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ABSTRACT 

Microstructural Analysis of Ni Alloy Cladding onto Low Alloy Steel 

Qinghua Zhao, M.S. 

Oregon Graduate Institute of Science & Technology, 1992 

Supervising Professor: Jack H. Devletian 

Electroslag surfacing (ESS) with strip electrodes has been shown to provide lower 

dilution, lower penetration and higher deposition rate compared to submerged arc 

surfacing (SAS). The application of the ESS to clad Ni alloy 625 onto main propulsion 

shafting has created a need for microstructural analysis of the cladding layers, the 

interfacial regions, and the heat-affected zone (HAZ) of the low alloy steel. A 

comprehensive comparison of the cladding deposited by both ESS and SAS was also 

performed in this study. 

The microstructure was examined using optical microscopy, scanning electron 

microscopy (SEM) and analytical electron microscopy (AEM). The cladding 

microstructure of the Ni-base alloy deposited by ESS and SAS processes consisted of 

matrix(?) and interdendritic precipitates, (Nb, Mo)-rich MC carbides and Laves phase. 

During the solidification of the Ni-base alloy, Nb, Mo and Si segregated into 

interdendritic regions and promoted the formation of the (Nb, Mo)-rich MC carbides and 

Laves phase. 

The cladding produced by the ESS process exhibited more favorable 

microstructure and had higher tensile ductility than the cladding from the SAS process. 

ESS cladding resulted in lower contents of Fe, C, Si and 0, fewer oxide inclusions, 

lesser amount of Laves phase and higher ductility. The interdendritic precipitates in the 

ESS cladding were also small and isolated from each other. The lower ductility of the 

SAS cladding was found to be related to the many oxide inclusions and the formation of 

xii 



the coarse, in te ra~ec ted ,  eutectic-1i.k interdetldritic (Nb, Mo)-rich MC carbides and 

Laves phase. 

The interface between the steel base metal and the Ni alloy 625 cladding consisted 

of a thin region of martensite with about 0.5 pm in thickness, in the as-welded condition 

of the ESS Cladding. After the stress-relieving at W°C for two hours, the martensite 

was tempered with the formation of many fine carbides inside the laths. The HAZ 

microstructure was strongly affected by the preheat temperature for the ESS cladding. 

As the preheat temperature changed from 93°C to 204"C, the dominant microstructure 

in the HAZ varied progressively from (untempered martensite + lower bainite), to 

(upper bainite + auto-tempered martensite), and to auto-tempered martensite, 

respectively. Twinned martensite formed in the HAZ was due to the high substitutional 

solute concentrations of Ni and Cr. 

In summary, the microstructural analysis showed that Ni alloy 625 could be 

successfully cladded over Ni-Mo steel without significant detrimental effects. Compared 

to SAS cladding, cladding layers deposited by ESS exhibited superior ductility, lower 

levels of oxides, Laves phase and MC carbides. 



I. INTRODUCTION 

Electroslag swfacing (ESS) and submerged arc surfacing (SAS) using strip 

electrodes are known to be the most productive methods for cladding thick-section steels. 

Recent studies('* have shown that ESS provides many advantages over SAS which 

include: (1) lower dilution, (2) lower penetration and (3) higher deposition rate. Until 

now, this highly efficient strip cladding process has not been widely used in the USA. 

As a result, a program sponsored by the U. S. Navy ManTech Office was initiated to 

clad Ni alloy 625 onto main propulsion shafting. 

Nickel alloy 625 has excellent pitting and crevice corrosion resistance and has 

been widely used in chemical-pfocessing equipment, ship and submarine parts, and 

nuclear reactors. Although having better weldability than INCONEL 718, Ni alloy 625 

has also been found to be susceptible to solidification cracking during fusion welding due 

to the formation of low melting point eutectic-like constituents such as Nb-rich carbides 

and Laves phase.oom 

Nickel alloy 625 cladding deposited on a low alloy steel, offers the advantage of 

the high corrosion resistance of the nickel alloy and the low cost and good mechanical 

properties of the steel. The chemical compositions of Ni alloy 625 and the alloy steel 

are given in Table 1. Two possible problems are excessive iron dilution and irregular 

penetration patterns. Excessive dilution of iron maybe overcome by multilayer cladding, 

but this requires more material and energy. Excessive iron dilution and irregular 

penetration can result in a degradation of mechanical properties.m2Q Previous studies 

of dissimilar metal joints have mainly focused on the stainless steel/carbon steel 

s y ~ t e m . ~ - ~ ~  Weldability and mechanical properties of Ni alloy 625 cladding and the 

interface characteristics of Ni alloy 625lsteel joint deposited by electroslag surfacing with 

strip electrodes have not previously been studied in detail. 

1 
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The objectives of this study were to: (1) evaluate and compare the microstructure 

and mechanical properties of the claddings deposited on a hardenable low alloy steel by 

ESS and SAS using Ni alloy 625 strip electrodes, (2) characterize the microstructure at 

the Ni alloy 625/steel interface, and (3) examine the effect of preheat temperature on the 

heat-affected zone microstructure of the base metal. 



11. BACKGROUND 

A. Rinciple of Electmlag Surfacing 

Electroslag surfacing has been widely used in Europe since its introduction in 

1971.@3) The mechanism of heat generation during the ESS process is different from 

that of SAS as shown in Figure 1. Instead of being derived from an electric arc as in 

the SAS process, heat is generated during ESS by ohmic resistance heating @R) of the 

molten slag as a result of current flowing through the strip and through the 

electroconductive slag. The electroslag surfacing process using strip electrodes has been 

shown to have substantially greater deposition rate with much less dilution compared to 

SAS .a+ 

Base Metal Base Metal 

ESS SAS 

Figure 1. Schematic Drawing of the ESS and SAS Processes. 
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B. Nickel Alloy 625 

Nickel alloy 625 is based upon the ternary system Ni-Cr-Mo, with an addition of 

Nb that acts with Mo to stiffen the alloy matrix and thereby provides the high strength 

through solid-solution hardening. The alloy resists a wide range of severely corrosive 

environments and is especially resistant to pitting and crevice corrosion, and therefore 

has been widely used in chemical processing, aerospace and marine engineering, 

pollution control equipment, and nuclear reactors.@') 

i 1. Mqjor Constituents in the Ni-Base Alloys 

The matrix of the Ni-base alloys has a facecentered cubic (fa) crystal structure. 

The space group is Fm3m and lattice parameter a = 0.357nm. The matrix contains solid 

solution strengtheners whose strengthening effects are proportional to the difference in 

the atom size between the nickel and solute atoms. Chromium, Mo and W are the most 

effective strengthening elements. In addition to the matrix, there are many constituents 

and precipitates which can form in nickel-base alloys depending on the chemical 

composition and the heat-treatment con~lition.@'*"*~~-~') Three groups of phases are 

reviewed, which are (1) precipitates formed by heat-treatment, (2) carbides and (3) 

toplogicallyclose-packed (TCP) phases. Precipitates formed during thermal treatment 

such as -y' and y" are obatined to provide precipitation-hardening effect. Carbides can 

form during heat-treatment or solidification process. MC carbides are usually the 

solidification products, although precipitation and decomposition of MC carbides can also 

occur during heat-treatment. TCP phases appearhg during solidification are detrimental 

1 
to the weldability and the deformability of the Ni-base alloys. 

(a) Precipitates Formed by Heat-Treatment 

i 
Gamma prime ($): -y' is based on the ordered f a  N i a  where the Ni atoms 

located at the face centers of the cell and the A1 atoms are at the cube corners. The space 



group is Pm3m and the lattice parameter varies from a = 0.3561 nm to 0.3568 nm. The 

y' precipitates can strengthen the alloys in two ways. First, coherency strains make it 

difficult for dislocations to penetrate the precipitates. Secondly, antiphase boundary 

energy is created when dislocations penetrate y' because of the ordered structure. 

Gamma double prime (7"): Although 7' is the predominant strengthening phase 

in most precipitation hardenable nickel base superalloys, some alloys have been 

developed in which the major contribution to precipitation strengthening is derived from 

the metastable and ordered y". This phase (Ni3Nb) has a tetragonal crystal structure, 
I 

belongs to the space group 14fmmm and lattice parameters are a = 0.362 nm and c = 

0.741 nm. 

I 
Delta phase (6): 6 phase (NijNb) has a orthorhombic structure with space group 

Pmmm and lattice parameters a = 0.503 nm, b = 0.425 nm, and c = 0.457 nm. The 

morphology of 6 phase normally is a plate though globular 6 particles have also been 

observed. Controlled 6 phase appears to have a beneficial effect on stress rupture 

ductility, however, the formation of a large amount of coarse delta plates degrades the 

strength of gamma double prime hardened superalloys. This phase has been found to 

occur in Ni alloy 625 only when aged at temperatures above 750°C or during long time 

heat - treatment (e.g. over 1000 hours) at temperature of about 600°C. 

(b) Carbides 

Most Ni-base superalloys contain carbides either in the grain boundaries or within 

the matrix. The most commonly obseryed carbides are MC, M,C6 and M6C type. 

MC carbides: MC carbides have a blocky or chinese script morphology and 

cubic structure, the space group is Fm3m and lattice parameter is a = 0.43 - 0.47 nm.(m 

The prototype carbides that form are TaC, NbC, Tic and VC in order of decreasing 

stability. The formation of MC carbides are known to promote the solidification 

cracking in Ni-base 

MnC6 carbides: M,C6 carbides have a complex cubic structure, the space 

group Fm3m, with lattice parameter ranging from a = 1.056 - 1.065 nm.(w Mac, 



6

carbides tend to form along grain boundaries and are abundant in high-chromium alloys.

As with MC carbides, there can be considerable variation in the "M" content. The

occurrence of M23C6carbides at grain boundaries tends to promote creep resistance by

inhibiting grain boundary sliding.

MciC carbides: ~C carbides also have a complex cubic crystal structure

(diamond cubic in Ni alloy 625), Fd3m SPacegroup and lattice parameter ranging from

a = 1.085 - 1.175 nm. (41) This tyPe of carbide also tends to precipitate at grain

boundaries. The precipitate composition can vary widely, and formulas such as

(Ni,Co)2M~C and (Ni,CohW4C have been suggested.

Carbides (MC, M23C6and ~C) may react with other phases to form other

carbides and phases. The reactions generally occur relatively slowly, and in some cases

may even continue over the life of the alloy. The following reactions have been shown

to be important in nickel-base alloys.(41)

MC + 'Y--> M23C6 -

MC + 'Y--> M6C

~C + M' --> M23C6+ M"

where 'Yrepresents the austenite,M' and M" represent metalsin the matrix.

(c) Topologically-Close-Packed Phases

i"

C
''"'II';"
:tl ':", t
,I>' "

::t ~i

'ot:::I"
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The occurrenceof brittleTopologically-Close-Packed(TCP)intermetallicphases,

such as Laves phase and sigma phase, has a strong impact on the weldability and

mechanical properties of the nickel-base superalloys.(7-8,14)All the TCP phases are

generally deleterious and promote crack formation. Avoidance of TCP phases is

incorporated in the new PHACOMP(for PHAse COMPutation)scheme which is used

in the developmentof new nickel-basesuperalloys.(4243)

Laves phase: The compoundformularof this phase takes the formM2N,where

M = Co, Cr, Fe, Ni and N = Nb, Mo or Ta. Laves phase has a hexagonalcrystal

structure and belongs to space group P63/mmc and lattice parameters a = 0.4744 nm and

c = 0.7725 nm. (7)

;::
1(;
"-
,~,

1"",
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Sigma Phase (6): Sigma phase (a) obse~ed in nickel-base alloys has been 

identified as Mo-rich with a tebragond structure and lattice parameters a = 0.908 nm and 

c = 0.475 nm.0') 

P phase: P phase has an orthorhombic structure and lattice parameters a = 

0.907 nm, b = 1.698 nm, and c = 0.475 nrn.O4) 

2. So~ ica t ion  Behavior 

The melting and solidification processes of Ni alloy 625 have been studied by 

Cieslak et al.('-9 The effect of C, Si and Nb on the solidus ('I'd and liquidus ('I'd 
temperatures and the melting range AT are given by the following equations:a 

TL = 1406.8 - 108.6 C - 27.8 Si - 11.1Nb Ell 
Ts = 1385.8 - 507.4 C - 48.6 Si - 20.6Nb [21 
AT = 20.9 + 405.5 C + 20.3 Si + 9.4Nb [31 

where elements C, Si and Nb are in weight percentage (wt%) and the temperature is in 

degree centigrade (T). From the above equations, it can be seen that the solidus and 

liquidus temperatures of Ni alloy 625 decrease and the melting range increases with 

increasing concentrations of C, Si and Nb. 

The weld metal microstructure could also be affected by the concentration of C, 

Si, and Nb. Cieslak et alV-% showed that the terminal solidification constituents in 

Nb-bearing alloys consisted of various combinations of y/MC(NbC), ylLaves phase and 

yl&C eutectic-like constituents. The amount of each constituent varied with C, Si and 

Nb contents. Addition of C promoted the formation of MC carbides at the expense of 

the Laves phase. Silicon increased the formation of Laves phase and promoted the 

formation of &C carbide even at low carbon contents (< 0.01 wt%). When both Si 

and C were present, both MC carbides and Laves phases were observed. It was 

proposed that the increased melting range and the formation of Nb-rich eutectic 

constituents were primarily responsible for the increased susceptibility of the Nb-bearing 

Ni-base superalloys to solidification cracking. Niobium-free alloys were observed to 

have a very low tendency toward solidification cracking, but even among those alloys, 



8 

C and Si were detrimental.@ 

3. Solidifiition-Cracking in Nickel-Base Alloys 

There are two primary problems which occur in Ni-base alloys as a result of 

fusion welding processes, namely solidification-cracking and post-weld heat-treatment 

cracking.(") Post-weld heat-treatment cracking is not generic to all superalloys but most 

significantly affects the 7' hardened superalloys. For example, Ni alloy 718 is designed 

to resist post-weld heat-treatment cracking which is chiefly attributed to the sluggish 

nature of the Nbantrolled 7' reaction. Solidification cracking is a serious problem for 

nickel base alloys during fusion welding. Although Ni alloy 625 has better weldability 

than Alloy 718,("') solidification cracking in the weld metal and grain boundary Equation 

in HAZ have been ~bserved.~-~* '~  Solidification-cracking in Ni-base alloys can be 

attributed to (1) deleterious elements (S, P, B) segregation at grain boundarie~~"~) and 

(2) low melting point constituents, MC carbides or Laves phase.u-ln 

(a) Effect of Minor Elements Upon Solidification Cracking 

The presence of minor elements like S, P, B are deleterious to Ni-base alloy 

weldability. Solidification cracking in Ni-base alloys was observed along the 

interdendritic spaces of the weld metal where strong segregation of S and P were 

measured.nsm Electron microscopy also showed that the crack surfaces were covered 

with  sulfide^.^-^@ 

Sulfur, P and B have very limited solubility in Ni and they all can form low 

temperature eutectic reactions with Ni or Ni compo~nds .~  For example, the nickel- 

nickelsulfide eutectic reaction takes place at 6500C. In general, the effect of S, P and 

B was attributed to a high degree of segregation and subsequent reduction in the effective 

solidus and liquidus temperatures, which decreased the solid-liquid interfacial energy and 

permitted the wetting of the grain and subgrain boundaries and the subsequent formation 

I 
of grain-boundary films. 
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(b) Low-Melting Point Eutectic Constituents 

Another important reason causing solidification cracking is the formation of 

low-melting eutectic-like constituents. It was reported that NbC and Laves phases 

promoted the solidification cracking in the weld HAZ of Ni  alloy^.('-'^*'^ Solidification 

cracking in Ni alloy 718 has been found to be associated with intergranular liquation."@ 

12*15*19, The low melting point eutectic-like Laves phase, niobium carbides and possibly 

borides were the sources of the intergranular liquid. The formation of the low melting 

eutectic-like carbides and Laves phase is dependent on several factors, such as bulk 

chemistry, chemical distribution, and mimstructure prior to welding. Thompson(19 

reported that when the carbon content increased from 0.02 to 0.06 wt%, the volume 

fraction of NbC carbide increased by 7096, but the volume fraction of Laves phase did 

not increase in a systematic manner with the carbon content. The increased volume 

fraction of carbides increased the solidification range and therefore increased the 

susceptibility to solidification cracking. Owczar~ki(~@ examined the HAZ solidification 

cracking in Ni-base superalloy Udimet 700 and Waspaloy. Heat affected zone 

solidification cracking in both alloys was attributed to the grain-boundary liquation 

initiated in the vicinity of MC-type carbides and Laves phase. 

Nickel alloy 625 is also susceptible to solidification ~racking.~"*'~ Solidification 

cracks in arc welds between Ni alloy 625 and 304L stainless steel were observed to be 

related to the presence of the low melting eutectic-like structures, and also the crack 

surfaces were found to be enriched with S, Nb, P and C. The weldability of Ni alloy 

625 welded with gas tungsten arc (GTA) welding was studied by Cieslak,m who found 

that solidification cracking was associated with interdendritic low-melting constituents, 

such as Nb-rich MC carbides and Laves phase. 

C. Heat-Affected-Zone Microstructure of Carbon Steel 

For dissimilar metal joints, the HAZ microstructure of the base metal steel is very 

difficult to predict, especially at the interfacial region between the weld metal and the 
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base metal due to the mixed composition. For Ni alloy 625 cladding over carbon steel, 

the phase transformations at the interface region were studied by Raghavan et al.@" Two 

interesting features were observed; (1) a thin layer of untempered lath martensite located 

between fcc austenite and bcc ferrite, (2) M,C, carbides were detected at the boundary 

between the untempered martensite and the bcc ferrite. 

Phase transformations within the HAZ of carbon steel can be very complex and 

difficult to predict. During a typical cladding or welding procedure, the HAZ will go 

through a complete thermal cycle, therefore, the a -, y transformation will occur in the 

heating cycle, and y -. a will occur during the cooling cycle.(w Carbon atoms play a 

very important role during these phase transformations. Due to the lower solubility of 

carbon in a than in y, y -, a transformation would normally lead to the rejection of 

carbon atoms to the y phase boundaries. The products of the y -, a transformation are 

strongly affected by the cooling rate. Phases which could be formed are proeutectoid 

femte, pearlite, bainite and martensite, which form in an increasing order of the cooling 

rate." The crystal structures and morphologies of upper bainite, lower bainite, 

martensite and tempered martensite will be briefly reviewed below. 

1. Upper Bainite 

Upper bainite consists of needle or lath femte with cementite precipitates between 

the laths. The solubility of carbon in upper bainite is lower than that in austenite, 

consequently, as the bainitic laths grow, the carbon atoms diffuse to the lath boundaries 

where the remaining austenite exists, and form cementite (FqC). Ferrite laths grow into 

austenite in a similar way to Widmanstatten side-~lates.(~ The ferrite nucleates on a 

grain boundary with a Kurdjumov-Sachs orientation relationship with one of the austenite 

grains. The austenite and cementite are related to Pitsch relationship:(* 

(0 0 N (i 2 S), 

[1 O O ~ N  [5 5 41, 

[O 1 01, !I [i 1 o I, 



Lower bahite is formed in the temperature range between upper bainite and 

martensite.(* The growth of lower bainite is controlled by the rate of carbon diffusion 

away from the y/a interface, or the rate at which carbides can precipitate at the interface. 

In this case cementite forms with the Bagaryatski orientation relationship:(4n 

(0 0 // (2 1 

[l 0 01, // [l 0 11, 

[0 1 01, // [l 1 11, 

Unlike carbides in tempered martensite, cementite in lower bainite exhibits only one 

direction such that they form parallel arrays at about 60" relative to the main direction 

of the bainite laths. 

Martensite is a product of diffusionless phase transformations from austenite to 

ferrite.(m9 The morphology of martensite can be lath, plate or mixed structure 

depending on the carbon content in the ~teel . (~ '*~ Lath martensite is the most commonly 

occurring martensite structure in low- and mediumcarbon steels, the substructure of 

which consists of a high density of dislocations. The orientation relationship between the 

austenite (y) and the ferritic martensite (a') can be described by Kurdjumov-Sachs 

relati~nship:(~n 
B 

{1 1 l],//(l 1 ola. 
<011>,//< 1 1 1  > .  

and the habit plane varies from (1 1 I}, at low carbon contents, to (2 2 5]? at medium 

carbon contents. For high carbon steel, martensite usually forms in a plate morphology 

with a twinned substructure. The orientation relationship changes to Nishi~arna:(~~ 

<112>, /I <O 1 l>, 

and the habit plane is (2591,. Martensite has a body-centered tetragonal @ct) crystal 
I 



structure, which is a distorted form of bcc iron. The tetragonality measured by the ratio 

between the axes, da, increases with the carbon content: d a  .= 1 + 0.045 C (in 

wt%).* 

4. Tempered Mrutensite 

Due to high cooling rates necessary for martensite formation in the alloys, the 

martensite is supersaturated with carbon atoms at the interstitial lattice positions in the 

parent a~stenite.('~ Upon aging or tempering, therefore, there is a strong driving force 

for carbide precipitation. The tempering of martensite includes diffusion of carbon, 

precipitation of carbides, decomposition of retained martensite and recrystallization. 

Therefore, a series of phase transformations can be expected during tempering. For the 

cladding process, if the martensite formation temperature M, is above the room 

temperature, the HAZ martensite will go through an elevated temperature range in which 

tempering can occur. This prowsss is called auto-tempering. The orientation relationship 

between the cementite and the ferrite laths obeys Bagaryatski relationship.(*') However, 

the carbides formed in the tempered martensite usually lie in several directions of 

variants instead of only one in the lower bainite. 



A. MateriaJs and Cladding Processes 

In the current study, a hardenable carbon steel (MIL-S-23284, Class 1 steel) was 

used as the base metal, and Ni alloy 625 as the strip electrodes. The nominal 

compositions of the materials are listed in Table 1. The base metal plate thickness was 

about 50 mm. The strip electrode size was 30mm wide and 0.5mm thick. 

Two cladding methods were employed: Electroslag Surfacing WS)  .and 

Submerged Arc Surfacing (SAS). For comparison, the two cladding processes were 

performed under the same welding parameters at 650A, 2 N  and 152mmlmin (6ipm), 

and also the base metal plates were preheated to 93°C (200°F) prior to the cladding. In 

this study, only a single cladding layer was deposited. The cladding was subsequently 

stress-relieved at 604OC for two hours. Both the as-welded and the stress-relieved 

conditions of the ESS and SAS cladding were examined. The major chemical ingredients 

of the fluxes used for ESS and SAS are given in Table 2. For the ESS process, three 

preheat temperatures [93"C (200"F), 150°C (300°F) and 204°C ( W F ) ]  were used to 

study their effect on the HAZ microstructure of the base metal. 

B. Microstructure Examination 

1. Optical Microscopy 

The metallographic specimens were taken from the cross section of the cladding 

bulk sample, which included both the cladding layer and the heat-affected zone (HAZ) 

of the base metal steel. The specimens were ground using water and Sic abrasive papers 

with grit sizes of 240, 320, 400, 600 and 800. Intermediate polishing was done with 

6 and 1 micron diamond pastes. Final polishing was performed using a LECO final 





automatic polishing unit and 0.05 micron cerium-oxide polishing solution. 

As a result of the widely dissimilar compositions between the cladding layer and 

the base metal, the microstructure of the steel was revealed by using 2% nital solution 

which did not react with the Ni alloy 625. The Ni alloy 625 cladding layers were 

examined under unetched condition for both optical microscopy and the scanning electron 

microscopy. 

Microstructural features were quantitatively analyzed using a image analysis unit 

connected to the optical  micro^. At least 20 fields, randomly chosen, were used for 

each analysis. The average size and the area fraction of the second phases formed in the 

cladding layers were determined for each cladding specimen. 

2. Scanning Electron Microscopy 

After examination using optical microscopy, the specimens were Au-Pd coated. 

The solidification structure of the cladding layers were examined using scanning electron 

microscopy (SEM) at a working voltage of 15 kv. SEM images were taken with 

backscattered electrons in order to show the atomic contrast between the matrix and 

i precipitates. 



Chemical analysis across the dendrites was performed with an SEM which was 

equipped with an energy dispersive spectrometer WS). The compositions were 

calculated based upon a semiquantitative (SSQ) program. 

3. 'I'rruosmission Electron MicFoscopy 

Microstructure examination was also performed using a transmission electron 

microscope at an opedon voltage of 200 kv. Thin-foils of the Ni alloy 625 

cladding layers were sliced and ground into about 100 microns in thickness using Sic 

abrasive papers with grit sizes of 400,600 and 800. The samples were further polished 

to about 60 microns in thickness with 6 and 1 micron diamond pastes. Electropolishing 

was used as the final thining process with a solution containing 10% perchloride and 90% 

methanol at -600C. 

For the samples from the interface area which included the Ni alloy 625 cladding 

layer and the carbon steel, the thin area was always obtained preferentially at one side 

of the interface when using electropolishing. Therefore, the ion-milling technique was 

used. The 3mm diameter discs containing the Ni alloy 625 cladding layer and the MIL- 

S-23284, Class 1, steel were ground to perforation, reinforced by laminating 

t molybdenum washers to the discs and ion-milled until the interface was electron- 

transparent. 

Chemical compositions of the interface region from the Ni-base cladding layer to 

the HAZ of the steel were generated by collecting x-ray spectra at regular intervals with 

the TEM in the scanning transmission mode. The spectra were then processed by a 

standardless metallurgical thin-film (SMTF) approximation program to produce the 
i 

compositions at each point of analysis. 

4. Extraction Replica Preparation 

I Second phase particles formed in the cladding layers were removed from the 

i 
matrix using carbon extraction replication. Metallographically polished specimens were 

t 



eletrolytically etched using a 10% oxalic acid solution which etched the matrix and left 

the second phases in relief. A thin layer of carbon (estimated to be 30-60 nm in 

thickness) was evaporated onto the samples. The surface of each sample was scored into 

small squares (about 1 or 2 [mmI2) and subsequently etched electrolytically with a 10% 

HClImethanol solution to dissolve the matrix and loosen-up the carbon film. When the 

carbon films started to seperate from the surface, the samples were immersed in water 

and the carbon replica floated on the surface. The carbon extractions were then captured 

on 3mm diameter copper TEM grids. 

The carbon extraction replica was examined using a TEM. Chemical composition 

data of the second phases was generated from the energy dispersive X-ray detector. 

Phase compositions were calculated using the program SMTF. 

The Knoop microhardness was measured using a microhardness tester, with a 

300g load and loading time 15 seconds. The specimens were polished using the 

metallographic specimen preparation procedures. Each specimen was tested three times 

at each distance fiom the joint line and the average data of the hardness was analyzed. 

Flat tensile test samples were cut from the cladding layers of the ESS and SAS 

clads. The gage length and the thickness of the tensile specimens were 50mm (2") and 

3.2mm (0. 125"), respectively. Tensile tests were performed at room temperature. The 

ultimate tensile strength (UTS), yield strength (YS), elongation and reduction of area 

were measured. 

i 

i 



IV. RESULTS AND DISCUSSION 

A. Evaluation of Cladding Imym 

1. Chemical Anal* 

Chemical analysis of the cladding layers was carried out using a spectroscopic 

analyzer. Table 3 shows the concentrations of Fe, C, Si, 0 and Nb. The SAS process 

resulted in higher concentrations of Fe, C, Si and 0 in the cladding layers. Iron and 

carbon in the cladding layers came primarily from the steel base metal. During the 

cladding process, the surface of the base metal was molten and mixed with the strip 

electrodes, therefore, Fe, C and other elements in the base metal steel were brought into 

the cladding layer. The higher the dilution level, the higher the concentration of Fe and 

C in the cladding. It has been reported that the ESS process provides lower dilution than 

similar cladding deposited by SAS.(') 

I 

Silicon and oxygen were introduced into the cladding layers as a result of molten 

metal-slag reactions during the cladding process. As shown in Table 2, the flux used for 



predominantly C a b  (80%). The Si and 0 contents in the cladding was found to be 

strongly related to the basicity index (BI) of the fluxes." The higher the basicity, the 

lower the concentration of Si and 0 in the cladding. The flux basicity index can be 

calculated using the following 

The BI of the two fluxes used for ESS and SAS were calculated as 9 and 1.1, 

respectively. This explains why the SAS process resulted in higher concentrations of Si 

and 0 in the cladding layer. 

2. ~ c t u r e  Examination 

(a) Optical Microscopy 

The optical micrograph in Figure 2 shows the typical microstructure of Ni alloy 

625 cladding deposited on the low alloy steel. Generally, the cladding microstructure 

consisted of gamma (7) matrix and interdendritic consitituents. Figure 2(a) and @) show 

the microstructure of the ESS cladding in the as-welded and PWHT conditions, 

respectively. The optical micrographs show that the PWHT (604OC for 2 hours) did not 

change the as-welded cladding microstructure significantly. The SAS as-welded cladding 

microstructure is shown in Figure 2(c) and after PWHT in Figure 2(d). More large 

spheroidal inclusions were observed in the SAS cladding than in the ESS cladding as can 

be seen when comparing Figure 2(a) and (b) to Figure 2(c) and (d). 

The optical micrographs show that the primary differences between the two 

cladding processes was that many oxide inclusions were produced by the SAS process. 

Those inclusions contain very high amount of Si or Al as determined from the energy 

dispersive X-ray analysis. 
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The metallographic specimens of the ESS and SAS cladding were examined with 

an image analysis system. The area fraction and the average size of the interdendritic 

precipitates shown in the optical micrograph of Figure 2 were measured and the results 

plotted in Figure 3. Figure 3(a) shows the area fraction of the total precipitates. For the 

ESS specimens in either as-welded or PWHT conditions, the precipitate area fraction was 

about 1.8 % , while the precipitate area fraction in the SAS cladding specimens was about 

3.6% which is the double amount in ESS specimens. The average precipitate size is . 

shown in Figure 3(b). The average size of the interdendritic precipitates in the ESS 

specimens was about 4 [lrm12, and the average size in SAS specimens was 5.8 b m f .  

The interdendritic precipitates in the cladding deposited by ESS had lesser area fraction 

and smaller average size than those in the SAS cladding. 

(c) Scanning Electron Microscopy 

Figure 4 shows the backscattered electron images of the ESS and SAS cladding 

microstructures. The contrast of the interdendritic precipitates was brighter than the 

matrix, which means their average atomic number was higher than the surrounding 

matrix. 

The size and morphology of the interdendritic precipitates were different between 

the ESS and SAS cladding layers. The interdendritic precipitates in the ESS cladding, 

Figure 4(a) and (b), were small and isolated from each other. These precipitates 

generally had a blocky morphology. Figure 4(c) and (d) show the microstructure of the 

SAS cladding. The precipitates were cuarse, i n t e r ~ ~ ~ e c t e d ,  and most of them had a 

eutectic-like structure. Figure 5 is a higher magnification photo taken from the same 

area shown in Figure 4(d). It clearly shows the eutectic-like interdendritic precipitates 

in the SAS cladding. The difference of the interdendritic precipitates produced by the 

two cladding processes will be explained in the summary part. 
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Figure 3. Image Analysis of the Interdendritic Precipitates with 

(a) Area Fraction and (b) Average Size. 

Note: 1 -- As-Welded, 2 - PWm. 
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(a) Tramdsion Electron Microscopy 

Transmission electron microscopy 0 was used to identify the interdendritic 

precipitates formed in the Ni alloy 625 cladding. From selected area diffraction (SAD) 

pattern analysis, two types of precipitates were found in the cladding deposited by both 

ESS and SAS, Laves phase and MC carbides. The TEM micrographs taken from the 

ESS cladding specimens are described in the following text. 

Figure 6 shows a TEM micrograph of the interdendritic Laves phase formed in 

the ESS cladding. Laves phase has a hexagonal crystal structure with lattice parameter 

a = 0.47nm and c = 0.77nm.0~) Figure 6(a) is a bright field (BF) image and Figure 

6(b) is a centered-dark field (CDF) image taken with reflection g = [I 1 2 21. Figure 

6(c) is the SAD pattern taken from the area shown in Figure qa), and indexed in Figure 

qd) as a [2 4 2 31 zone axis. 

Figure 7(a) shows the thin-film morphology of the Laves phase solidified at the 

grain boundaries of cladding deposited by ESS. Figure 7(b) is the SAD pattern related 

to Figure 7(a). Figure 7(b) is also taken at the [2 4 5 33 zone axis. 

Another morphology of the Laves phase observed was the island shape, as shown 

in Figure 8(a). Figure 8(b) shows that some small MC carbides are attached to the large 

Laves phase particle. These carbides are labeled with arrows. This feature can be 

explained by the carbon rejections. The formula of Laves phase is M2N, where M 

denotes Ni, Cr or other elements in the matrix and N denotes Nb or Mo. Laves phase 

has virturaly no solubility for carbon. During Laves phase formation, carbon atoms were 

rejected from the Laves phase into the matrix/Laves phase boundaries. The accumulation 

of carbon atoms resulted in the formation of MC carbides. 

Figure 9 shows the TEM micrographs of MC carbides formed in the ESS cladding 

specimens. Figure 9(a) shows the blocky morphology of MC carbides and was taken at 

[0 0 11 zone axis as shown in Figure 9(b). MC carbide has a cubic crystal structure with 

a lattice parametex of a = 0.44 nm.O4) Dendritic morphologies of MC carbides were 
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(c)

TEM Micrographs of ESS Cladding Showing Laves Phase in (a) Bright

Field, (b) Centred Dark Field Taken with Reflection [1 1 22], and (c)

the Associated SAD Pattern in [2 4 2 3] Zone Axis.

Figure 6.



Figure 7.
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(b)

TEM Micrograph of ESS Cladding Showing Laves Phase in (a)

Thin-Film Morphology and (b) the SAD Pattern at [242 3]

Zone Axis.
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Figure 8.
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TEM Micrographs of ESS Cladding Showing (a) Laves

Phase and (b) Small MC Carbides (Arrows) Attached to

the Laves Phase.
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(b)

TEM Micrographs of ESS Cladding Showing (a) MC Carbides in

Blocky Morphology and (b) the SAD Pattern in [00 1] Zone Axis.
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Figure 10.
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(b)

TEM Micrographs of ESS Cladding Showing MC Carbides in (a)

Dendritic Morphology and (b) the SAD Pattern in [1 1 0] Zone Axis.
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! 
(e) Extraction Replicas 

It was difficult to obtain complete SAD patterns from the interdendritic 

precipitates in the ESS and SAS cladding due to the their large thickness. Therefore, the 

extraction replica technique was used to determine the phase compositions and provided 

another way to identify them. With the extraction replica, chemical information from 

the precipitates can be obtained without any influence from the surrounding matrix. 

Figure 11 shows a TEA4 photo of an extraction replica obtained from the ESS 

cladding surface. Blocky and dendritic morphologies of MC carbides were observed in 

the extraction replicas as shown in Figure 12(a) and @). 

The energy dispersive X-ray spectra of Laves phase and MC carbides are shown 

in Figure 13(a) and (b), respectively. The Cu peaks were from the copper TEM grids. 

For Laves phase, Nb and Mo had strong intensity peaks besides the strongest Ni peaks. 

For MC carbides, the carbon content could not be determined due to the equipment 

limitation, Nb and Mo were shown to be the two major elements. The chemical 

compositions, listed in Table 4, of the two primary interdendritic constituents were 

calculated using a standardless analysis program. The Laves phase contained a high 

content of Ni, Nb, Mo, Cr, and trace amounts of Fe and Si. The MC carbides consisted 

of Nb and Mo, and very small amounts of Cr and Ti. Basically, Laves phase and MC 

carbides are Nb-rich or Mo-rich constituents. 

The interdendritic constituents were brighter than the surrounding matrix in 

backscattered electron images shown in Figure 3. The average atomic numbers of Laves 

phase, MC carbides and the matrix were estimated. The average compositions of Laves 

phase and MC carbides are given in Table 4, and the matrix composition in Table 1. The 

calculated average atomic numbers of the MC carbides, Laves phase and the matrix were 

about 37,33 and 26, respectively. This explains why the interdendritic precipitates were 

brighter in the backscattered electron images. 



Figure 11.
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Extraction Replica Obtained from the ESS Cladding Layer in

As-Welded Condition.
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Figure 12.
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Extraction Replica of ESS Cladding Showing the MC

Carbides in (a) Dendritic and (b) Blocky Morphologies.



I Laves phase 

ENERGY kcV 

(a) 

ENERGY kcV 

(b) 

Figure 13. EDS Spectra of the (a) Laves phase and (b) MC Carbides. 
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(0 Elemental Segmjption 

Figure 14 shows the element segregation profiles across the dendrites in the ESS 

cladding layer in the as-welded condition. The concentration of Ni, Cr and Fe were 

maximum at the dendrite core (DC) positions, while the concentration of elements Nb, 4 

Mo and Si were maximum at the interdendritic core (IC) spaces. The results are + 

consistent with other rep~rts.o-~) Dendritic solidification of the cladding layers caused 

the observed elemental segregations. Both of the ESS and SAS cladding specimens had 

similar variation profiles, so only the one from the ESS specimen is shown here. 

During solidification of the Ni alloy 625, Nb, Mo and Si were depleted into the 

interdendritic regions. The higher concentration of Nb, Mo and Si at the interdendritic 

spaces reduced the solidus temperature of the area, and also promoted the formation of 

the low melting point eutectic-like y/MC carbides and ?/Laves phase constituents. The 



formation of the low melting point eutectic-like MC carbides and Laves phase promoted 

by the segregation of Nb, Mo and Si, could cause solidification cracking and degrade 

mechanical properties. However, no cracks have been observed for either ESS and SAS 

cladding performed in the current study. 

across dendrite, microns 

Figure 14. Elemental Segregation Profiles across Dendrites of. ESS 

Cladding in the As-welded Condition. 

3. Tensile Testing 

Tensile specimens were taken from the single layer ESS and SAS cladding (as- 

welded and PWHT) and were tested at room temperatwe. The strength and ductility of 

the cladding layers are shown in Table 5. Compared to the original material of the Ni 

alloy 625, the yield strength (YS) and the ultimate tensile strength (UTS) were reduced 

after the ESS and SAS cladding processes. Yield strength of the Ni alloy 625 strip was 

71 ksi, and UTS was 124 ksi. The cladding layers had about the same level YS and 

UTS for the two cladding processes. Yield Strength of the cladding layers was reduced 

I 



to about 57 ksi and UTS was reduced to 98 ksi. 

Another parameter is ductility, which is a measure of the material's ability to 

deform plastically. Ductility includes elongation and reduction of area. The cladding 

layers had lower ductility than the original Ni alloy 625. In comparison with the tensile 

data of the SAS cladding, the cladding layers deposited by ESS had higher elongation and 

reduction of area at the same level of YS and UTS. The PWHT reduced the ductility 

by a small amount. 

The ductility of the cladding layers was more sensitive to the cladding process and 

the heat-treatment conditions than the strength as shown in Table 5. The fracture 

surfaces of the tensile specimens were examined using SEM and are shown in Figure 15. 

The fracture surfaces from the ESS cladding layers in the as-welded and PWHT 

conditions, which had higher ductility than the SAS cladding layers, show an even 

distribution of the microvoid coalescence in Figure 15(a) and @). Fracture in the SAS 

cladding (as-welded and after PWHT) occurred preferentially along interdendritic 

regions, this is illustrated in the fractographs of Figure 15(c) and (d). 
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(c) 20 JLm (d) 20 JLm

Fractographs of the Tensile Specimens in Conditions (a)

ESS, As-Welded, (b) ESS, PWHT, (c) SAS, As-Welded

and (d) SAS, PWHT.

Figure 15:
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The ductility change can be explained by the difference in the microstructure 

shown in Figure 2 and 4. Figure 1 shows that there are many large oxide inclusions in J 
the SAS cladding layers. The big brittle oxide inclusions are the crack initiation sites. I 
The microstructure shown in Figure 4(a) and @) correspond to the fractures shown in I 
Figure 15(a) and (b). The inkrdendritic MC carbide and Laves phase in Figure 4(a) and I 
@) were small and isolated from each other, and generally had a blocky morphology. 

This microstructure resulted in the uniform dimples formed during fracture of the ESS 

cladding. The precipitates in the SAS cladding layers, Figure 4(c) and (d), were coarse 

and interconnected, and most of them had a eutectic-like structure. This coarse and 

interconnected nature of these euetctic-like structures had a weak bond with the 

surrounding matrix and provided a low-resistance path to fracture. Therefore, interface 

fracture between the interdendritic precipitates and the matrix occurred in the SAS 

cladding (as-welded and PWHT) which is illustrated in Figure 15@) and (c). 

The microstructure of cladding deposited on the low alloy steel with Ni alloy 625 

strip electrodes by the ESS and SAS processes, consisted of gamma (y) matrix and 

interdendritic precipitates. Using TEM, the interdendritic precipitates were identified as 

(Nb, Mo)-rich MC carbides and Laves phase. The Laves phase were observed in block, 

thin-film and island morphologies. The MC carbides present in blocky and dendritic 

structures. During the solidification of the ESS and SAS cladding, Nb, Mo and Si were 

segregated into the interdendritic areas. The high concentration of Nb, Mo and Si in the 

interdendritic areas reduced the solidus tempera- of these regions and promoted the 

formation of the (Nb, Mo)-rich MC carbides and Laves phase. 

Compared to the SAS cladding, the cladding layers deposited by the ESS had (1) 

lower Fe, C, Si and 0 contents, (2) lesser oxide inclusions and, (3) smaller size and 

lesser area fraction of the interdendritic MC carbides and Laves phase. The higher 

concentration of Fe and C in the SAS cladding were caused by the higher dilution level 

during the SAS process. Silicon and 0 were introduced into the cladding layers as a 

I 



result of the metal-slag reactions. The flux used for the SAS cladding contained a large 

amount of S i q  and other oxides. 

Silicon and C played important roles during the solidification of the ESS and SAS 

cladding. It was reported that additions of C promoted the formation of MC carbides, 

and silicon increased the formation of Laves phase.('-9) From the analysis of extraction 

replicas, the Laves phase contained high contents of Nb and Mo and also always had a 

small amount of Si. The MC carbides were primarily composed of C, Nb and Mo, 

without containing Si. Therefore, the higher contents of Si and C in the SAS cladding 

should result in higher amount of interdendritic MC carbides and Laves phase. The 

carbon content was 0.04% in the ESS cladding layer and 0.05% in the SAS cladding 

layer, see Table 3. The difference in the C contents of the ESS and SAS cladding layers, 

regarding the effect on the formation of MC carbides, is considered to be insignificant. 

However the silicon content difference produced by the two cladding processes can not 

be neglected. The SAS cladding layer contained 0.69% Si which doubled the amount of 

the Si content in the ESS cladding. The extra amount of the interdendritic precipitates 

formed in the SAS cladding compared to the ESS cladding should be attributed to the 

Laves phase, because Si has no effect on the formation of MC carbides. 

The higher concentrations of Si and C produced by the SAS cladding also affected 
1 

i the solidification behavior of the Ni alloy 625. The solidus temperature and the melting 
1 

1 range of the cladding layers b ESS and SAS methods can be estimated using equations 

i [2]-[3], and listed in Table 6. The Ni alloy cladding layers had wider solidification 

temperature range and lower solidus temperature when using the SAS process. This 



promoted the formation of the coarse, interconnected MC carbides and Laves phase, 

which has been shown in SEM micrograph Figure 4. The wider melting range in the 

SAS cladding should also increase the susceptibility to solidification cracking of Ni alloy 

625. It has been shown by Gao c( al(') that the ESS cladding w more resistant to 

solidification cracking than similar cladding deposited by SAS. 



B. ESS Cladding Interface Chamcter&tion 1 

Figure 16 shows the knoop hardness number (KHN) variation profiles, from the 

Ni alloy 625 cladding layers to the low alloy steel for the ESS cladding in the as-welded 

and PWHT conditions. The microhardness values change sharply from the cladding 

layer to the HAZ of the base metal steel. The zero position of Figure 16 corresponds 

to the fusion line. The maximum KHN at the HA2 reached above 400 KHN at the as- 

welded condition, and then had some drop after PWHT. 
I 

- ESS, as-welded - ESS, PWHT 

! 

- 

Distance from fusion Line (mm) 

Figure 16. Microhardness Profiles across the Interface of ESS 

Cladding in the As-Welded Condition. 



Figure 17 shows the chemical composition pmfiles across the fwion line. The 

chemical compositions changed greatly within the 70 micron range from -10 microns 

(HA2 area) to 60 microns (cladding area). The Fe content dropped from 96% (wt pct) 

to about 12 96, and the Ni i n d  from less than 5 % to 60 % . This 70 micron range 

(from -10 microns to 60 microns) was a transition zone within which mixed compositions 

of the base metal steel and the Ni alloy 625 strip were contained. 

distance from fusion line, microns 

Figure 17. Chemical Composition Profiles across the Interface of ESS 

Cladding in the As-Welded Condition. 



44

3. OpticalMicroscopy

Figure 18 shows the original microstructure of the base metal steel in the

normalizedcondition, which consistedof ferrite and pearlite. Figure 19(a)and (b) are

optical micrographs of the ESS cladding specimens in the as-welded and PWHT

conditions,respectively. In Figure 19(a)and (b), the top areas showthe microstructure

of the Ni alloy 625 cladding layers containing the interdendritic (Nb,Mo)-rich MC

carbides and Laves phase; the bottom areas show the coarse grain size region of the

HAZ of the steel. There was a subtledifferencebetweenFigure 19(a)and Figure 19(b)

from the optical micrographs,that is the morphologyof the fusionline. The fusionline

in the as-weldedconditionof Figure 19(a) looks very rough with many small Ni-base

austeniteintrusions(arrows)penetratinginto the HAZ. After the heat-treatment,a sharp

and smooth fusion line was seen as shownin Figure 19(b). It was difficult to identify

the HAZ microstructureusingopticalmicroscopy. Therefore, electronmicroscopywas

used to reveal the finer details.

Figure 18.

.....-..
25 #Lm

OpticalMicrographof the BaseMetal.
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4. Analytical Ele!ctron Microscopy 

(a) ESS Cladding InteFTace in the As-Welded Condition 

Figure 20 shows the TEM micrograph taken from the interface area. Figure 

20(a) is a BF image which shows three areas labeled A, B and C. Based on SAD 

patterns, area A was determined to be fcc austenite (T), and areas B and C matched bcc 

ferrite (a). The SAD patterns from these three areas are shown in Figure 20@), (c) and 

(d). The middle area B is defined as the interface zone which has a bcc crystal structure 

and is about 0.5 microns in width. This thin interfacial zone was observed throughout 

the boundary of the cladding between fcc and bcc structures. 

Retained austenite films were seen in some areas of the interface and are shown 

in the micrograph of Figure 21. Figure 21(a) and (b) are bright field and centred dark 

field images, respectively. Figure 21@) was obtained using the reflection g = [1 i 12. 

The associated SAD pattern is shown in Figure 2 1 (c) and indexed in (d). Figure 2 1(c) 

can be indexed as a superimposed pattern of [2 1 L and [3 1 I]= zone axes. It is 

known that the orientation relationship between the fcc austenitic structure (y) and the 

bcc femtic-structure obeys the Kurdjumov-Sach relationship in low or medium carbon 

steels, and the Nishiyama-Wassermann relationship in high carbon ~teels.(~''~~ From 

sterographic projections,(5a the SAD pattern of Figure 2l(c) with [2 1 11, 11 [3 1 I]. 
matches with the K-S relationship: (1 1 11, I1 (1 1 O},., < O  1 1 >, I/ < 1 1 1 >,. 
Therefore, the retained austenite films and the bcc parent were in K-S orientation 

relationship. 

Figure 22 also shows a TEM micrograph of the interface. Figure 22(a) is a BF 

image. From the morphology, area T appears to be a twinned structure. However, no 

extra diffraction spots were seen which was probably due to the weak intensity of the 

twinning diffraction spots. Figure 22(b) and (c) show the SAD patterns from the left 

area A (fcc) and right area B (bcc). Based on the chemical composition, the crystal 

structure and the morphology, the interface zone, about 0.5 microns in width as shown 

in area B of Figure 20(a), can be considered to be lath martensite. 
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(b)

0

D

(d)

TEM Micrographs of the ESS Cladding Interface in the

As-Welded Condition, (a) BF and (b) the SAD Pattern

from Area A at [0 1 31rzone axis, (c) SAD Pattern from

Area B at [1 1 l]a zone axis, (d) SAD pattern from Area

C at [ i 3 3]a zone axis.

Figure 20.
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TEM Micrographs of the ESS Cladding Interface in the

As-Welded Condition Showing the Retained Austenite

Films in (a) BF, (b) CDF, Using Refelction g = [1 I 1]-y

and (c) the SAD Pattern with superimposed zones of

[ 2 1 1]'1and [3 1 l]a and (d) Index of (c)
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(c)

TEM Micrographs of the ESS Cladding Interface in the

As-Welded Condition Showing (a) the Fine Twins near

the Fusion Line Labelled as T, and (b) the SAD Pattern

from area A at [0 1 1 ]1'Zone Axis, (c) SAD Pattern

from area B at [1 1 1],,,.

Figure 22:
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Figure 23 shows the composition variations across the interface. Zen, position 

corresponds to the boundary between the fcc and the bcc structure. The concentrations 

of Fe, Ni and Cr were about 6096,2096 and 8 96, respectively. From the compositions 

of Figure 23, it seems reasonable to analyze the microstructure of the interface zone 

using the Schaeffler diagram.@3) The Ni, and Cr, of each composition point in Figure 

23, can be calculated. Different microstructures are predicted from the HAZ to the 

fcclbcc interface boundary, using the Schaeffler diagram. At the fcclbcc boundary, the 

composition falls into the (austenite + martensite) range. The austenite content decreases 

as the composition moves to the HAZ. .At 0.5 microns away from the boundary, a 

martensitic structure can be expected. 

These results agree well with the TEM observations. Figure 2qa) shows that the 

interface zone has a bcc structure and is about 0.5 microns in width, within which some 

retained fcc austenite was seen. 

20 4 BCC FCC I 

- 9  - 8  - 7  - 6  - 5  - 4  - 3  - 2 - 1  0 1 2 3 4 5 6 7 8 9 10  

distance from interface, microns 

Figure 23. Chemical Composition Profiles across the ESS Cladding 

Interface in the As-Welded Condition. 



The interface zone had a bcc structure, as shown in the SAD pattern of Figure 

20. Martensite has a bodycentered tetmgonal @ct) structure. The tetragonality of the 

bct structure, c/a ratio, varies proportionally with the carbon content and follows the 

equation: c/a = 1 + 0.045 W ~ % C ( ~ .  For the materials used in this study, the carbon 

content in the base metal was 0.25%, and in the filler metal strip was 0.03%. It is 

possible for the carbon concentration to be higher at the interface region due to the 

diffusion across the dissimilar mebl interface. The mixed morphology of lath and plate 

martensite with internal twins suggests that the carbon content in this region should be 

around 0.4%.(54' Therefore, a low tetragonality martensite with c/a = 1.01 can be 

expected. This cla ratio is too small to be determined from the SAD patterns. 

es of the Interface 

No carbides were present within the interface region. Martensite is a high 

cooling rate phase transformation product. The atoms, especially interstitial carbon 

atoms, get trapped inside the lattice of the parent austenite and carbon atom diffusion is 

inhibited. No carbide precipitation occurred in the untempered martensite. 

Figure 22 shows the formation of fine twins. Twinning is the substructure of 

plate martensite. A high concentration of Ni was measured at the interface area shown 

in Figure 23. It has been reported that an increase in the substitutional solute 

concentration, i.e., Ni content, raises the strength and therefore increases the incidence 

of twinning in alloys, even in the absence of carbon such as in Fe-32%Ni.(47) 

(b) ESS Cladding Interface after PWHT 

Figure 24 is a TEM micrograph taken from the interface region after PWHT. 

Fine *ides, in three variants or directions, were present within the martensite region. 

The interface zone martensite was tempered as a result of the stress-relief heat treatment. 
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Carbides in tempered martensite and in lower bainite have very similar morphologies,

and both of them obey the same orientation relationship relative to the bcc ferrite laths,

that is the Bagarazki relationship. (47)The difference between the two is that the carbides

in the tempered martensite laths usually lie in two or several directions instead of only

one direction as in the lower bainite structure. (49)
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Figure 24.

~

0.5 Jlm

TEM Micrograph of the ESS Cladding Interface after

PWHT Showing Tempered Martensite with the Formation

of Fine Carbides.

-



The interface m e  was identified to be martensite with about 0.5 microns in 

width. No carbides were observed in the interface area for the as-welded condition, but 

some retained austenite films were present. The Kurdjumov-Sach orientation 

relationship was obeyed between the retained austenite and the low tetragonality 

martensite. Twinned martensite formed at the interface area as the result of the high 

concentration of Ni and Cr. After the PWHT, the interface martensite was tempered and 

fine carbides precipitated inside the laths. 



Phase transformations within the HAZ of the steel are associated with the thermal 

cycles. The y - > ar phase transformation products vary with the cooling rate as shown 

Figure 25. Preheat temperature has a direct impact on the thermal history of the 

cladding materials. Prior to the ESS cladding process, the base metal steel plates were 

preheated to three temperatures: 93°C (200"F), 150°C (300°F) and 204°C (400°F). The 

preheat process was designed to reduce the cooling rate and avoid the formation of 

martensite which could cause subsequent HAZ embrittlement. In this study, the HAZ 

corresponds to the small area next to the interface. 

* peroeutectoid ferrite 

* pearlite 

* upper bainite 

* lower bainite 

* martensite 

cooling rate 

1 

Figure 25. y -- > a Phase Transformations. 



.....

55

1. 93°C Preheat

.

Figure 26 shows a TEM micrograph of cementite (F~C) formed within the

HAZ. Cementite has a tetrogonal crystal structure with lattice parameters of a =
0.5089 nm, b = 0.6743 nm, and c = 0.4532 nm. (55)

The HAZ microstructure of the 93°C preheat specimens primarily consisted of

lower bainite and lath martensite. Figures 27 to 28 show the TEM micrographs of the

lower bainite constituent. The cementite were formed inside the ferrite laths and had a

lenticular morphology. All the carbides were parallel to each other and at about 60° with

respect to the main direction of the laths. Lath martensite was another dominant

constituent. Figure 29 shows a TEM micrograph of the lath martensite. The laths

contained a high density of dislocations.
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TEM Micrograph of Cementite Formed in the HAZ of the

93°C Preheated Specimens.
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Figure 27.

Figure 28.
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TEM Micrograph of Lower Bainite Formed in the HAZ

of the 93°C Preheated Specimens.

~-~
0.5 J.tm

TEM Micrograph of the Lath Martensite Formed in the HAZ of the

150°C Preheated Specimens.
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2. lSOOCPreheat

In the 1500Cpreheated specimens, the HAZ microstructure was dominated by

upper bainite and auto-tempered martensite. Compared to the HAZ microstructure in the

150°C preheated specimens shown in Figures 27, the 204°C preheat produced higher

amount and larger size of carbide precipitates in the HAZ. Figure 29 is a TEM

micrograph of the upper bainite formed in the 204°C preheat condition. It shows that the

carbide arrays in the upper bainite lie in one direction.
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Upper Bainitic Carbides Formed in the HAZ of the 1500C

Preheated Specimens.



Figure 30 shows the TEM micrographs of the auto-tempered martensite. Figure 

30(a) is a bright field image and Figure 30(b) is a centred dark field image. The carbide 

morphologies and their number of direction variants formed in the tempered martensite 

differed from those in the lower and upper bainites. The carbides formed in lower 

bainite (as shown in Figures 27) or in upper bainite (Figure 29) had a lenticular 

morphology. While the auto-tempered rnartensitic carbides had a needle-like shape with 

very fine size. The carbide precipitates were present in three directions in the auto- 

tempered martensite instead of only one in the lower or upper bainite. Besides upper 

bainite and auto-tempered martensite, some other interesting features were also observed 

such as twinned martensite and carbide precipitates formed on the twins. 

Figure 3 1 shows a TEM micrograph of the twinned martensite. Figure 31(a) is 

a BF image and Figure 31@) is a CDF image and thus the twins are seen in opposite 

contrast. The associated SAD pattern of Figure 31(c) is composed of [0 1 1IM parent 

zone axis, [0 ilr twining zone axis, and double diffraction spots. This matches with 

the bcc twining on { 1 1 21, planes along < 1 1 1 > , directions.(52) Figure 31@) was 

obtained using the reflection g = [0 i l h ,  the diffraction spot from the twins. 

Figure 32(a) shows the martensite with fine internal twins. By tilting the 

specimen, some carbides were seen at the sites of the twinned martensite as shown in 

Figure 32@). Martensite was formed by a sudden shear due to the high cooling rate, and 

the plastic deformation field was built-up around the twins. During tempering, carbides I 

precipitated preferentially on the twinning sites where low formation energy was 

required. 

Figure 33 shows another TEM micrograph of the twinned martensite. The 

morphology was similar to the deformation twins formed in the cold worked 

microstructure. The black areas were caused by the strain field which was produced as 

a result of the shear deformation. Some lath martensite was also observed which is 

shown in Figure 34. Each lath has different level of contrast because of the low angle 

orientation difference. 
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Figure 30.

(a)
~

0.5 ILm

(b)
~

0.5 ILm

TEM Micrographs of the Auto-Tempered Martensite Formed in

the 150°C preheated Specimens in (a) BF and (b) CDF Images.
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(a) 0.5 Jlm

(c)

Figure 31.
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(d)

TEM Micrographsof the TwinnedMartensiteFormed in the

1500CPreheatedSpecimensin (a) BF, (b) CDF, Using

Reflectiong = [0 I Ih, (c) SAD Pattern and (d) Index of (c).



Figure 32.

(a)
~-~
0.5 Jlm

~-~
(b) 0.2Jlm

TEM Micrographs of the Twinned Martensite Formed in the

150°C Preheated Specimens, (a) BF and (b) Carbides

Precipitated on the Twins.
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Figure 33.

Figure 34.

~-~
0.5 ~m

TEM Micrographs of the Twinned Martensite Formed in the

150°C Preheated Specimens.

~-~
1 ~m

TEM Micrographs of the Lath Martensite Formed in the 1500C

Preheated Specimens.
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3. W C  Preheat 

Auto-tempered martensite was the primary constituent of the HAZ microstructure 

for the 2W°C preheated specimens. Figure 35 shows a TEM micrograph of the 

auto-tempered martensite. Carbides were formed inside the laths or at the interlath 

boundaries and two variants or directions of the carbides were seen which were 

perpendicular to each other. 

A small amount of bainite was also seen in this specimen. Figure 36 shows the 

mixed structure with the lower bainite (labeled as LB) and the upper bainite (labeled 

UB) 

4. Summary 

The preheat temperature has a strong influence on the HAZ microstructure due 

to its impact on the cladding thermal cycles. The lower the preheat temperature, the 

faster the cooling rate. For 93OC preheat, the HAZ went through a shorter time from 

the peak temperature to room temperature and carbon atoms did not have enough time 

to diffuse to the grain boundaries or lath boundaries. The cooling rate under this 

condition favored the formation of lower bainite and lath martensite. As the preheat 

temperature increased to 150°C, the cooling rate decreased. Some carbon atoms diffused 

to the boundaries of the parent awtenite field as bainitic laths grew. Also the martensite 

which formed above room temperature was tempered during the dwell time within an 

elevated temperature range. Therefore, upper bainite and auto-tempered martensite were 

formed in this condition. For 2M°C preheat, the cooling rate was slow enough to allow 

the carbon atoms diffuse, and accumulate to form the tempered martensite structure. 

Hence, as the preheat temperature was progressively increased, the HAZ 

microstructure changed fiom [lower bainite + lath martensite], to [upper bainite plus 

tempered martensite], and to tempered martensite. The HAZ microstructure are 

summarized in Table 7 for the various heat-treatment conditions. 



Figure 35.

.

Figure 36.
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TEM Micrographs of the Auto-Tempered Martensite Formed in the

204°C Preheated Specimens with Fine Carbides Lying it! Three

Directions.

~-~
0.5 ILm

TEM Micrographs Showing the Mixed Microstructure of Lower

Bainite (LB) and Upper Bainite (DB) in the 204°C Preheated

Specimens.



An interesting feature observed at the HAZ is the twinned martensite. Twinned 

martensite is the substructure of plate martensite which is usually formed in higher 

carbon steels. The carbon content was 0.25 % in the base metal steel and 0.04 % in the 

Ni alloy strips. So, it is difficult to understand the formation of the twinned martensite 

in the view of the carbon concentration. However, it should be noted that, the interface 

and the adjacent HAZ areas contained higher concentration of Ni, Cr and other elements. 

First, additions of Ni and Cr lower the martensite formation starting temperature M ~ . ( ~ ~  

Alloys with low Ms temperature tend to form plate-like morphologies containing fine 

internal Secondly, high substitutional solute concentrations of Ni and Cr 

increased the incidence of twinning even in the absence of carbon.(47) 



V. CONCLUSIONS 

The cladding microstructures of Ni alloy 625 cladding deposited on the low alloy 

steel using ESS and SAS have been examined. The dissimilar metal joint interface and 

the HA2 microstructures of the base metal have been characterized using analytical 

electron microscopy. The primary conclusions and observations resulting from the 

i 
current work are listed below: 

The cladding microstructure deposited by both ESS and SAS consisted of 

austenite (7) matrix and interdendritic constituents, primarily 

(Nb,Mo)-rich MC carbides and Laves phase. 

Compared to the cladding deposited by SAS, the ESS cladding had (a) 

fewer oxide inclusions, @) less area fraction and smaller size 

interdendritic MC carbides and Laves phase, and (c) higher ductility. 

The lower tensile ductility of the SAS cladding was related to the 

formation of cause, inter~o~ectt2d, eutectic-like interdendritic 

(Nb,Mo)-rich MC carbides and Laves phase and the big oxide inclusions. 

For ESS cladding in the as-welded condition, martensite with 0.5 microns 

in width was present at the interface between the fcc and bcc structures. 

After PWHT, the interface martensite was tempered resulting in the 

formation of fine carbides inside the laths. 

The HAZ microstructure of the base metal steel was strongly affected by 

the preheat temperature for the ESS cladding. As the preheat temperature 

changed from 93°C to 204"C, the dominant microstructure in the HAZ 

varied from (martensite + lower bainite), to (upper bainite + 
auto-tempered martensite), to auto-tempered martensite, respectively. 

Twinned martensite was formed in the steel HA2 due to the high 

concentrations of Ni and Cr. 



FUTURE WORK RECOMMENDATIONS 

The present work has studied the microstructure and mechanical properties of the 

Ni alloy 625 cladding deposited on a low alloy steel by ESS and SAS. Using electron 

microscopy TEM/STEM, the cladding interface and HAZ microstructure were 

? 
characterized. The results indicate the necessity of the further study on the following 

\ 
points: 

t 

(1) Corrosion resistance examination of the cladding layers. Elemental segregation 

formed during the solidification process could affect the pitting and crevice 

corrosion resistance of the Ni-base alloys. 

(2) Interdendritic low melting eutectic constituents study. Nb-rich MC carbides and 

Laves phase were observed in the cladding for both ESS and SAS, which would 

potentially affect the mechanical properties. Therefore, it is very necessary to 

study the ESS process and control the formation and morphology of the 
d 

precipitates . 
(3) The effect of the HAZ microstructure upon the mechanical properties. How does 

the microstructure affect the mechanical properties? 
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