mn 2.01 2.02 0.23 0.03 ||
Fe 68.7 68.0 9.36 0.95
|| Si 0.86 0.84 0.11 0.04
Ni 8.81 9.12 56.9 63.5
Cr 19.3 19.3 22.5 22.5
Mo 0.19 0.12 7.73 9.32 “
Nb 2.71 3.47
Table 4.12  EDS Analysis of the Unmixed Zone and Composite Zone in Nickel
Alloy 625 Deposited on 316 Stainless Steel by ESS
(Compared with the Base Metal and Filler Metal Composition)
316 Stainless Unmixed Composite Filler Metal
Steel Base Metal Zone Zone Nickel Alloy 625
Mn 175 1.69 0.20 0.03 |
Fe 64.3 63.7 9.42 0.95
Si 0.33 0.28 0.09 0.04
W»Ni 12.2 12.9 57.0 63.5
Cr 18.5 19.3 22.2 22.5 .
Mo 2.85 2.99 8.24 9.32 l
Lo 1Y 347 |




86

The liquid weld metal (melted base metal) in the unmixed zone solidified on
solid base metal. Like autogenous welding or matched filler metal welding, most grains
epitaxially initiated at the weld interface and grew into the unmixed zone as shown in
Figure 4.23. The microstructure in the unmixed zone was cellular dendritic. The early
stage of competitive growth also took place in this zone. The favorably oriented grains

also outgrew the poorly oriented grains in this zone.

i
Nickel llo 625 Deposi

Figure 4.23  Epitaxial Growth in the Unmixed Zone of Nickel Alloy 625 Deposited on
316 Stainless Steel by ESS.
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The composite zone

The chemical compositions of the composite zones of nickel alloy 625 deposited
on stainless steels are listed in Table 4.11 and 4.12 for 304 and 316 stainless steels,
respectively. The cladding contained a diluted composition of nickel alloy 625. Similar
to nickel alloy 625 deposited on steel, the microstructural morphology of as-welded
nickel alloy 625 was completely different from that of wrought alloy. The wrought alloy
microstructure was fine-grained (usually ASTM 8) and homogenous containing no Laves
phase. The as-welded nickel alloy 625 was large-grained (ASTM 0) and heavily
segregated composite-like structure. The microstructure of the as-welded nickel alloy
625 composite zone consisted of a dendritic f.c.c. ¥ solid solution of nickel, chromium,
and iron; as well as carbides and Laves phase in the interdendritic regions. The
production of those interdendritic constituents was a result of non-equilibrium

solidification.

Primary dendrite arm spacing increased from the root of the cladding bead to the
top surface due to the changes in thermal conditions, however, it was interesting to note
that the increase in the primary dendrite arm spacing did not eliminate the number of
cellular dendrites as it often did in the casting.(lss) The grains laterally expanded
themselves to compete with/eliminate neighboring grains, as a result, fewer grains

survived at the end of solidification as shown in Figure 4.24.
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Figure 424  The Grain Structure of Five Layer Nickel Alloy 625 Deposited on Class 1
Shafting Steel by ESS
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WELD METAL SOLUTE REDISTRIBUTION MODEL

To more accurately quantify the solute redistribution during dendritic
solidification and eliminate the large discrepancies found in many existing models, a
model is derived based on Kobayashi's approximate solution for dendritic

solidification!3?

which has sufficiently good accuracy in comparison to his exact
theoretical solution to the Brody-Flemings model."*” In addition to the approximate
solution, the new model takes multi-component alloy systems into account with a variable

partition coefficient throughout solidification (which was often assumed as a constant in

the existing models).

Model and Its Assumptions

A cylindrical coordinate system is used in this model. The assumed dendrite
geometry is illustrated as in Figure 4.25. The solidification proceeds towards y-direction
and ends when the position on the solid/liquid interface Y arrives at the position y=L.

The length L corresponds to one half of the dendrite spacing, A/2. The position y=0

corresponds to dendrite core. Assumptions for this model include:

//\

et

e

Figure 4.25  The Cylindrical Coordinate Used in this Model.
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(a) Back diffusion of solute in the solid during solidification is incorporated in
this model. The solute transport in the solid is controlled by diffusion with a diffusion
coefficient independent of concentration. For a cylindrical coordinate system, it can be

described as:

dCs d , dCs
=D

[4.3]

where Cyg is the solute concentration in solid (wt%); and

D is the solute diffusion coefficient in solid (m2/s).

(b) Diffusion and mechanical mixing (convection) in the liquid is complete.
The solute concentration in the liquid is often assumed to be controlled completely either

by solute diffusion or by liquid convection or both. The interdendritic liquid is assumed

- ., * - . . -
to have a uniform composition, C; = Cr, where Cy, is the nominal solute concentration in

the liquid and Cz is the solute concentration at the solid/liquid interface.

(c) The density of the material is a constant from room temperature to melting
temperature, and equal for both solid and liquid phases. Shrinkage is neglected during

solidification. The area fraction of solid fs and fraction of liquid f; are described as:

fy = (%)2 and fy=1-f, [4.4]

(d) The solidification is a linear continuous function,

fi=L [4.5]

where tfis the local solidification time in seconds.
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(e) The partition coefficient k¥ applied at the solid/liquid interface is a

temperature dependent function, it can be described as:
k=aT +b [4.6]

where T is the temperature in K, a and b dimensionless are constants for a given

element in a certain alloy system.

If k is assumed to be linearly dependent on temperature. k then:

k= aATTs +b [4.7]

where AT is the freezing range, A is the dendrite arm spacing.

(f) The solute is conserved within the volume element of consideration,

therefore no mass flow into or out of the volume element occurs,
P Z
By
20s [Cesvay + —fi= Gy [4.8]

where C) is the initial alloy concentration.

By using Z, an intermediate dimensionless parameter which represents the

position in the volume element:

_ 0Oy _ 1
Z=" - wd Zp= [4.9]

where the 7Yis the back diffusion parameter for dendrites

y= 8_5_& [4.10]
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Substituting ¢ with fg in the diffusion equation [4.3] and replacing y with z and
k with equation {4.7] in the mass balance equation [4.8], the following equations [4.11,
4.,12] are obtained

fs c?fs_(1+z) p +23;ZCZS [4.11]
and
AC,

fs

ZoojcsaH aaTf, w51 =€ [4.12]

An approximate solution of the model can be derived (if the second order
component is being neglected) from applying the integral to equation [4.11] and
differentiating equation [4.12]. So Cjs can be described as function of fs, Cs=f(fs),

using the boundary condition that Cs =kCyp for f5=0.

E=a%T-,- Ef,+b=0; E+b=G [4.13]
JCs 3Cs

< o-1E%E - (92 1)Cs+ %520 [4.14]

oCs _ }

e =0 forz=0.

A computer program was created and used to calculate the solute elements

redistribution during the weld metal solidification.




93

Model Predictions and Validation

Niobium is a very important alloying element in the nickel alloy 625 and it is
distinguished by its extreme segregation behavior compared to other alloying elements in
this alloy system. The niobium segregation directly affects the solidification cracking
susceptibility of the weld metal. Therefore, niobium has been used, as an example,
throughout this model. However, the model does not necessarily have to be restricted to

niobium only. The initial values for niobium used in this model are listed in Table 4.13.

Table 4.13 The Initial Values for the Model for the Solute Redistribution of

Niobium during Solidification of Nickel Alloy 625 Cladding

ESS (6 kJ/mm) ESS (9 kJ/mm) SAS (6 kJ/mm)
(ggg/;) 2.84 2.97 2.82
A (um) 88.5 120 89.0
tf (sec.) 21.0 44.9 22.6 1'
k al -1.29 -1.29 -1.29 ]|
b’ 1.2x10°3 1.2x1073 1.2x1073 ||
AT 75.1 75.1 80.7 %
| Dg 5.6x10 %exp(-2.8x10°/RT) | 5.6x10 %exp(-2.8x10%/RT) | 5.6x10Cexp(-2.8x10°/RT)

T values for niobium is from reference (98)
Where R is the universal constant (8.31 J/K-mol)
T is the mean temperature value of the solidus and liquidus of the cladding in K.
The calculated solute redistribution profiles of niobium from this model are
shown in Figure 4.26. It predicted a 12.5% interdendritic liquid fraction when niobium
concentration in the interdendritic liquid reached 12.6 wt%. Figure 4.27 is the SEM
image of the interface quenched cladding of nickel alloy 625 which measured a 12.7%

interdendritic liquid fraction at the same niobium concentration level (12 wt%). Niobium

was the most segregated element in this alloy system according to the partition
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coefficient. The development of microsegregation was accelerated as the temperature
dropped during solidification due to the changes in the partition coefficient. Figure 4.28
is the result of model prediction of niobium concentration in the interdendritic liquid at
different solidification stages. Figure 4.29 to Figure 4.31 are the SEM micrographs
corresponding to the different solidification stages. The model prediction and the

experimental results are summarized in Table 4.14.

20 T T T T

-——— This Model

15 -
liquid

Nb Interface Concentration (wt%)
=
i
H

0.0 0.2 04 0.6 0.8 1.0
Fraction of Solid (fs)

Figure 426 The Model Predicted an Interdendritic Liquid Fraction of 12.5% when the
Nb Concentration in the Liquid is Equal to 12.6 (wt%).
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Figure 4.27  SEM Backscatter Image of the Interdendritic Liquid from the Quenched
Interface Cladding, at the Stage where Cy,, is Reached to 12.6 wt% in the Liquid (Liquid

Fraction = 12.5%). The Bright Area is the Water-Quenched Interdendritic Liquid
Network, Dark Area is the Dendrite.
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Figure 4.28

Liquid Fraction at Different Nb Concentration Level.

1.0

Comparison between Predicted and Experimental Data for Interdendritic

Table 4.14 Comparison of Experimental Data with the Model, Nb Concentration
in the Interdendritic Liquid of Nickel Alloy 625 Cladding
% of Liquid Fraction ng;l?(rgvet%tz;l CLl;/:O((vls?:% )
17.4 9.99 10.04
12.7 12.5 12.46
“ 11.8 13.2 _ 13.20




97

Figure 4.29  SEM Backscatter Image of the Interdendritic Liquid from the Quenched
Interface Cladding, at the Stage where Cy,, is Reached to 9.99 wt% in the Liquid (Liquid
Fraction = 17.4%). The Bright Area is the Water-Quenched Interdendritic Liquid
Network, Dark Area is the Dendrite.
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Figure 4.30  SEM Backscatter Image of the Interdendritic Liquid from the Quenched
Interface Cladding, at the Stage where C;,, is Reached to 12.5 wt% in the Liquid (Liquid

Fraction = 12.7%). The Bright Area is the Water-Quenched Interdendritic Liquid
Network, Dark Area is the Dendrite.
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Figure 431  SEM Backscatter Image of the Interdendritic Liquid from the Quenched
Interface Cladding, at the Stage where Cy,,, is Reached to 13.2 wt% in the Liquid (Liquid
Fraction = 11.8%). The Bright Area is the Water-Quenched Interdendritic Liquid
Network, Dark Area is the Dendrite.
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Figure 4.32  Predicted Interdendritic Liquid Fraction for Different Heat Input Cladding
by ESS at Cp, = 12.6 (wt%).

Figure 4.32 shows the model's result for the different heat input claddings.
The model predicted a 13.3% interdendritic liquid fraction for high heat input cladding
and 12.5% for the normal heat input cladding when niobium concentration in the liquid
reached 12.6 wt%. The difference in the predicted result by the model was attributed to a
higher initial niobium content in the high heat input cladding due to the smaller dilution.
Although longer solidification time (doubled in the high heat input cladding) normally
reduced the degree of segregation, the influence on segregation by diffusion was very

limited for niobium.
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SOLIDIFICATION CRACKING SUSCEPTIBILITY

Both ESS and SAS processes were tested with nickel alloy 625 strip. Under a
identical cladding conditions, the cracking indices (CI) were 1/3 and 2/3 for ESS and
SAS, respectively. The increased solidification cracking tendency in SAS was attributed
to the wider melting range and more interdendritic precipitates. The results of
solidification cracking test for different cladding materials are listed in Table 4.15. These
tests were performed under the same cladding conditions using both the ESS process and
the SAS process. Among those tested cladding materials, 308L stainless steel exhibited
the best cracking resistance with a cracking index (CI) of 0. 70/30 Cu-Ni showed the
worst cracking resistance (CI=1), cracking through the entire width of the cladding bead.
Nickel alloy 625 demonstrated a moderate cracking resistant in this group. Table 4.16
shows the effect of cladding variables on solidification cracking susceptibility for nickel
alloy 625 electroslag surfacing. For the same heat input, the nickel alloy 625 exhibited a
similar cracking tendency when cladding travel speed varied from 102 to 178 mm/min.
However, for the same cladding travel speed, solidification cracking tendency increased
as heat input increased. The cracking index increased from 1/3 to 2/3 for 6 to 9 kJ/mm

heat input, respectively.

Table 4.15  Cracking Index (CI) of 30 mm Strip Deposit on 25 mm Thick MIL-S-
23284, Class 1 Steel

Nickel | Nickel | Nickel | Nickel 70/30 70/30 308L
Alloy 625| 625L Fe | Alloy 59 | 200 Ni-Cu | Cu-Ni | Stainless

ESS 1/3 1/4 1/8 172 1/3 1 0

|| SAS 43| - 1/4 - 213 1 0|
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Table 4.16  Effect of Cladding Variables on Solidification Cracking
Susceptibility (CI) Nickel Alloy 625 Cladding Deposited by ESS

Travel Speed =102 mm/min. Travel Speed=178 mm/min.

Heat Input = 6 kJ/mm 1/3 1/3

Heat Input = 6 kJ/mm Heat Input = 9 kJ/mm
2/3 13

Travel Speed =178 mm/min.

Figure 4.33 illustrates a typical fracture of the OGI solidification cracking test.
The fractured cladding bead could be categorized into three distinct zones as indicated in
the Figure 4.33. In Figure 4.33, zone 1 exhibited an interdendritic fracture or
solidification cracking. The secondary dendrite arms were clearly observed as shown in
Figure 4.34. The secondary arms gradually became obscure from zone 1 to zone 2.
Zone 2 showed a groove-like morphology and those grooves were parallel to the growing
direction of the columnar dendrite as shown in Figure 4.35 and among these grooves
non-metallic inclusions were observed on the fractured surface. Zone 3 was the ductile
overload fractured region. This portion of the cladding bead survived from the
solidification cracking test and was pulled apart at the room temperature. It showed a

ductile fracture feature as shown in Figure 4.36.
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Cladding Deposit

Fixed end

, Fixed end; Testing Piece

Figure 4.33  Illustration of Solidification Fracture Surface of the Solidification
Cracking Test. Numbers 1, 2, and 3 indicate different fracture feature zones: zone 1 & 2

are solidification fracture regions, 3 is ductile overload fractured.

OGI—-MSE

Figure 4.34  Solidification Cracking Morphology of Dendritic Fracture in Nickel Alloy
625 Cladding, Corresponding to Zone 1 in Figure 4.33.



104

o

10w am

Figure 4.35  Solidification Cracking Surface of Nickel Alloy 625 Cladding Showed a
Groove Morphology, Corresponding to Zone 2 in Figure 4.33.
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Figure 4.36  Ductile Fracture of the Non-cracking Cladding Bead Portion in Nickel
Alloy 625 Cladding by ESS, Corresponding to Area 3 in Figure 4.33.



CHAPTER V

DISCUSSION

WELD METAL MICROSTRUCTURE EVOLUTION
Formation of the Unmixed Zone

The unmixed zone is a part of the base metal which is melted during welding
but is not mechanically mixed with other liquid phase, and it still keeps its chemical
composition identical to that of the base metal. It was speculated by Matthews®?,
Savage(loo), Lundin(103), and Lukkari‘'°" that the size and formation of the unmixed
zone were related to the melting temperature difference between filler metal and base
metal and the heat input of welding. They concluded that the greater the positive
temperature difference (filler metal melting temperature > base metal melting
temperature), the larger the unmixed zone and the higher heat input, the larger the
unmixed zone. However, in the dissimilar metal cladding by the ESS process, it is
observed that the unmixed zone exists regardless of the melting temperature and
composition differences between the filler metal and the base metal. It seems that the
unmixed zone is not affected by the melting temperature of the filler metal. In the ESS

process, when the alloys, such as 70/30 CuNi (Tz,=1170°C), 70/30 NiCu (T,=1308°C),
nickel alloy 625 (T,=1285°C), and mild steel (T,=1505°C), are deposited on stainless

106
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steel 316 (T,,=1378°C), all cladding contain an unmixed zone even when the filler metal
melting temperature is substantially lower than that of the base metal. Table 4.10 has

summarized the existence of the unmixed zone in electroslag surfacing.

For those welds, of which the base metals undergo solid state phase
transformation in the HAZ area, the unmixed zone usually can not be identified. As seen
in Figures 4.21 and 5.1, the line which separates two different microstructures is the
interface between the unmixed zone and the composite zone. However, the unmixed

zone in those cases is often regarded as part of the HAZ.

e N
ol

10 Stainless Steel Deposit
TR SR LY T Rt N LT S e T i S

(composite zone):
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Figure 5.1 Interface Regions of 410 Stainless Steel Deposited on A36 Steel by ESS.
The top portion is the cladding composite zone and the bottom portion is the A36 steel.
The unmixed zone can not be seen here. The interface in this figure is the boundary of
composite zone and unmixed zone.
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On the other hand, for autogenous welding or matched filler metal welding, the
unmixed zone exists in the weldment theoretically. However, it has no difference in
chemical composition with the rest of the weldment. And it has the same structure as the
composite zone. The unmixed zone in these cases is invisible from the metallurgical
point of view. Figure 5.2 shows the interface region of 304 stainless steel deposited on
304 stainless steel by ESS process. The fusion boundary (welding interface) can be
seen. However, no unmixed zone is seen in this cladding. The unmixed zone could not
be differentiated from the composite zone since it has an identical structure and
composition to those of the composite zone. Figure 5.3 exhibits grain substructures of
an autogenous welding of nickel alloy 625. The upper portion shows that fine dendrites

are GTA remelted no a nickel alloy 625 ESS deposit (lower portion). Again no unmixed

304 Stainless St,éiel_' Base édétlal o 4Om g

Figure 5.2 Optical Micrograph of the Interface Region of 304 Stainless Steel
Deposited on 304 Stainless Steel (Matched Filler Metal) by ESS.
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Figure 5.3 Optical Micrograph of the Interface Region of Nickel Alloy 625 ESS
Deposit Remelted by GTA Autogenous Welding.

The Composite Zone

The composition of the composite zone is diluted by the base metal to form an
admixture. A small region of the base metal is surface-melted by the welding pool and
mixed with the cladding material. The elements from the melted steel are incorporated
and homogenized in the liquid phase. Figure 5.4 shows the microstructure of the
composite zone of nickel alloy 625 deposited on class 1 steel. The grains are basically
aligned in the direction perpendicular to the base substrate. Competitive growth is still

the governing mechanism of growths.
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Figure 5.4 Grain structures of the Composite Zone in Nickel Alloy 625 Deposited on
Class 1 Steel.

Weld Metal Microstructure Evolution

The microstructure evolution in the dissimilar metal cladding by ESS can be

described as following:

Melted base metal (the unmixed weld metal) is in intimate contact with the solid
base metal with composition identical to each other. Due to the existence of unmixed
zone in the dissimilar metal weld, the early stages of weld metal solidification in the
dissimilar metal weld is essentially the same as autogenous or matched filler metal

welding. The solidification of the weld metal is initiated by arranging atoms from the
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liquid phase on the existing crystalline substrate, thereby the grains in the base metal
extend themselves without altering the crystallographic orientation. The conventional
theory of epitaxial growth is still applicable in the dissimilar metal welding. The epitaxial
growth is the dominate event in the grain initiation of the weld metal solidification. The
growth direction of grains would have been the direction perpendicular to the solid/liquid
interface because of the maximum temperature gradient and the maximum driving force
for solidification, if grains did not have their own preferred growth direction. For cubic
metals, the preferred growth direction is <100> and there are three of them perpendicular
to each other. Therefore, during solidification, grains grow rapidly in the direction where
their easy growth direction is closest to the direction of the maximum thermal gradient.
In ESS, the solid/liquid interface at the front portion of the weld pool is flat. The
direction of the maximum thermal gradient is perpendicular to the base substrate (vertical)
and irrespective to the cladding direction. For the randomly oriented base metal grains,
they grow on the side of which the easy growth direction is more parallel to the direction
of the maximum temperature gradient. The closer the easy growth direction is to the
direction of the maximum temperature gradient, the easier the grains grow. In the grain
growth process, the grains compete with each other based on their orientation preference,
i.e. competitive growth. Those grains with their easy growth direction normal to the base
substrate will grow more easily and crowd out those grains whose easy growth direction

deviates significantly from that direction.

The unmixed zone plays a significant role in the microstructure development in
dissimilar metal welding. With the unmixed zone, the weld metal solidifies on the solid
base metal epitaxially as it does in the autogenous welding. However, the presence of the
unmixed zone has also created a second interface in the weld metal and that has moved

the solidification front toward a place where the thermal gradient is less than that of the
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first interface because of lower thermal conductivity in the unmixed zone. This smaller
thermal gradient promotes the type "B" grain boundary formation near the secondary

interface.

Only those favorably oriented grains extend toward the composite zone. The
unfavorably oriented grains either are eliminated or lose growth momentum which causes
the new grain formation near the second interface in the composite zone. As grains grow
across the boundary between the unmixed zone and the composite zone, the thermal
gradient reduces significantly. Figure 5.5 shows the unmixed zone and the composite
zone of nickel alloy 625 deposited on 304 stainless steel. It is clearly seen that a new

grain is formed in the comp sﬂe zone and type B grain bound

is created.

3 04 Stalnless Steel Base Me
Figure 5.5 Microstructure of the Interface Region of Nickel Alloy 625 Deposited on
304 Stainless Steel Base Metal by ESS.
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As the grains grow into a region where the solid/liquid interface is no longer a
flat region, the direction of maximum thermal gradient is tilted towards the cladding
direction. However, those grains at this stage, have survived from the competition and
have been aligned very well in the direction which is normal to the base metal. Although
the maximum thermal gradient has changed its direction, this change is not enough to
stop grain growth or bend its growth direction. Grain growth is continued towards the
top of the bead without altering its growth direction as shown in Figure 5.4. There is no

grain bending in the electroslag surfacing process.
SOLIDIFICATION MODELING

The model based on Kobayashi's approximate solution for dendritic
solidification with a variable partition coefficient has effectively predicted niobium
redistribution during the solidification of nickel alloy 625 cladding. The changes in
distribution coefficient over the solidification range are significant. With the variable
partition coefficient (k from 0.34 to 0.25 for niobium), this model has predicted an
increased segregation behavior toward the end of solidification. Different cladding
conditions have produced a different dilution and a slightly different solidification
geometry (dendrite arm spacing). In the normalized modeling unit (=1), the model
demonstrated a similar segregation behavior of niobium at the same dilution level (same
initial niobium concentration, different dendrite arm spacing). Kobayashi also concluded
that the solidification geometry is unimportant for quantifying the microsegregation
effects.5) However, for the same predicted (solid/liquid) area fraction, large dendrite
arm spacing means large size of the interdendritic constituents. Higher niobium initial
concentration resulted from lower dilution leads to the production of more interdendritic

constituents. Heat input is the greatest factor affecting the interdendritic constituents
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because of its influence on the dilution level and dendrite arm spacing. High heat input

normally means lower dilution and larger dendrite arm spacing.

The assumption of complete diffusion of solute in the liquid is adopted

especially in the case of ESS due to the following reasons:

» relatively high diffusivity (D, = 1x10° m%s);
» short diffusion distances (A/2 = 50um);
* long diffusion time; and

* strong welding convection.

Further proof is obtained by calculating dendrite tip undercooling (AT};,) which
can be derived by consideration of a simplified solute diffusion description within the

interdendritic liquid.!3D This yields the dendrite tip temperature T, as follows:

T;=T, + mCyl-a) [5.1]
where

a= mQVL—g—O [5.2]

AT;p = - D‘LIG =D L{SV) [5.3]

D, is the solute diffusion coefficient in the liquid alloy (1 x 10 mZ/s), m is the
liquidus slope, G is the temperature gradient, V is the growth rate (2.6 x 10 m/s) or GV
is the cooling rate (GV=3.57 °C/s), and Cj is the alloy average composition. In the ESS
process, the estimated undercooling AT};, is about -0.05 °C without considering the
convection in liquid. This indicates that the dendrite tip undercooling due to solute

buildup at the solidification front is negligible.
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Figure 5.6  Comparison of the Current Model with Scheil, Sawai, and Cieslak Model
for Interdendritic Liquid Fraction at Nb =12.5 wt% for solidification of nickel alloy 625.

In the above figure, the new model employs a variable partition coefficient. k is
equal to 0.34 at the start of solidification and reduced to 0.25 at the end for nickel alloy
625. With the back diffusion in the solid incorporated in this model, it predicts the
largest liquid fraction (12.5% @ Cjy,=12.5 wt%) among those models. The value of
partition coefficient k = 0.4 was used in Sawai's model(127), in which back diffusion was
also incorporated. It predicted slightly less liquid fraction (7.25%) than the comparable
Scheil's model (8.5% liquid fraction at k = 0.4, with no diffusion in the solid). Itis seen
that solid diffusion of niobium becomes substantial when the solid Cy is exceeded.

Cieslak used the Scheil equation with k = 0.54 taken from binary phase diagram and
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predicted the smallest liquid fraction (4%) when niobium concentration in the liquid was
reached 12.5 wt%. From the experimental data, we know that the correct liquid fraction
is 12.6%. The current model predicts the strongest segregation behavior of niobium as
compared to other models. All the other models have underestimated the liquid fraction
except the proposed new model. The difference in the niobium redistribution in the solid

is mainly due to the differences in partition coefficient among those models.

The extent of niobium diffusion in the solid is limited due to the large size of the
niobium atom. It is believed that back diffusion plays an important role in the
microsegregation during solidification, particularly for the interstitial elements.
However, such an effect on niobium is very limited due to small diffusion coefficient and

lack of diffusion time in the ESS process.

The model has effectively predicted the volume fraction of niobium-rich
interdendritic liquid distributed in the interdendritic region of nickel alloy 625 cladding.
The volume fraction of the interdendritic liquid directly affects the final solidification
products such as Laves phase and carbides. It is known that they form at different
temperatures. However, the quantitative relationship regarding to formation of Laves
phase and carbides is still not properly understood. As a result, this model can not
calculate the amount of Laves phase directly, since the Laves phase is not the only
product that the interdendritic liquid produces as it solidifies. It is also believed that any
attempt to quantitatively predict Laves phase from solidification model would have to
precisely solve quantitative relationship between Laves phase and carbides. Rapid liquid
diffusion is expected at the terminal stage of the solidification. The continuous network
of interdendritic liquid breaks off and forms the interdendritic eutectic constituents,

mainly discontinuous Laves phase and MC carbides.
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Solidification Parameters Estimation

Because most grains in the clad metal are straight and grow perpendicularly to
the substrate, the average solidification time at the center of the cladding could be roughly
estimated by Eq. [4.2].

60 x Pool Length (mm)
" Travel Speed (mm/min.)

Solidification Time (sec) [4.2]

For a typical cladding conditions, the center pool length is about 53 mm (2.1") and the
travel speed is 152 mm/min. (6 ipm) and they give the average freezing time about 21

seconds for the cladding.

The average solidification time of ESS surfacing can be obtained by measuring
the dendrite arm spacing of the dendritic structure and using Heubner's correlation. It
can also be roughly estimated through the cladding pool size (Eq. 4.2) and that gives an

easy access to estimate the dendrite arm spacing in different cladding conditions.

WELD METAL SOLIDIFICATION CRACKING

The tear-drop-like feature in the upper areas of the solidification cracking (Zone
1 described in Figure 4.33) has clearly indicated the presence of liquid metal when
cracking takes place. Dendrites completely surrounded by the liquid film network can
also be seen in the interface-quenched samples as shown in Figure 4.16. However, at
this stage, when the solid is completely surrounded by a thin liquid film, there is no
stress built up in this area and therefore cracking can not initiate in this region. On the

other hand, it also offers little resistance to cracking if the cracking initiates elsewhere.
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The fracture in the cracking test is caused by the thermal expansion of the test piece and
the contraction of the cladding. When the cracking driving force exceeds the resistance to
the cracking, the cracking initiates from the bottom of the cladding and propagates to the
top of the cladding. The amount of low-melting interdendritic liquid directly accounts for
the solidification cracking resistance in the nickel alloy 625 cladding. The grooves in
zone 2 are solidified primary dendrites with the low melting eutectic constituents

distributed in the interdendritic region.




CHAPTER VI

CONCLUSIONS

The goals of this work have been (1) to contribute to the understanding of the
fundamental aspects of electroslag surfacing (ESS) process using strip electrodes
regarding weld pool formation and weld metal solidification mechanism, (2) to develop a
model to predict solute redistribution during weld metal solidification, and (3) to assess
the weld metal solidification cracking susceptibility of strip cladding of engineering alloys
such as nickel alloy 625. Different combinations of strip electrodes including: (a) nickel
alloys 625, 59, 200, and 70/30 NiCu; (b) stainless steels 304, 308L, and 410; and (c)
70/30 CuNi and base metals including: MIL-S-23284, Class 1 steel as well as 304 and
316 stainless steels have been investigated. Based on the results of this study, the

following conclusions can be drawn.

A unique microstructural morphology of cladding deposited by ESS is
characterized by vertically oriented grains and dendrites. Unlike traditional weld metal
deposited by GMAW, SAW, and other arc welding processes, grain orientation is
vertically unidirectional because the temperature gradient during solidification is
essentially vertical at the early stage. Weld metal solidification initiates epitaxially from
the base metal to the unmixed zone and grains and dendrites grow competitively into the
composite zone. The width of the unmixed zone during high heat input ESS is not

affected by the melting temperature differences between filler metal and base metal. The
119
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unmixed zone disappears when the filler metal and base metal have the same
composition. Renucleation may occur near the interface between the unmixed zone and
the composite zone when the grains in the unmixed zone have an unfavorable growth
direction particularly in dissimilar metal cladding. The formation of type B grain
boundaries can only occur in dissimilar metal cladding when renucleation occurs. Thus,
because the weld pool size is large and the solid/liquid interface moves vertical-up, the
resulting microstructure is uniquely characterized by grains and dendrites which are

virtually all parallel to the vertical axis.

A new solidification model successfully predicts the redistribution of alloying
elements such as niobium in the ESS of class 1 steel with nickel alloy 625 strip. A high
level of agreement between the model prediction and experimental data on the liquid area
fractions is achieved. The significant improvement in the accuracy of the model is
primarily attributed to the successful application of a variable partition coefficient which
allows accelerated segregation behavior of niobium between dendrites. Back diffusion
has only a limited effect on niobium redistribution during the early stages of dendrite

formation but is accelerated during the late stages of solidification.

Interface-quenching experiments provides a means to "freeze" different steps in
the solidification of cladding deposited by ESS and thereby verifying the solidification
model. The sequence of Laves phase and MC carbides formation in nickel alloy 625
involves the formation of a continuous interdendritic liquid film network from which a

discontinuous precipitates of Laves phase and MC carbides form.

The solidification cracking resistance of nickel alloy 625 cladding deposited on

steel is related to the presence of the low-melting interdendritic liquid which weakens the
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weld metal resistance to the cracking. A new solidification cracking test has been
developed and successfully applied in the strip surfacing process without producing an

altered microstructure to the actual cladding.
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APPENDIX

The following is the program used in image analysis for determination of
dilution, penetration (max., min., and ave.), cladding bead features (total area, width,
height, and wetting angles), and HAZ features in both electroslag and submerged arc

strip surfacing.

ANALYSIS INSTRUCTIONS - ESS

1» Liuve : ;
2y Load image v a: filename TIF ;
3* Hist. Mod. i lo. dens.: hi. dens. ;
4> Sharpening : R
5> Threshold tpl 1, B-44 H
&% Threshold opl 2, 135-155 ;
7 Store image v oa: filenamel TIF ;
8> bGrid ¢ plaone &, 14 ¥ 8 ;
9> Keep copl &, wait ;
18> Filling 1 plane 1 ;
11: Keep rpl 1, woit H
12> Cut yopl 2, wailt H
13> Keep Cpl 2, wait ;
14> Threshold s pl 7, 121-288 ;
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Feature meas.
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Stop
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