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ABSTRACT 

The purpose of this investigation is to determine the nature and 

morphology of weld defects on the fracture surfaces of flash welded high 

temperature 1 high strength alloys. Emphasis is on the material-related 

phenomena instead of the more commonly s tudied welding proces s variables . 

Samples were fractured in a slow bend test using three-point load­

ing . The resulting fracture surfaces were examined in a scanning electron 

microscope 1 and elemental analys is of distinctive fracture features was 

determined using the ancillary energy dispersive x-ray system. When the 

fracture surface analyses were completely documented I metallographic 

sections through distinctive features were examined us ing a bench 

metallogra ph. 

The bas e  materials used in this study exhibited banded micro­

structures in which the particle/segregate bands were elongated primarily 

parallel to the longitudinal axis. The orientation between these banded 

microstructural features and a propagating crack influence the fracture 

path . This I in turn 1 determines the fracture surface appearance and weld 

ductility. 

A dimpled appearance predominated on every fracture surface 

studied. One exception to the microvoid fracture mechanis m is crack 

propagation through an entrapped oxide film which formed during flashing . 

iii 
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A flat spot is created where fracture occurs by this means . Oxides of 

aluminum and titanium are the primary constituents of the defect which 

iv 

has this morphology . All other flat spots and streaks are caused by bands 

of high particle dens ity which become preferential paths for fracture prop­

agation . The total strain to fracture is very low in these regions even 

though fracture occurs by initiation and coalescence of microvoids . Thus I 

flat  s pots and s treaks appear flat at low magnification but most exhibit 

dimples at high magnification . These dimples are considerably smaller 

than those on the adjacent low particle densit y  fracture surface . 

In conclusion I this investigation showed that the base material 

microstructure can exert a marked influence on the occurrence of fla sh 

weld defects • 
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CHAPTER I 

INTRODUCTION AND HISTORICAL REVIEW 

Flash welding is a resistance welding proces s  which is used to 

produce high quality ring products and other welded parts at high produc-

tion rates. Tubing I bar stock I forgings I and extrusions can be welded in 

shapes approximating the cross section of the finished product which 

results in large savings of expensive materials and in minimized subse-

quent machining costs . Also I little or no weld edge preparation is required 

(1  
1 

2)*. The weld is generally as strong as  the base metal I and its duc­

tility varies from 30-70 percent of the base material (3). The fatigue prop-

erties of flash welded joints I after the upset is removed 1 are generally 

equal to or better than those of joints produced by other welding processes 

(2). It  is  a versatile process in that materials from carbon steels to high 

alloy steels and from superalloys to refractory and reactive metals may be 

welded with this process . Also I many dissimilar metal joints are pos sible. 

Flash welding is used in the fabrication of many products in the 

United States. One significant automotive application i s  in the production 

* 
Superscript numbers in parentheses refer to references entered 

in the Lis t  of References. 

1 



www.manaraa.com

2 
of wheel rims for cars I trucks and buses (l' 2). Aircraft landing-gear and 

railroad rails are joined us ing flash welding
{!

' 2). Fittings for petroleum 

industry drilling pipe are attached by flash welding
(!)

. The miter welds 

in window frames for the automotive and building industries are flash 

(1 2) 
. 

welded 1 

• Band- saw blades are flash welded into continuous loops 

(2). Probably s ome of the greatest savings are gained by the use of the 

flash welding process in the welding of costly corrosion-resistant and 

high-temperature alloys for jet engine and mis sile component fabrication 
( l )

. 

As  previously mentioned I flash welding is a res istance welding 

process . The workpiece or pieces are clamped in current-carrying fixtures 

called platens . One platen is movable and the other is stationary . The 

proces s  is begun by advancing the movable platen until the workpieces 

are brought into light contact. As contact is made , current flow is initi-

a ted . This current is very high in a mperage ,  and the voltage is low . 

Typical currents are given in terms of tens of thousands of a mperes 1 and 

some machines are capable of producing over 65 , 000 a mperes . Because 

the voltage is only about 4- 10 volts I current flow occurs only where the 

interfaces touch . Since initially only a few random points are in contact , 

these short circuiting areas experience extreme levels of localized heat. 

Different contact areas are repeatedly raised to the melting point , exploded 

in a fuse-like a ction, and expelled from the interface as  the movable 

platen is mechanically or hydraulically advanced . Eventually, the flash-

ing action is continuous over the entire abutting surfaces . If the platen 
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3 
advancement is correct 1 the heat generated by the fla shing will raise a 

s mall region adjacent to the faying interface to the des ired forging tem­

perature within the plas tic range. This usually takes from 1-60 seconds. 

Then the speed of the moving platen is suddenly increa sed so that the 

workpieces are forged together expelling the molten metal from the inter­

face and upsetting a portion of the plastic metal thus forming the weld and 

an excess or fla sh on the part. This flash is normally removed by scarf­

ing I grinding I or machining I and the parts are ready for use or other fabri­

cation steps . 

Flash Welding Proces s Variables 

The production of defect-free flash welded parts requires an under­

standing and control of many welding variables. All process variables may 

be clas sified a s  either flashing variables or upset variables. The flashing 

variables are the ones which determine the temperature distribution at the 

beginning of upset. The upset variables are the ones which affect the 

process from the beginning of upset until  the welded assembly i s  removed 

from the welding machine . 

Some of the more important flashing variables include the 

following (3): 

1 .  Preheat . 

2. Initial extension - the initial distance between the cla mping 

die s. 



www.manaraa.com

3 .  Flashing pattern or feed rate - the platen displacement as  a 

function of time. 

4 .  Fla shing voltage. 

5. Flashing burnoff - the material consumed during flashing. 

Frequently several different combinations of fla shing variables 

4 

will y ield approximately the same temperature distribution , but the optimum 

set is the one which requires the smallest flashing bumoff and the lea st 

time 
(3)

. 

A preheating cycle is sometimes used in the welding of heavy 

sections because the elevated temperature of the work interfa ces permits 

easier starting and sustained flashing at a lower operating voltage
(3)

. 

Preheating can also reduce the fla shing bumoff because the desired tem­

perature distribution can be obtained in a shorter fla shing time
(2)

. The 

preheating is a ccom plished by resistance heating (I
2

R) of the joint under 

pressure in the fla sh welder. 

The initial extension will affect the temperature distribution and 

thu s  the size of the resulting plastic zone . Unequal extensions of the 

two workplaces may be used to equalize the heat balance in the two 

pieces if they are of different sizes , shapes and/or materials. A proper 

heat balance will ensure good upsetting of the work pieces 
(2)

. 

A good flashing pattern will allow continuous flashing and thereby 

yield the desired temperature distribution with the least flashing burnoff 

(2 1 3) 
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5 

Although it ha s been shown that the temperature distribution is not 

influenced by the flashing voltage , it is still a very important variable {4). 
Riley

{5) 
showed that the size of the craters formed on the flashing inter-

faces by the expelled molten material is minimized as  the fla shing voltage 

is decreased . The desirability of producing only s mall shallow craters 

during fla shing will be covered in greater detail later in this report . 

The following upset variables {3) must be controlled to produce 

optimum results: 

1 .  Rate of closure . 

2. Fla shing current cut-off time . 

3 • Upset force .  

4. Upset velocity and distance . 

5. Ups et current magnitude and duration . 

The rate of closure must be fa st enough to allow expulsion of the 

molten metal film from the weld joint before it solidifies and traps impuri-

ties on the faying surfaces . The flashing current cut-off time must be 

synchronized with the rate of closure to prevent undesirable cooling of the 

workpieces prior to upset. 

The ups et velocity must be fast enough to prevent solidification of 

the molten metal before it is expelled from the joint . The upset force and 

distance must b e  great enough to close all voids and to expel the molten 

metal and impurities from the workpiece cross sections {2). 
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The ups et current must counterbalance the heat los s so that the 

required upset force is not greatly increased . If this is the sole purpose 

for the ups et current, it will terminate when the upset is complete. If a 

slower cooling rate is desired to prevent phase transformations or to 

reduce the magnitude of residual stresses , the upset current will termin­

ate at some time after the completion of the weld
(3)

. 

Fla sh Weld Defects 

6 

Flash welding is normally a completely automated proces s posses­

sing great reproducibility . However, defects in flash welded joints are 

encountered , normally during set-up , and must be eliminated or minimized 

in the finished part. Flash welding defects may be cla ssified as  to their 

origin as  either mechanical or metallurgical defects 
(3)

. A typical example 

of a mechanical defect is the inferior weld cau sed by misalignment of the 

work pieces in the welding machine. Metallurgical defects are u sually 

associated with material defects or heterogeneities 
(3)

. The most probable 

cause for rejection of flash welds is related to mechanical defects such 

as misalignment of the workpieces. These defects are eas ily found by 

visual inspection and can be corrected by simple machine adjustments. 

Metallurgical defects are much harder to find by nondestructive techniques 

because they are usually internal defects. 

The various types of metallurgical flash weld defects are: 

1 • Cracking • 
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7 
2. In tergranular oxidation . 

3. Decarburiza tion. 

4. Voids . 

s. Cas t  metal at  bond line . 

6 .  Oxides and other inclusions . 

7. Flat spots . 

The cause and/or prevention of the firs t  six types of defects have 

been studied to s ome extent . 

Cracking in flash welds can be divided into two categories depend­

ing upon the temperature of formation: (1) cold cracking a nd (2) hot crack-

ing . Cold cracking can be caused by a combination of excessive upset 

and an improper temperature profile . Also excessive cooling rates in 

hardenable steels can cause cold cracking due to intolerable strains acting 

upon martensitic structures . This can be corrected by heat treating in a 

furnace immediately after welding or by postweld heat treating in the weld­

ing machine 
(2

' J). 

The most common form of hot cracking in flash welds occurs as  

microfissures in  the heat-affected zone (HAZ) and is known as  break-up . 

In stainles s  steels , Williams 
(G) 

found that the amount of break-up was a 

function of the ferrite content and strain in the HAZ . Low ferrite contents 

are detrimental because they reduce hot ductllity . Summerfield and Apps 

(7) found that  break-up occurred in two distinct regions . The first region 

was a network of rapidly etching areas in the form of branches which 
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extended from the weld line into the HAZ and contained increa sed a mounts 

of chromium ,  manganese , molybdenum and decrea sed nickel . They found 

that this network wa s composed of cored austenite which contained higher 

ferrite concentrations than did the unaffected base metal . They theorized 

that this network was formed when molten metal from the flashing interface 

penetrated the grain boundaries in the HAZ. The extent of penetration was 

found to increas e  as the fla shing time increased . The network was found 

0 
to nearly disappear after a heat treatment at 1050 C for one hour . The 

s econd region was composed of intergranular cracks which were less pre-

dominant than originally thought. The reason for this was that the network , 

when heavily etched , appeared to be composed of cracks. 

Probably the most common form of intergranular oxidation 
(2 

' 

3) 
is 

known as  die-burns. This defect is caused by localized overheating of 

the workpiece where it is held in the cla mping die . Re moval of the oxide 

fil m  from the workpiece clamping surfaces by grinding will usually elimi-

nate this problem . I mproper workpiece extension can result in extreme 

temperatures away from the faying surfaces and as  a result intergranular 

oxidation may occur there . 

Another type of flash welding defect results from elemental redis-

tribution . In carbon steel , this is manifested as decarburization . This 

defect appears a s  a bright band on the polished and etched surface of a 

flash welded s teel specimen which is cut transverse to the weld line . 

Forostovets and Dem'Yanchuk(B) studied this phenomenon in several heavy 
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section grade s teels. They cut sa mples at oblique angles to the bright 

band in a n  effort to magnify its width . Their metallographic studies 

showed that the bright band could be divided into three sections: (1) 

center 1 (2) edge and (3) transition zone (between bright band and parent 

metal). The chemical concentrations in each region were determined by 

9 

spectrographic analysi s . They found that the composition of the metal at 

the center depended upon the welding conditions and varied greatly . The 

concentration of all elements exhibited a mini mum just inside the edge of 

the bright band and a maximum in the transition zone near the edge of the 

bright band . This chemical  heterogeneity affects the mechanical proper-

ties of the weld joint . In particular , the variation in carbon concentration 

greatly affects the hardnes s  I ductility , and strength . The authors attrib-

uted the chemical heterogeneity to a redistribution of the alloying elements 

a nd i mpurities between the solid and molten metal present at the interface 

during flashing . 

(9)  
Another study also by Forostovets showed that the bright band 

is ferritic only in mild steels and becomes mainly acicular and martensitic 

in steels with higher carbon and alloying element concentrations . Heat 

treatment at high temperatures was found capable of eliminating these 

bands . 

Three types of defects (oxides and other inclusions I voids I and 

cast metal in the weld joint) are related by the fact that all three can 

usually be eliminated by parabolic platen advancement and/or greater 
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(2 3) 
upset 

1 

• As previously mentioned , craters are formed on the faying 

10 

interfaces by the expuls ion of molten metal during flashing . If the voltage 

is too high
(S) 

or the platen speed is held constant
(lO , 1 1

• 
12)

, violent 

flashing occurs and deep craters are formed . Johnson's work
(lO) 

indicated 

that there is a minimum upset length for complete elimination of these weld 

defects . An ups et length less than this results  in numerous defects 

because the craters cannot be totally removed . Kilger
( 13) 

found oxidized 

craters on the fracture surfaces of specimens exhibiting low fatigue 

strength . He attributed this to insufficient upset . Hes s  and Muller
( 14) 

found that parabolic platen speed would eliminate oxide inclusions at the 

weld line while increased upset would minimize or eliminate cast metal in 

the weld joint. 

The cause and prevention of flat spots is not very well understood . 

In fact, the term itself is vague and is often used to describe several dif-

ferent features . These fracture features may be the result of a number of 

metallurgical phenomena having inherently different mechanis ms . The 

s mooth, irregular shaped areas indicated by arrows in Figure 1 are flat 

spots on the fracture surface of a flash welded Hastelloy X sa mple . Figure 

2 is a lOOX SEM micrograph which shows the variation in topography on 

the fracture surface . A plateau region can be seen which contains three 

relatively flat areas (A 1 B ,  and C) which are separated by rougher, more 

ductile areas. At higher magnification ( Figure 3, 300X), it is apparent 

that for this alloy the flat spots are relatively featureless . However, in 



www.manaraa.com

Figure 1 .  Macrogra ph of the ma ting fracture s urfaces from a fla sh  
welded Ha s telloy X s a mple . The arrows indicate the pre sence of flat 
s pots . 1. SX 

11 
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Figure 2. Scanning electron microgra ph of s ome flat area s on the 
fra cture s urface of a fla sh  welded Ha s telloy X sa mple . lOOX 

12 
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Figure 3 .  Higher magnifica tion s canning electron microgra ph of 
flat area s s een in Figure 2 .  3 0 0X 

13 
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14 

other areas and in other alloys , numerous inclusions and very s mall 

dimples a ppear. This is in contra st to the rougher , larger dimpled area 

shown separating these flat areas . Barrett's metallographic investigation 

(lS) 
of some fla sh welds made in large diameter 1 heavy wall alloy steel 

tubes revealed flat s pots on fracture surfaces of numerous sa mples . He 

theorized that they were caused by oxidized craters on the faying inter­

faces which were not removed during upset. He stated that these oxides 

were complex a nd included silicates and aluminates . He did not mention 

his analytical technique. It  was stated tha t higher chromium steels were 

more prone to contain chromium oxides and the resulting flat s pots. In an 

effort to prevent the formation of these oxides , Barrett introduced shielding 

gas into the fla shing region by directing the flow through one of the tubes 

to be welded . He found that the number and s ize of fla t  s pots were reduced 

by the addition of the ga s a tmosphere 1 and that hydrogen was more effective 

than city gas .  It  appears that when a featureless flat s pot occurs it prob­

ably is the res ult of flattened oxidized craters. This has been documented 

in this study also . 

An investigation by Nippes , et al  
( lG)

, which included microhard­

ness tests and metallographic studies , showed that the fla t  s pots in steels 

are usua lly surrounded by high-carbon martensite . Faulkner and Shaw
( l l) 

observed fine-grained , lenticular defects in metallographic sa mples made 

from flash welded railroad rails . Exa mination showed that the decarburized 

region at  the weld line split and surrounded the lenticular defects which 



www.manaraa.com

were high in carbon content and hardnes s .  These defects were also 

15 

enriched in sulphur and phosphorus. When the platen s peed was increased 

in a parabolic fashion (constant acceleration) , the defects no longer 

appeared in metallographic specimens. They believed that these defects 

were caused by excessively large craters which were not totally removed 

during upset . They theorized that when the specimens were fractured 

these defe cts yielded flat spots. Gordon and Young (17) observed that flat 

spots were more numerous in thick wall steel tubes containing chromium 

and that the use of inert gas reduced their occurrence. They also showed 

a photograph of a fractured weld sample which exhibited a ridged effect 

(a series of parallel , narrow flat streaks) which they a ttributed to a con­

centration of carbides in the base material. 

Sullivan and Savage (lB) studied the effect of varying the electronic 

pha se control during flashing upon the occurrence of fla t  spots . They 

found that the probability of flat spots increased when a phase control 

setting of less than 100 percent was utilized. They attribute this increase 

to entrapped liquid pools of modified composition which are not expelled 

from the cross s ection . The pools originate because the greater current 

surges (associated with reduced phase control settings) cause much larger 

interface craters which are more difficult to remove during upset. They 

theorized that the pools were modified by solute diffusion from the under­

lying base meta l  and by reaction with gases in the a mbient atmos phere . 
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The resulting s olidified material exhibits reduced ductility and appears as 

a flat  s pot when the specimen is fractured . 

Although the above theories have been suggested for the cause of 

flat  s pots, none ha s been universally accepted . A better understanding of 

this phenomenon is neces sary because the presence of flat spots reduces 

the ductility of welded joints . The proble m  is compounded by the fact that 

a satisfactory nondestructive test for detection of fla t  spots has not been 

found . 

Object 

The purpose of this investigation is to determine the nature and 

morphology of weld defects on the fracture surfaces of flas h  welded high 

temperature , high strength alloys . 
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CHAPTER II 

MATERIALS AND PROCEDURES 

Ma terials 

Five iron-nickel base superalloys were investigated in this study. 

They are: (1) Hastelloy X, (2) Inconel 625 , (3) Alloy 718 , (4) N-155 , and 

(5) Waspaloy . Flash welded specimens from each a lloy were supplied by 

A merican Welding and Manufacturing . The composition of these iron-nickel 

base  alloys is given in Table I(lg). 

Hastelloy X is a nickel-base alloy which has good strength and 

oxidation resista nce up to 2200
° 

F. Its strength is obtained from carbide 

precipitation a nd the solid solution effect of columbium and molybdenum 

in the primarily nickel matrix 
(2 0' 21)

. This a lloy is used in industrial 

furnace parts in addition to parts for aircraft turbine engines. 

N-155 is an iron-nickel-chromium-cobalt alloy which is recom-

mended for use  in applications involving high stresses at temperatures up 

to 1500
° 

F and moderate stresses up to 2000
° 

F
(22)

. Strengthening is 

produced by the solid solution of columbium, molybdenum, and tungsten 

in the nickel-chromium- iron matrix and by the precipitation of complex 

. (20) 
carbides • Turbine blades and sheet metal parts are made from this 

alloy
(22)

. 

17 
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TABLE I 

THE COMPOSITION OF IRON:..NICKEL BASE SUPERALLOYS USED IN THIS INVESTIGATION 

Alloy Ni C r C o Mo Fe c Others 

Inconel 625 Bal 22.5 9 . 0 5 . 0 max 0 .05 3 . 6 C b1 0 .2 Mn1 0 . 3 Si 

Alloy 718 Bal 19 .0 3 . 0  18 .0 max 0 .04 5 • 0 c b I 0 • 6 Al I 0 • 8 Ti I 

0. 2 Mn I 0. 2 Si , 0 • 1 Cu 

Hastelloy X Bal 22 .0 1.5 9 . 0 18 . 5  0 .10 0. 5 Mn 1 0 .  5 Si 1 0 • 6 W 

Waspaloy Bal 19 .5  13 . 5 4 . 3 2 . 0 max 0 .07 3 • 0 Ti 1 1 .  4 Al 1 0 • 09 Zr 1 

0 .  006 B 

N-155 20 21 .0 20 . 0  3 .0 Bal 0. 15 2 .  5 w I 0 .15 N I 1 .  0 Cb I 

1. 5 Mn 1 0 .  5 Si 

1-1 

CD 
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Inconel 625
(23) 

is ba sically a nickel-chromium- molybdenum alloy 

which has excellent resistance to corrosion and oxidation. In addition , 

it has good strength and toughness at  temperatures ranging from cryogenic 

0 
to 2 000 F. Strength is obtained by the solid solution effect of molybdeum 

and columbium in the nickel-chromium matrix
(21

' 
22)

. Carbides (MC, 

M
6

C or M
23

c
6

) and nitrides may be present in the microstructure , but 

their contribution to rna terial strength is insignificant . This versatile 

material i s  used for jet engine components , chemical proces sing construe-

tion and s pecialized sea water equipment. 

Alloy 718 and Waspaloy are two nickel-base alloys which depend 

upon the precipitation of ga mma prime for their strength. This phase and 

its strengthening effect are retained at high service temperatures. Alloy 

718
(24) 

is a high strength , corrosion-resistant material which is used at 

temperatures from -423
° F to 1300° F. It i s  strengthened by the coherent 

Ni
3 

(Cb, AI, Ti) phase 
(24)

. Waspaloy is also a high strength, corrosion­

res�stant a lloy which is  primarily strengthened by the precipitation of Ni
3 

(AI, Ti) during a ging
(2S)

. Both alloys are used in making aircraft turbine 

engine parts while only Alloy 718 is found in cryogenic applications
(24)

. 

Equip ment 

U se of the scanning electron microscope (SEM) has increased tre-

mendously during the last five or six years. This surge of interest is due 

to the SEM's versatility and the ease of both operation and interpretation 
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of results . The SEM has bridged the gap between the optical  and trans-

mis sion microscopes in terms of magnification and resolution . The SEM 

is the superior microscope for the study of fracture surfaces due to its 

great depth of focus and wide magnification range (shown in Table II). In 

addition 1 practically no specimen preparation is required since the sur-

faces are examined directly thereby eli minating the pos sibility of replica 

artifacts . 

The scanning electron microscope shown in Figure 4 utilizes a 

focused electron beam which is scanned on the s pecimen s urface in a 

. (26 27 28) 
two-dimensLonal raster 1 1 

• Interaction of the electron beam with 

the specimen produces the various signals shown in Figure 5. The secon-

dary or back-scattered electrons are collected in a scintillation counter 

whose a mplified s ignal is fed into a cathode ray tube which is  scanned 

synchronously with the electron beam . The lower energy secondary elec-

trons mus t  be accelerated into the counter by a positively-charged grid. 

The result is  a r ea listic image on the cathode ray tube which has a three-

dimensional appearance due to secondary e mission characteristics and the 

SEM's large depth of field. The image contrast
(26' 27) 

is produced by 

differences in s urface topography 1 atomic number I and secondary e mission 

coefficient . Ridges or peaks on the specimen appear bright because the 

locally high surface area allows the electrons to easily escape . Low 

atomic number elements a ppear dark because of the ready absorption of 

electrons and small backscatter . Low work-function regions appear 
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TABLE II 

CHARACTERISTICS OF SEVERAL TYPES OF MICROSCOPES 

Microscope Magnification Range Resolution Depth of Focus 

Optical 15-1500X up to 3000X 1000 R with ultra 250 urn at 15X 

with quartz optics and violet radiation 0.08 urn at  1200X 

ultra violet radiation 

Scanning 20-501 ooox 100 � to l01000X 1000 urn at lOOX 

Electron 10 urn at 10 I OOOX 

Transmission 200-3001000X 
5 � at  500 , OOOX 

500 urn at  4000X 

Electron 0. 2 urn at 500 ,OOOX 

Source: J. Temple Black , "SEM: Scanning Electron Microscope , " Photographic Applications in 
Science , Technology I and Medicine, 4(16) , p p. 29-441 1970. 

N 
..... 
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Figure 4 .  Schematic diagram of scanning electron microscope. 

Source: R .  F .  Brandon (ed . ) , .. Electronic Imaging Techniques , 11 

Techniques of Metals Research , Vol. II, Intersclence Publishers , New 

York , pp . 89-91 , 1968. 
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Ch a racterlstl c 
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Figure 5. Signals generated in the scanning electron microscope. 

Source: . .  Modern X-Ray Analysis II I
" 

EDAX International, Prairie 
View, Illinois I 19 72 • 
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bright because of the associated high secondary electron emi ssion 

coefficient . 

The scanning electron microscope becomes a much more powerful 

tool with the addition of an auxiliary energy dispersive (ED) x-ray analyzer . 

This device can be used to determine the composition of phases or fea-

tures which appear on the specimen surface by recording the energy of the 

characterist ic x-rays , shown in Figure 5 I which are produced when the 

electron bea m interacts with the desired region. These x-rays are col-

lected by a lithium-doped silicon detector which produces photoelectrons 

in proportion to the energy of the incident x-ra/29 ' 30)
. The charge pro-

duced by the detector is a mplified and sent to a multichannel analyzer 

where the magnitude of the pulse (which is proportional to the intensity of 

the incident x-ray) corresponds to a location in the energy spectrum
(30)

. 

Each incident x-ray produces a pulse which is added to the a ppropriate 

location within the energy spectrum. Energy dispersive analysis is very 

rapid because a high efficiency detector is used and because the entire 

energy spectrum can be si multaneously analyzed with only one orientation 

of the specimen 
(29 1 31)

. In contrast , wavelength dispersive (WD) tech-

niques require numerous precise orientations of the crystal for complete 

analysis . Another advantage of ED techniques is that analysis of speci-

mens having rough surfaces is pos sible although true quantitative analysis 

is not
(31)

. Analysis of these specimens is very difficult by WD techniques 

because of the geometrical requirements for diffraction. For this reason 
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specimens analyzed in an electron probe microanalyzer are flat and 

mounted in a fixed geometry so that the neces sary corrections can be made 

for absorption I atomic number I and characteristic and continuum fluores-

(32) 
cence • Use of these correction factors permits quantitative analysis 

of flat specimens in both the electron probe (WD) and scanning electron 

microscope (ED). The principal limitation of the ED x-ray analyzer is its 

inability to res olve energies of less than 1 Kev. This difficulty is due 

primarily to the thin beryllium window which protects the detector from 

(31 32) 
contamination 1 

• 

Experimental Technique 

Longitudinal and transverse base metal specimens were cut from 

each alloy using an abrasive wheel. These speci mens were mounted in 

epoxy and rough polished using silicon carbide papers. This was followed 

by hand polishing on 6 )l dia mond paste. Final polis hing was performed by 

hand using 1 )l alumina I liquid detergent and water . All speci mens were 

heated in running tap water before etching with a qua regia (80 percent HCl 

+ 20 percent HN0
3

) .  Metallographic exa mination was performed on a 

bench metallograph. 

Welded specimens were notched at the weld interfaces with an 

abrasive wheel and then slowly bent to failure in a three point bending fix-

ture . The fracture surfaces were exa mined and photographically recorded 

using the AMR Model 900 scanning electron microscope. Ele mental 
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ana lysis of the distinctive fracture features (e . g . flat s pots) wa s accom­

plished using an Ortec energy dis persive x-ray system (Model 6200 multi­

channel ana lyzer) which is an auxiliary part of the SEM . Semi-quantita­

tive x-ray analy sis was performed using the s pot analysis technique .  

Tantalum foil  was used to prevent influence of the aluminum s peci men 

holder . Enlarged a pertures and a large number of total counts (2 001 000) 

yielded rapid and comparative data . 

When the fracture surface ana lyses were completely documented , 

metallographic s ections were prepared by welding wire markers adjacent 

to features to be investigated optically . The samples were then nickel 

plated (to improve s pecimen edge retention during polishing) 1 cut , and 

mounted. Soft-fired alumina powder was added to the epoxy to further 

aid in retaining the specimen edges . The speci mens were ground until 

the wire markers  were observed and then polished in  the normal manner . 

A final polish on • 5 )J. diamond paste in a Syntron vibratory polishing 

machine was utilized in addition to the previously mentioned polishing 

procedure . The speci mens were then etched and exa mined . Selected 

regions were a na lyzed in the SEM using the energy dispersive x-ray 

attachment . The elemental distributions were recorded using both photo­

graphy and counting methods . 
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CHAPTER III 

RESULTS AND DISCUSSION 

The effect of the flash welding proces s variables on weld ductility 

has constituted the bulk of the previous investigations. While these 

investigations were often able to produce welds with adequate ductility by 

altering proces s  parameters , occasions arose where the normal techniques 

failed to produce the desired results . Thus , it a ppeared that the material 

variables were quite often as i mportant as the process variables. 

The early investigations lacked the sophisticated metallurgical 

tools to adequately document the influence of material variables on weld 

ductility . Only recently ha s the ability to examine bulk fracture surfaces 

been available to the welding engineer and metallurgist. This recent devel­

opment has been brought about by the advent of the SEM and its ancillary 

elemental analysis  ca pability. Through the use of this instrument ,  rapid 

and definitive conclusions can be reached regarding fracture mode, macro­

scopic and micros copic ductility, and the role of inclusions or second 

pha se particles on the nature and morphology of flat spots in flash welds . 

Thus, the e mphasis in this study has been on the material-related phenom­

ena which have not been adequately documented in previous investigations. 

27 
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Materials 

General. Most fla sh welding applications involve the use of 

wrought products . The origin of most wrought products is an ingot derived 

from a mel t .  Inherent in the original solidification proces s is alloy segre­

gation and grain s ize and shape variation . During subsequent mechanical 

treatments to reduce the ingot to the des ired configuration , the original 

segregate pattern is seldom completely eliminated . It  is , however , nor­

mally altered in accordance with the total percentage of thickness reduc­

tion and direction of material flow during the deformation proces s .  For 

example , bar s tock will exhibit a banded microstructure which is elongated 

primarily parallel to the major axis of the bar . This banded microstructure 

is inherited from the original solidification process and consists of alloy 

segregation and/or inclusion and second-phase particle distributions . 

Depending upon the alloy, its transformation and recrystallization 

behavior , and the mechanical/thermal treatment , gra in size variation may 

be evident. Precipita te morphology may also follow the banding pattern . 

For simple geometries such as  bars or plates , the banded microstructural 

pattern is l ikewise relatively s imple and predictable. The extent of trans­

verse banding is also dependent on crossrolling and the extent of reduction . 

Materials used in this study . The base materials used in this 

study exhibited the general type of elongated and banded microstructure 

which was discus sed above. Figure 6 shows the microstructure of 
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(A) Longitudinal section . 1 0 OX 

( B) Transverse section . 1 O OX 

Figure 6 .  Microgra phs of banding in Wa s paloy ba s e  rna teria l . 

2 9  
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longitudinal and tran sverse me tallogra phic sections cut from the Wa s paloy 

ba s e  material u se d  in this  s tudy .  Alternating bands of large and s mall 

gra ined regions are evident in Figure 6A . The s mall grains were ca used by 

the high particle dens itie s in the bands wh ich pinned the gra in boundarie s 

during the thermal- mechanical treatments . Figure 6 8  shows the flattened 

particle bands a s  they a ppear in a tra nsverse s ection . The relationship 

between particle dens ity and grain s ize is more evident in thi s  s ection . 

Wa s paloy wa s the only alloy in thi s  s tudy tha t exhibited s uch a large varia­

tion in gra in s iz e . 

The Ha s telloy X ba s e  material a lso  conta ined extre me banding a s  

seen i n  the l ongitudinal me tallogra phic section shown i n  Figure 7 .  The 

microstructure i s  composed of alterna ting band s of l ight and dark regions . 

Figure 8 shows that  the darker etching regions con s i st of a finer gra in s ize 1 

and the grain boundaries are filled with second-pha s e  particles . The par­

ticles  are not evident in the lighter etching reg ions I and the gra in s ize is  

larger . 

Figure 9 i s  a microgra ph of a longitudinal section from the Inconel 

718 ba se  mater ia l  u s ed in thi s  investiga tion . The micros tructure shows 

little banding other than particle s tringers . The gra in s iz e  shows random 

var iations . Thi s  microstructure i s  a lso  closely repre sentative of the N- 1 5 5  

and Inconel 6 2  5 ba s e  ma terial s  which were al s o  inves tigated . 
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Figure 7. Microgra ph of longitudinal section from Hastelloy X ba se  
ma terial . lOOX 
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(A) Light band . 5 0  0X 

(B) Dark band . 5 OOX 

Figure 8. H igh magnification microgra phs of bands from Figure 7 .  
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Effect of Microstructure on Fracture Propagation 

Due to ingotis m and its subsequent alteration by mechanical work-

ing 1 properties in the short transverse direction { through the plate thick-

ness} are known to be inferior to those in the other two orthogonal direc-

tions. This is also manifest in the well-known welding related problem 

called lamellar tearing. La mellar tearing normally occurs under a weld 

bead where shrinkage stra ins oriented perpendicular to the plate surface 

cause separation along the microstructural banding. The separations are 

the result of voids which nucleate at the interface between nonmetallic 

(33 34) 
inclusions and the matrix 

1 

• This nucleation of voids results in a 

series of 11dimples 11 on the fracture interface. The inclusion spacing within 

the microstructural bands is  such that a relatively s mall a mount of total 

strain is required to cause linking of the dimples and thus a complete sepa-

ration or tear . This type of fracture surface appears to be macroscopically 

flat indicating low ductility. As will be noted later I this low ductility 

fracture mode is  often evident in flash welds for almost identical reasons. 

Actually I the number of possible fracture modes in the alloys 

studied is quite limited. There are only three major modes of fracture 
{3S)

: 

{ 1) cleavage fracture I (2) plastic fracture I and {3) intercrystalline fracture. 

Cleavage fracture I which occurs by separation normal to crystallographic 

planes Of high atomic density 1 iS not very likely in these alloyS because 

they are face-centered cubic in nature. Cleavage fracture in face-centered 

cubic alloys is a rare occurrence. Plastic fracture can occur either by 
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uninterrupted plas tic deformation or by formation and coalescence of micro­

voids. Fracture by uninterrupted plastic deformation (also known as  

"rupture ") occurs as  continuous necking until the load carrying cros s sec­

tion approaches zero before failure. This results in a fracture surface 

which res embles a chisel edge for sheet material and a point for round bar 

stock . 

Most ductile fractures do not approach the nearly 100 percent 

reduction in area exhibited by materials which fracture by "rupture ". The 

les s ductile fractures , which are the most common , occur by formation and 

coalescence of microvoids. Coalescence is actually the link-up of the 

microvoids by microscopic necking which occurs along the microvoid inter­

sections. When link-up is complete , fracture occurs. Thus the voids 

yield dimples on the fracture faces. Intercrystalline fracture is the sepa­

ration of crystals  from each other along grain boundaries. Often this type 

of fracture is caused by brittle grain boundary films or by a large population 

of grain boundary precipitates 
(3G)

. Thus the most likely mode of failure in 

the iron-nickel base superalloys investigated in this work is the formation 

and coalescence of microvoids • 

Confusion often results when fracture surfaces are classified by 

macroscopic examination as  either ductile or brittle. The confusion occurs 

because many fracture surfaces which do not exhibit detectable macro­

scopic deformation have , in fact , failed by the formation and coalescence 
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of microvoids . A s  previously described , this is a localized plastic 

rupture process .  

36 

Passoja (J7) developed a theoretical model for predicting the impact 

energy of metals containing nondeformable particles. His model related 

the energy required to form two fracture faces to the interparticle spacing 

in a two-dimensional material system. He a s sumed that voids nucleated 

at the particles and that the particle- matrix interfacial energy was low. 

The equation which he developed to calculate the theoretical impact energy 

for steels fractured on the upper shelf is: 

where 

CVN = 2 .  32 
1 2• O 

CVN = the i mpact strength in foot-pounds . 

1 = the mean linear intercept dimple size in microns (e . g. 

interparticle spacing) . 

This equation was developed using material parameters for mild steel. 

Substitution of material para meters for other a lloys will change the value 

of the coefficient and exponent but not the general form of the equation . 

The impact energy is  directly related to the energy necessary to 

create two surfaces and is found to be proportional to the square of the 

mean dimple size. Thus , small dimples indicate low energy absorption 

during fracture. This result indicates that any area of a fracture face 

which exhibits s maller dimples than its surroundings required less energy 
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to fracture. The total strain to fracture varies in a like manner because 

37 

the smaller the interparticle spacing the lower the total strain to failure. 

Widgery(3B) has demonstrated this in his crack-opening displacement 

(COD) work with steels. He showed that the fracture strain decreased as 

the particle volume fraction increased. 

The studies by Pas soja and Widgery are really complementary. 

Pas soja worked from fracture surfaces on which he could record both the 

number and the size of particles involved in the actual fracture while 

Widgery used polished and etched cross sections to determine particle 

volume fraction. Thus , Widgery included a ll particles in his analysis 

while Pas soja included only those involved in the fracture process. It 

can be concluded from these investigations that the total fracture strain is 

lowered as either interparticle spacing decrea ses or particle volume frac­

tion increases. These phenomena are synergistic and therefore normally 

occur simultaneously . 

If  the fracture strain is decreased , the total amount of plastic flow 

to cause fracture is likewise reduced. Thus , areas along the fracture 

path with large particle populations will be areas which exhibit flat , low 

ductility fracture. 

When the workpieces are upset during flash welding , the banded 

microstructure of the base material is forced to turn outward at the weld 

interface as  s hown schematically in Figure 10. In fact , some of the bands 

become a lmost parallel to the weld interface. When this happens , the 
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short transverse properties become 1 in essence 1 longitudinal properties 

at the weld interface. 

In addition to the mechanical treatments received during the flash 

welding I the workpieces also experienced a thermal cycle which altered 

the microstructure near the weld interface. Recrystallization and grain 

growth may occur within the heat-affected-zone (HAZ) . In addition 1 dis-

39 

solution of second-phase particles may occur. Figure 11 shows the micro­

structure of Ha stelloy X at three different distances from the weld interface. 

The disappearance of the carbides a s  the weld interface is approached is 

the result of dis solution due to thermal cycling . In some instances 1 repre­

cipitation of the dissolved particles may also be observed. If the thermal 

cycle is rapid enough I constitutional liquati.on may occur in some alloys . 

Figure 12 shows evidence of constitutional liquation in fla sh welded 

Hastelloy x
<39)

. Note the eutectic appearing structure and wetting of the 

grain boundaries. The cracks located within the liquated region indicate 

that this structure is brittle and may lead to premature fracture. 

The integrity of flash welds is evaluated by subjecting the com­

pleted joint to a s low bend test  using three point loading . This test yields 

qua litative ducti lity data. The specimen is notched at the weld interface 

and when subjected to three-point loading the specimen begins to fracture 

at the root of the notch. When the specimen has completely fractured 1 the 

fracture faces are exa mined for flat spots I oxides 1 and other deleterious 

features which indicate reduced ductility a nd therefore reduced formability 

of the part . 
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Figure 1 2 . C ons titutional liquation in fla s h  welded Ha stelloy X 
specimen . 7 5 OX 

4 1  
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The phenomena described in previous dis cus s ions concerning 

banded microstructure 1 la mellar tearing 1 and deformation of the micro­

structure during welding can be used to predict fracture paths  for s low 

bend s pecimens . The orientation between the banded microstructure and 

the crack initia tion notch will influence the fracture pa th . If the weld 

j oint is s ignificantly ups et during welding 1 the banded structure will be 

oriented approximately parallel to the weld interface . First  a s s u me that 

the weld i s  notched at the weld interface in face A 1 Figure 1 0  1 page 3 8 .  

The fracture will  progres s  from the root of the notch along the weld inter­

face . If the microstructural bands conta in many particles with a s mall 

interparticle s pacing 1 fracture will progres s  by void coale s cence along 

the bands with little total s train . Thus , the weld will exh ibit low duc­

til ity . Thi s  is shown s chematically in Figure 1 3A .  A s imilar fra cture 

path would be followed if a brittle oxide fil m were pres ent at the weld 

interface . 

I f  the weld j oint i s  properly upset 1 the deformed banded micro­

structure will appear s imilar to that  shown s chematically in Figure 1 3 8 .  

In thi s  ca s e  1 a crack which initiates from a notch in fa ce A a ga in propa­

gates along a path of lea st  res istance . Thi s  path is  u s ually along the 

curved and banded structure for the s a me reas ons stated a bove . A s  the 

propagating crac k  becomes almost parallel to the principal stre s s  1 it s top s 

and then cros s e s  the more ductile matrix regions between the inclus ion/ 

segregate ba nds . When the propagating crack reaches another favorably 
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(A) Overly upset 

( B) Proper upset  

Figure 1 3 . E ffect of  fla sh welding upset upon the fracture pa th for 
slow bend s pecimens having banded microstructures . 
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oriented band 1 the proce s s  i s  repeated res ulting i n  a strea ked or shingled 

fracture a ppearance . A streak is a long 1 narrow fracture feature in which 

the ductility is relatively low 1 and I thu s I the s urface is relatively fla t .  

The streaks  are separated by  rougher and more ductile region s . The 

s hingled a ppearance res ults from wider bands of inclus ions which fracture 

for only a short d istance before the cra ck changes  d irection and propagates  

to  the next inclus ion band . The proces s  continue s in this  ma nner and 

interconnects many particle bands to form the characteristic shingled or 

stair- step a ppearance . Thus 1 the shingled a ppearance ind icate s a s eries 

of interconnected low ductility reg ions which exh ibit a more equiaxed 

a s pect ratio than streaks . These feature s will be more adequately dis ­

cus s e d  later . 

The influence of the orientation between the deformed banded 

microstructure and the crack propa gation direction can be revealed by com­

paring the fracture orig inating at the we ld notch in face B with the above 

dis cu s sed fracture which initia ted from a weld notch in face A .  When the 

crack initiate s a long the notch 1 the crack front is  pres ented with a micro­

s tructura l varia tion which d iffers from point to point . Thi s  varia tion i s  

s ym metrical a bout the midplane o f  the s pecimen . The s tructure which is  

inters ected by the propagating crack remains e s s entially s imilar a s  a func­

tion of propagation depth at  the s a me location along the crack front . 

S ince the orientation between the deformed and banded microstruc­

ture and the propagating crack is different depending on which of the two 
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fa ces  (A or B) the fracture i s  initiated on 1 different fracture paths will be 

followed .  Therefore I the fracture fa ces will d iffer in appearance a s  seen 

in Figure 1 4 .  Thu s , the fra cture a ppearance of the s a me s tructure i s  

s trongly d ependent on fracture propagating direction . 

The materials  welded in this study did not have s imple cros s sec­

tional shape s s uch a s  round , square , or rectangular bar s tock . In con­

tra s t , thes e  material s  took the form of complex c onfigurations s uch a s  

thos e  u s e d  i n  the aeros pace industry . By utilizing thes e  complex configu­

rations which a pproxima te the cro s s  sections of the final product , large 

s aving s can be realiz ed in ma terial and machining costs . The b anded 

micros tructure s of the s e  complex configura tions will yield rather compli­

cated de for ma ti on structure s when upset during fla s h  welding . Thu s  I 

many different a nd changing orientations between the propagating crack 

and banded micros tructure will  be encountered a s  the fracture progre s s es  

through thes e  s pecimens . A s  a re sult , the fra cture faces  can be expected 

to exhibit a rather complica ted appearance which varies from one point to 

the next . 

Macroscopic Exa mina tion of Fracture Surfaces 

D i s cu s s ion of the s pecific fracture s urface characteristic s will be 

more meaningfu l  if s ome definitions are first  described . A fla t  s pot is an 

irregularly s haped , ma croscopically fea turele s s  region on a fla s h  weld 

fracture s urface  whose length and width are of the s a me order of magnitude . 



www.manaraa.com

(A) Notch orienta tion A 

(B) Notch orienta tion B 

Figure 1 4 . E ffect of fra cture propagation d irection upon fra cture 
face a ppearance . 
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Although s ome of the litera ture differentiates between flat s pots and 

penetrators 1 th i s  s tudy will not s ince a penetrator i s  nothing more tha n a 

flat s pot which extend s to the s urface of the j oint . 

Figure 1 5  shows the fra cture faces of d ifferent fla sh  welded j oints 

made in Wa s pal oy . The fla sh weld fracture B exh ibits a fine ductile 

appearance . The perimeter of the lower and right-hand s ides is  s lightly 

s treaked . In c ontra s t  the fracture surfa ce appearance of the upper bar is 

very heterogeneous . Flat s pots ( indicated by arrows)  can be seen on the 

left s ide and the upper right- hand corner . The s e  flat s pots a ppear shiny 

because  the relatively s mooth s urface eas ily reflects l ight . The finely 

textured central area contains many s mall elonga ted crevices which are 

the result of dela mina tions along the banded regions of the micros tructure . 

Figure 1 6  s hows the fracture fa ces of two different fla s h  welded joints in 

Inconel 6 2  5 .  The weld fracture B I which i s  repres enta tive of good welding 

practice 1 ha s a fine uniform texture . As indicated by the arrows 1 fracture 

face  A conta ins s everal flat s pots which are s urrounded by finely textured 

material . The s h iny s mooth s trip along the lower edge of weld fracture B 

is  the res ult of arc g ouging and i s  not related to the fracture . F igure 1 1  

page 1 1 1 previ ously d is cus s ed 1 shows the fra cture s urfaces  from a s ingle 

H a s telloy X weld . ( These  are mating fracture faces . )  The shiny fla t  

s p ots  o n  the s e  s urfaces are indicated b y  arrows . Rela tively fla t  but 

shingled regions separate the maj ority of the flat s p ots . Thi s  fracture 
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Figure 1 5 . Fracture faces of two different fla sh  welded j oints made 
in Wa s pa loy . 



www.manaraa.com

49 

Figure 1 6 . Fra cture fa ces of two different fla sh  welded j oints made 
in Inconel 6 2  5 .  
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wa s confined t o  the weld interface by notching the s peci men with an  abra­

s ive cut- off wheel  a s  can b e  s een on the right and left s ides of the frac­

ture . Strea k s  are als o evident on the se s urfaces . 

Figure 1 7  shows the fracture faces of two different fla sh  welded 

j oints in N- 1 5 5  ma teria l . Again the abra s ive cuts which were made to con­

fine the fracture are evident along the s ides of the s peci men . Fracture sur­

face A exhib its a ductile fracture over the maj ority of the fra cture s urface . 

Some s treaking i s  evident a t  the left and along the lower edge . In  contra st  

weld B conta ins only flat s pots and streak s .  Thi s  particular weld wa s 

a m ong those  exhibiting the lowe s t  ductility of any of  the welds  inve sti­

gated . The s u·eaking wa s very severe occurring over a s ignificant dis tance 

a cross  the weld interface a s  evidenced by differing fracture s urfa ce 

eleva tion s . 

F igure 1 8  shows the fracture faces  of two different we lded j oints 

in Inconel 7 1 8 .  Weld fracture 8 shows s ome s treaks along the upper and 

lower edge s . The remaining portion is of a ductile nature . The fracture 

s urface of weld A is e s s entially one large , pock marked fla t  s pot and is a 

fracture indicat ing extre mely low ductility . The pockmark s  are flat  s pots 

differing in frac ture s urface elevation . 

Micros copic Exa mination of Weld Defects 

Macros copic exa mination of the weld fracture s urfaces  revealed 

the pre s ence of  many s treaks and fla t  s pots . To better understand these 
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Figure 1 7 . Fracture fa ces of two different fla s h  welded j oints made 
in N- 1 5 5 . 
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Figure 1 8 . Fracture faces of two different fla s h  welded j oints made 
in Inconel 7 1 8  . 
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fea ture s 1 microscopic exa mination using the optical and s canning electron 

micros copes wa s performed . 

Figure 1 9A 1 an SEM micrograph at  2 0X I  shows the central region of 

a fracture face from a weld in Wa s pa loy . A s treak can be seen as one of 

the features  on the fracture surface . The s treaked region departs from the 

plane of the fracture face by l iterally penetrating the s urface . This s treak 

is a manifesta tion of a microstructural s egregate band which wa s deformed 

during weld upset  and then exposed by fracture during the slow bend s creen­

ing tes t .  The part of the streak which lies e s s entia lly on the fra cture sur­

fac e  wa s originally located at  or very near the weld interface . The streak 

is l ong and narrow and appears flat and s mooth at low magnifica tion when 

compared to the topography of the surrounding fra cture s urface . Figure 1 9  B I 

an SEM micrograph at  1 0 0X 1  s hows the s treak to be  rela tively featurele s s  

a lthough the surrounding area exhibits d imples chara cteris tic o f  ductile 

fra cture . However 1 when the ma gnification is  increased  to a pproximately 

5 0 0X 1  features can be re s olved in the s treaked area . Figure 2 0 1 SEM 

microgra phs at  5 0 0X 1 show tha t the topogra phy of  the s treak i s  e s s entially 

a s eries of s ma ll d i mples while the adjacent s urface at the s a me magnifi­

cation shows rela tively large dimple s . The d i mple s iz e s  are different by 

a b out a fac tor of 1 0 . Figure 2 1  shows the s treak at  approximately 2 0 0 0X . 

Many particles can be s een located within the di mple s . The s e  particles 

are the initia tion s ite s for void forma tion and the res ultant d impled 
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(A) 2 OX 

(B) 1 O OX 

Figure 1 9 . SEM microgra phs of s treak on Wa s paloy fra cture surface . 
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(A) Streak . 5 0 0X 

(B) Adjacent surface . 5 0 0X 

Figure 2 0 .  SEM microgra phs comparing di mple s ize on the streak 
and adjacent area at  S O OX . 

5 5  
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Figure 2 1 . SEM microgra ph of s treak at  2 0 00X . 

5 6  
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structure . A s  previously mentioned 1 the difference in di mple s ize mea ns 

that the s treaked region exhibited le s s  ductility than the s urrounding 

material .  

Two parallel s treaks were revealed on the fra cture face of the 

Inconel 7 1 8  weld s pecimen shown in the SE M microgra ph in Figure 2 2 . 

Both s treaks  appear to tunnel into the fracture s urface and are b is ected by 

a s econdary cra ck . At  3 O OX (Figure 2 3A) the streak appears rather flat 

and s mooth when compared to the surrounding surface which exhibits many 

dimples . When v iewed at 3 0 0 0X (Figure 2 3 8) 1 the s treak can be s e en to 

reveal many s mall  d imples . This  is another exa mple which s hows that 

streaks exhibit d i mple s which are much s maller than the material  charac­

terized by the s urrounding fracture s urfa ce top ography . This  difference of 

d imple s iz e  wa s evident on all streaks  investigated on the weld fracture 

s urfaces in all the a lloys studied . Thus , it can be concluded that  streaks 

are the re s ult of fracture a long microstructura l bands which beca use of 

the ir h igh particle content fracture in a les s ductile ma nner than the s ur­

rounding relatively particle- free materia l .  

Energy d ispers ive (ED) x-ray analy s is wa s performed on severa l of 

the s trea k s . When s trea ks in two different Wa s paloy fracture s pecimens 

were analyz ed 1 the data indicated that the streaked reg ions conta ined a 

much higher concentration of a lu minu m and a sl ightly higher concentra ti.on 

of titanium than did the adjacent area . One of the s treaks which wa s ana­

lyz ed a ppears in  Figure 1 9 1 page 54 1 and wa s previous ly discus sed . X-ray 
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Fig ure 2 2 . SEM micrograph of streak s on the fracture face of an 
Inc onel 7 1 8  weld sa mple . 7 0X 

5 8  
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(A) 3 0 0X 

( B) 3 O O OX 

Figure 2 3 . Higher ma gnification SEM microgra phs of one s treak 
shown in Figure 2 2 . 

5 9  
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analys is  of s trea ks  on several different Inconel 71 8 f.1act.ure s pecimens 

showed a s imilar variation in che mical concentration for alu minu m and 

titaniu m .  H owever 1 the titanium concentra tion variation i n  the s e  s peci-

6 0  

mens w a s  more pronounced than that revealed for the Wa s paloy s pecimens . 

The ind i cated variation in che mica l compos ition which wa s men-

tioned a bove is qualitative a t  bes t .  Data of a quantita tive na ture are dif-

ficult to obta in by ED methods on rough fra cture surfaces because of sev-

eral limita tions which are: 

l .  Secondary fluores cence . 

2 .  Varying take- off angle . 

3 .  Limited s pectru m sens itivity . 

The first  d ifficulty arises  because  x-rays origina ting from the analyzed 

feature may be a b s orbed by the surround ing ma trix while secondary x-rays 

( 4 0  1 4 1 ) are created and subs equently analyz ed by the detector . Thus I 

the analys is  is mis leading . Another difficulty of analyz ing rough surface s 

i s  that the take- off angle varies a s  a function of pos ition on the surface . 

I f  the s pecimens were relatively flat or polished I their ana lys is could be 

c ompared to known s tandards and with the use of corrective equa tions 

could yield true quantitative re s ults (4 0) . If particle s on the fra cture fa ce 

are to be analyzed I more accurate res ults are pos s ible by us ing an extrac-

tive replica to re move the particle s from the fra cture fa ce . This replica is  

then analyzed u s ing ED technique s .  The most accurate analysis of a rough 

surface by ED s pectrogra phy is ach ieved by optimiz ing the s peci men tilt 
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angle and increa s ing the work ing dis tance . At best , these  re sults will 

be s e mi- qua nti ta tive . 

6 1  

Several  equipment l imitations prevented full s pectrum and true 

quantitative x-ray analys is of the s a mples s tudied in this  investiga tion . 

Full spectru m analys is  is impos s ible because  the beryllium window wh ich 

protects the detector absorb s mos t of the x-rays produced by ele ments 

whose  atomic weights are less  than s odium . Thus , this  equ ipment is not 

capa ble of determining whether the particles conta in carbon or oxygen . 

In addition , the ED s ys te m  used in th is s tudy did not conta in a minicom­

puter for performing the nu merous and tedious corrections nece s sary for 

true quantitative analys i s . 

Particle/s egregate bands  may ta ke on a broad flat  character rather 

than a thin pencillike configuration . The penc ill ike configuration re s ults 

in s treak s  such as thos e j u s t  des cribed a bove where the length to width 

ratio is  large . As the particle/s egregate bands become wider relative to 

the ir length , the s treaks take on a more equiaxed shape intermed iate 

between " s treaks " and " flat s pots " .  A reg ion of thi s  s ort is shown in the 

SEM microgra phs of Inconel 7 1 8  in Figure 2 4 .  The para llel , fla t rectan­

gular area s which are separated by rougher , more ductile reg ions re se mble 

s treaks although they are wider than mos t . They are a l s o  s imilar to fla t 

s pots s ince they for m regions which are separated from the s urrounding 

more ductile areas  by difference s of elevation and fracture a ppearance . 

Fla t s pots are invariably characterized by a brupt elevation changes from 
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Figure 2 4 .  SEM microgra ph of a fra ctured intermedia te width 
particle/s egregate band . l O OX 
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the s urrounding more ductile regions . Figure 2 5 I S E M  microgra phs I shows 

this  feature at h igher magnifications . Many dimples of varying s izes  are 

vis ible . Like s treak s  I the s e  area s fractured by the forma tion and coales­

cence of microvoid s .  The bands of particles which nuclea ted fra cture s in 

the se  are a s  were much wider than those re s ulting in streaks . 

The structure shown in Figure 2 4 wa s s ectioned perpendicular to 

the fra cture s urface  to  revea l the bulk microstruc tural fea ture s a djacent 

to the frac ture s urface . The sectioning l ine i s  a l s o  shown in Figure 2 4 .  

Figure 2 6  show s  the micros tructure a t  two l oca tions along the s ectioning 

l ine . The s e  l ight microgra phs a t  7 5 0X magnifica tion show typ ical particle 

d is tribution s . The arrows indicate particles a ppearing on the fracture sur­

face . The fra cture s urfaces were nickel- plated to help reta in the s urfa ce 

particles . It  should be noted that the particles are not randomly d i s tribu­

ted but proba bly reflect prior particle segregate morphology a s  modified by 

the thermal and mechanical his tory during welding . 

" True fla t  s pots " chara cterized by broa d 1 equiaxed 1 l ow ductil ity 

regions d iffering in e levation from s urround ing fracture surface feature s 

appear to be the result  of two primary mechani s ms . One mechani s m  con­

s ists  of fracture a l ong broad fla ttened particle/s egrega te reg ions in much 

the s a me ma nner a s  that de s cribed for s treaks . The other mechani s m  

revealed by  thi s  s tudy i s  one in which faying s urface oxidation p lays an 

important role . 



www.manaraa.com

6 4  

(A) 3 0 0X 

(B) 3 0 0 0X 

Figure 2 5 .  Higher ma gnification SEM microgra phs of feature shown 
in Figure 2 4 . 
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Figure 2 6 . Microstructure at  two locations alon g  th e s ectioning 
line shown in Figure 2 4 .  
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I f  broad fla t  microstruc tural particle/s egrega te bands are oriented 

s uch tha t they are e s s ential ly parallel to th e weld interfa ce and thus per­

pendicular to the principal s tre s s  a pplied during bend te sting I a large low 

ductility region will genera lly re s ult from fracture propagation through 

the s e  regi on s . A fla t  s pot which formed by this proces s is shown in the 

SEM micrographs in Figure 2 7 .  The previou s ly propaga ting but now 

arre s ted crack i s  shown . One s hould visualize that  the fracture s urfaces 

are created by cra ck propagation which separa te s one strata from another 

in much the sa me ma nner a s  peeling ta pe from a flat  surface or re moving 

the outer c overing from a banana . When viewing Figure 2 7A I one s hould 

visua l ize tha t the material in the upper half of the microgra ph is be ing 

peeled away fro m  the lower fla t p ortion thus crea ting two s urface s .  The 

true leading edge of the fra cture is seen a t  only one point along the cra ck 

front shown in Figure 2 7 .  This  point is at the center of the micrograph 

and is  characterize d  by the rough large dimpled region . The lea ding edge 

at  the other locations is under the upper peeled portion . The cra ck front 

is thu s  s ca lloped while propagating . This  is a result  of the l oca l varia­

tion in ductility a s  a s maller s tra in is requ ired to se para te low ductility 

region s  than the high ductil ity regions . The broad fla t areas exh ibit low 

ductility beca u s e  of the high particle dens ity . Figure 2 7B  shows that the 

overhang i s  s till a tta ched to the lower s urface in the rougher area s . The 

two s urfa ce s  have a lready completely separated in the s urrounding fla t 

region . Figure 2 8 compare s the dimple s ize in the rougher s trip (Figure 
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(A) 1 6 0X 

(B) 3 7  SX 

Figure 2 7 .  Flat s pot ca used by broad , fla t  microstructura l particle 
bands . 
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(A) Rough area . l 5 0 0X 

(B) Flat s pot .  l 5 0 0X 

Figure 2 8 .  SEM microgra phs comparing the di mple s ize on the 
rough and flat  area s of F igure 2 7 . 

6 8  
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2 8A) with the s ize  on the s urround ing fla t region (Figure 2 8 8) . The s e  

microgra ph s show vividly that  the larger dimpled fra cture s urfaces have 

undergone greater  p la stic s train than the s maller di mpled area s . 

The other mechanis m re s pons ible for flat  s pots is  the entrap ment 

69  

of  oxide pools  or fil ms  a t  the weld interface . Figure 2 9A , SEM micrograph 

at l O OX , s hows s everal  dark areas which appear on the fra cture face of an 

Inconel 62 5 weld s a mple . The se  areas are surrounded by a d impled fra c­

ture s urfa ce . Figure 2 9 8  shows one of the dark area s a t  h igher magnifica­

tion . Figure 3 0A shows the dark area at  still  hig her ma gnification ( 3 0 0 0X) 

where the dark area a ppears ra ther flat and is cra cked s imilar to a dried­

up  mud puddle . A larger but s i milar dark area from the sa me sa mple wa s 

sectioned by cutting perpendicular to the fra cture fa ce . A microgra ph 

repres enta tive of the polished s pecimen at the fra cture edge a ppears a s  

shown in Figure 3 O B . The dark color and shape of the s urface cons tituent 

indica tes that it is an oxide . ED s pectros copy indicated that titanium and 

aluminu m were ma j or constituents of the oxide area while , in contra st , 

adj acent areas  of the fra cture fa ce conta ined only minor concentrations of 

the s e  ele ments . S ince the se  two elements are proba bly the most ea s ily 

oxidized of a l l  the ele ments conta ined in this  alloy , this  compos ition 

difference would be anticipated if oxida tion of the faying s urfa ce had 

occurred during fla sh  welding . 

Figure 3 1 , an SEM microgra ph a t  l O OX ma gnification , shows a flat 

spot on the fracture face of a Ha s telloy X fla s h  weld . At this  low 
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. (A) l O OX 

(B) 3 O OX 

Figure 2 9 . SEM microgra phs showing dark areas  on the fra cture 
face of an Inconel 6 2  5 weld sa mple . 

7 0  
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(A) SEM microgra ph . 3 00 OX 

( B) Light micrograph • . S O OX 

Figure 3 0 .  H igh  magnification SE M and light microgra phs of the 
dark area shown in Figure 2 9 . 

7 1  
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l OOX 
Figure 3 1 . Flat s p ot on fracture fa ce of a Ha s telloy X fla sh  weld . 

72 
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ma gnifica tion , the fla t s pot re s e mbles a mesa which is  d iv ided by a 

rougher region . F igure 3 2 , SEM microgra ph s , shows this  fla t s pot at  

s ucce s s ive ly h igher ma gnifications . At 3 0 0 0X (Figure 3 2 C) the fla t s pot 

exhibits s o me d i mples wh ich appea r to be partia lly filled by a s ea ly oxide . 

Although thi s  brittle a ppearing oxide is not continuous over the a ffected 

area , its pres ence is de leterious enough to red uce the ductil ity of the 

we lded j oint . This  s pecimen wa s sectioned perpendicula r  to the fra cture 

fa ce and through the fla t s pot . After polishing and etching , o ptica l micro­

gra ph s were obta ined from the region at the fra cture interface . Figure 3 3A 

and B ,  l ight  microgra phs at  S O OX and 7 5 0X ,  re s pective ly , shows typica l 

area s a long the interfa ce of the fla t  spot . (Note the s unburs t effe ct which 

a ppea rs in the upper ha lf of each microgra ph . This is the nickel  plating 

which wa s added for im proved edge retention during polishing . )  Oxide 

films ca n be s een a long the interfa ce and j us t  be low the s urface of the 

fla t s pots . X-ray ana lys is indica ted tha t a lu minum wa s pre s ent in this  

oxide fil m ,  but  it wa s not detected in the rougher , more ductile area which 

div ided the fla t s pot into two dis tinct regions . Alu minum is not an inten­

tiona l a l loying e le ment in this a l loy , but it is  often pre s ent in the s cra p 

ma teria l which i s  added to complete a furna ce cha rge . 

O cca s iona lly a fla t s pot indica te s the pre sence of both an oxide 

film and a n  area exhibiting high partic le dens ity . Figure 3 4 , SEM micro­

gra phs a t  l SX a nd l 7 0X ,  i l lustra tes such an occ urrence . The pee led-up 

a rea is  a n  oxide film  which cons titutes a portion of the flat s pot . The 
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(A) 3 0 0X 

( B) 1 O O OX 

(C) 3 0 0 0X 

Figure 3 2 . Fla t s pot shown in Figure 3 1  at  higher magnifications . 

74  



www.manaraa.com

7 5  

(A) S O OX 

( B) 7 5 0X 

Figure 3 3 . Light microgra phs showing typical areas  along the inter­
face of the flat  s pot shown in Figure 3 1 . 
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7 6  

(A) l SX 

(B) l S OX 

Figure 3 4 .  SEM microgra phs of pockmarked oxide film  on a flat  
spot . 
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oxide film is pock marked by numerous particles . Figure 34A, page 76 , 

a lso shows the shing led feature which wa s previous ly discus sed but not 

illustrated . The shingled region exists to either s ide of the flat s pot . 

77 

The shingles are ca used by the interconnection of para llel  particle/segre­

gate ba nds which have been fractured for only short distances and then 

sheared a cros s more ductile regions to another s imilarly oriented particle/ 

segregate band . These features are often found on fla sh weld fracture sur­

faces and while not considered "flat spots " are never-the-less regions of 

low d uctility . 

The data which this investigation ha s yielded show that the ba se 

materia l microstructure is often as important as the process variables in 

influencing the ductility of a flash welded j oint . For a given set of pro­

ces s  para meters, the ductility of a welded j oint ma y have a s ignificant 

dependence upon the microstructure of the ba se materia l .  The res ults of 

this investigation a lso imply that the proces s  variables ma y be a ltered to 

minimize the deleterious effects of the ba se metal microstructure . 

For exa mple, a clean and lightly banded base metal may be upset 

significantly during welding so tha t the microstructura l bands are turned 

outward , and yet , a continuous or semi-continuous network of low duc­

tility fracture paths does not exist . In fact, upset of a s ignificant degree 

may be an advantage in eliminating crater related oxide films . However , 

a heavy upset in a deleterious ly banded ba se materia l may res ult in con­

tinuous low ductility fracture paths at the interface and this a lone would 
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produce an unacceptable weld . In this ca se I a minimum upset would be 

in order even though the formation of crater related oxided films would 

be enhanced • 
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There may be ca ses in which the base materia l is so adversely 

banded that it would not be pos sible to produce a we ld of s uitable duc­

tility . If s ufficient documentation were ava ilable for a given ba se ma ter­

ial 1 it would be pos s ible to establish weldability acce ptance criteria 

ba sed on the microstructure of the as-received materia ls . 

Many s pecimens were exa mined in which the base materia l micro­

structure a dverse ly a ffected the ductility of the welded joints . The defects 

used for illustration in the foregone discus sion are only a few of the many 

similar a ppearing fea tures which were uncovered and studied in this 

inves tigation . 

The streaks shown in Figures 19 through 21 ,  pa ges 54 through 56 , 

respectively , a nd Figures 22 and 23 , pages 58 and 59 , res pectively I were 

caused by the particle/segregate bands which were preferentia l paths for 

fracture propagation . The numerous particles nucleate microvoids which 

propagate for only short distances before intersecting neighboring micro­

voids to form a djacent dimples on the fracture faces . Thus , the particle 

bands beca me streaks  or flat spots whose dimples are much s maller than 

those on the adjacent s urface . These particle/segregate bands fractured 

eas ily because the high particle densitie s reduced the tota l strain to fail­

ure and thus the ductility . The flat spot shown in Figures 27 and 28, 
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pa ges 67 and 68 , res pectively , resulted from a flattened particle/segre­

gate band or bands . In contras t ,  the flat spots shown in Figures 29 and 

30, pages 70 a nd 7 1 , respective ly , and Figures 3 1  through 33, pages 72, 

74, and 75 , res pective ly , were ca used by incorrect proces s  variables 

such as  ins ufficient upset , non-parabolic pla ten move ment , and/or 

exces s ive voltage which resulted in entra pment of brittle oxides . These 

oxides were found by ED spectrography to be enriched in a luminum and 

titanium .  

Other materia l-related phenomena may affect the ductility of fla sh 

welded j oints . The imposed therma l cycle may ca use dissolution of 

second-pha se particles . The dis solution of these particles should ra ise 

the yield strength near the we ld interface because of an enhanced solid 

solution strengthening effect .  Reprecipitation of these particles is a lso 

possible , and the most probable s ites are a long grain boundaries .  A net-

work of grain boundary precipitates could be detrimenta l because it forms 

a fracture path which requires little strain to failure by nucleation and 

coa lescence of microvoids . In addition , the therma l cycling may cause 

constitutiona l l iquation of some particles which can both enrich the s ur-

rounding matrix and pos sibly wet grain boundaries res ulting in intergranu-

lar failure during subsequent fabrication operations or in actua l service . 

Other inves tigators 
(l8) 

have proposed that flat spots are caused 

by entrapped liquid meta l  pools of modified compos ition which solidify 

to become brittle regions at the weld interface . No indication of entrapped 
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liquid meta 1 pools was found in any sa mples from this investigation . How­

ever , it must be recognized that the upset of the materia l during the flash 

welding cycle may completely obscure this phenomenon . Recrysta llization 

can and does take place during cooling at the weld interface after upset , 

and this too tends to obliterate some high te mperature microstructura l 

phenomena . 

To reiterate ,  this investigation showed tha t when flat spots a ppear 

on a fla sh weld fracture s urfa ce they usua lly exhibit upset , flattened , and 

solidified oxide pools . The remaining fracture surface will exhibit dimples . 
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CHAPTER N 

CONCLUSIONS 

The fracture morphology studies conducted on flash welds in five 

iron-nickel ba se supera lloys yie lded the following conclusions : 

1. The ba se ma teria ls used in this study exhibited banded micro­

s tructures in which the particle/segregate bands were elon­

gated primarily paral lel to the longitudina l axis . The orienta ­

tion between these banded microstructural features and a 

propagating crack influence the fracture path . This , in turn , 

determines the fracture s urface a ppearance and weld ductility . 

2 . The complex geometrica 1 base materia l configurations used in 

this study yield complicated upset deformation patterns during 

flash welding . Thus , many different and changing orienta ­

�ions are encountered by a propa gating crack as it traverses 

the banded microstructure throughout the cros s section of a 

s low bend test specimen . Therefore , the fracture face appear­

ance wil l  vary from toea tion to location . 

3 . O n  every fracture surfa ce studied a dimpled a ppearance pre­

dominated . Thus , the fractures progres sed primarily by the 

initiation and coa les cence of microvoids . However , the mere 

8 1  
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presence of dimples on a microsca le does not neces sarily 

indicate macroscopic ductility . One exception to the micro­

void mechanis m is fracture propa gation through an entrapped 

oxide film which formed during flashing . A flat spot is 

created where fracture occurs by this means . Oxides of 

a luminum and titanium are the primary constituents of the 

defect which has this morphology . All other flat spots and 

streaks are ca used by bands of high particle density which 

become preferentia 1 paths for fracture propagation . The tota 1 

strain to fracture is very low in these regions even though 

fracture occurs by the initiation and coa lescence of micro­

voids . Thus flat spots and streaks appear flat at  low ma gni­

fication but many exhibit dimples a t  high magnification . 

These dimples are considerably s ma ller than those on the 

adjacent low particle dens ity fra cture surface . 

4 . Dissolution of second-pha se particles occurs a s  the weld 

interface is approached . The dis solution of particles should 

ra ise the yield strength near the weld interface because the 

matrix will be solid solution strengthened . Reprecipitation 

of particles is a lso possible , and the most proba ble sites are 

a long gra in boundaries . Grain boundary precipitates in large 

numbers can be detrimenta l beca use they present a fra cture 

path which requires little stra in for the initiation and 
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coa lescence of microvoids , and thus the ductility of the 

welded joint is reduced . 

5. Constitutiona l liquation wa s observed in severa l sa mples . 

The presence of cracks in severa l of the constitutiona lly 

l iquated regions indicate that these areas are s ubject to 

failure at  low stra ins . These area s are not necessarily at 

the faying interface but may be a s ignificant distance away 

and , therefore , may not be detected in the destructive s low 

bend test used for screening . 
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CHAPTER V 

FUTURE WORK 

The specimens studied in this investigation were se lected for 

their fracture surface a ppearance and for being representative of the types 

and magnitude of defects encountered during the development of a fla sh 

welding schedule . While they are typica l ,  their selection was not ba sed 

on statistica l sa mpling techniques . 

In future studies , specimens for exa mination should be selected 

by a true statistica l sampling method . The nature and frequency of occur­

rence of flash we ld defects should be documented as a function of fla sh 

weld para meters . Us ing the optimum fla sh weld para meters , an even 

larger sta tistica lly va lid sample should be selected and tested to deter­

mine the proba bility of occurrence of a maj or defect . In studies of this 

sort , a simple square cros s sectioned bar should be chosen and the sa me 

heat of materia l used throughout . The investiga tion should a lso include 

the effect of notch orientation rela tive to the weld interface on fracture 

appearance . 

A second inves tigation which should be undertaken involves the 

more complete determination of the formation of oxide and particle/segre­

gate banded flat s pots . In this study a set of optimum weld para meters 

84 
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should be selected for a simple square bar and sa mple s prepared with the 

upset varied from zero to an a mount in exces s  of the optimum . This would 

ena ble the mode of crater collapse and oxide entra pment to be followed 

and a lso the degree and influence of banding turn-out to be documented . 

Again a sta tistical  number of sa mples should be chosen for each upset . 

A third investigation would be to document the properties and frac­

ture mode of the base materia 1 when tested in the short transverse direc­

tion . This study should yield information which will help to define the 

as-received materia l-re lated para meters on weld defect occurrence . 

It is sugge sted that a ll three of the above inve stigations be 

carried out simultaneous ly using the sa me heat of base materia l .  An inves­

tigation of this sort should provide statistica l information upon which the 

probability of defect occurrence could be predicted and thus could be help­

ful when used as  a manufacturing quality control technique . 
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APPENDIX 

During the c ours e  of this inve stigation I many artifacts or other­

wis e  inexplicable fea ture s were found on the s pecimen fracture s urface s .  

Most  of the se artifacts were s pherica l or he mis pherica l in nature and 

appe ared to have an oxidized s urface or skin . 

An  exa mple of one of the s e  feature s can be seen in the SEM micro­

gra ph in Figure 3 5A .  This feature is rough ly he mis pherica l in shape but 

h a s  a s light tendency to wet the fracture s urface . The thick " col lar " 

around the ba s e  o f  the "blob " in this figure re s e mbles a taffy a pple whose 

candy c oa ting ha s be gun to run from the s urface . The arrows indicate 

ripples  which proba bly formed a s  the "blob " s truck the fra cture surface 

and s ol id ified . Some cracks are vis ible on the s urface of the " blob " . 

A bright fiber can be seen on the fra cture s urface . S imilar bright " charged " 

fra g ments are often e ncountered in SEM micros copy . Figure 3 5 B  shows the 

"blob " at  S O OX ma gnification . At this ma gnifica tion a s olidification struc ­

ture bec o me s e vident . The crack s  appear to be pre s ent only in the outer 

c overing which is proba bly an oxide fil m .  Where the c overing ha s cra cked 

and broken a wa y  I a coarser s olidification structure is s e en . This struc ­

ture is  a pparently due to meta llic s olidification in the bulk of the "blob " . 

Feature s s uch a s  the se most probably res ult from molten particles pro­

duced durin g  a bra s ive cutting of s a mples  and s pecimens from the fractured 
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(A) 2 O OX 

( B) 5 0 0X 

Figure 3 5 . SEM micrographs of "blob " found on an  N - 1 5 5 fra cture 
s urface . 
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we lds . The se molten particle s fe l l  or were prope lled onto the fracture 

s urface s .  The se "blobs " are definite ly not re lated to the fracture proce s s  

a n d  are true artifacts . 

O ften many completely s pherica l particle s are found on the frac­

ture s urface s . Thes e  s phere s may range in s ize  from 1 to 3 0 0  )l .  The 

SE M micrographs in Figure 3 6  show one of the larger (3 0 0  p) s phere s 

which is  wed ged in a crevice on a Wa s pa loy fra cture s urface . When 

vie we d  a t  higher ma gnifica tion , the s phere appears as shown in Figure 

3 6 B .  The s urface appears to be oxidized . In an a tte mpt to better under­

stand the s e  feature s ,  this s pecimen wa s nickel-plated  and the n  carefully 

s ectioned s o  that the interna l s tructure of the s phere could be revea led . 

Figure 3 7A ,  a light micrograph a t  l O OX ,  shows a cro s s  sectiona l view of 

the s phere as it is loca ted within the crevice . The s urrounding gra y mate ­

ria l is the nicke l-plating which wa s added to improve edge and s phere 

retention . The upper black re gion is a void s pace which is located 

entire ly within the s phere . The black region is a void s pace where the 

nicke l-plating did not complete ly fil l  the crevice . Figure 3 7B is a S O OX 

ma gnification microgra ph of the s phere . The arrow in Figure 3 7B indicate s 

a thin oxide fil m which covers the s phere . The dark gra y , circular area s 

within the s phere are probably oxide particle s .  E D  s pectrography indi­

cated that s ome regions of the s phere contained high concentrations of 

chromium whe n  co mpared to the bas e  materia l .  Aga in this feature is most 
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(A) 47X 

(B) 9 5 08 

Figure 3 6 . SEM microgra ph s of large s pher ical particle . 
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(A) l O OX 

(B )  5 0 0X 

Figure 3 7 . Light microgra phs of s phere s hown in Figure 3 6 . 
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probably the re s ult o f  abra sive cutting which often produce s  molten par­

tic le s .  The fact tha t th is feature is a l most  perfe ctly s pherica l and is 

coated by an oxidized  fi lm  s ugge sts tha t the s phere wa s formed and s olid­

ified during trans it to the fra cture s urface . The crevice in which it wa s 

found s erve d  t o  re ta in it on the fracture s urfa ce . 

Many s ma ller ( l  to 1 0  ).l) s phere s which were obs erved on the fra c­

ture s urfaces  differed in appearance from those previous ly discus s ed . 

The s e  s ma ller s phere s had e s sentia l ly no oxide covering and the s olidifi­

cation s tructure wa s c learly observable over the entire s urfa ce . Two such 

s ma l l  ( l  p) s phere s are shown in the SE M microgra ph which a ppears in 

Figure 3 8 . The se s pheres can be seen ne stled within a depre s s ion . 

Figure 3 9A shows the se sa me s phere s at 5 O O OX ma gnification . The s o lid ­

ification s tructure is plain ly vis ible . An x-ray area ma p using iron -K Q( 

radiation for this sa me area is shown in Figure 3 9B . This x-ra y area map 

qua litative ly shows tha t  the s phere s are re la tive ly high in iron whe n  com­

pared to the s urrounding fra cture s urface . 

A s lightly larger and hollow sphere is shown in the S E M  micro­

gra ph in Figure 4 0 . E D  s pectrography of this s phere indicate s high iron 

a s  co mpare d  to the s urrounding fra cture s urfa ce . Many hollow s phere s 

were encountered in this study . The cavity within the s phere s ugge sts 

that  a ga s or va por pha s e  played a role in its forma tion . The s ma ller 
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Figure 3 8 .  SEM micrograph of s mall  sphere s on fracture fa ce of 
Inconel 62 5 .  S OOX 

1 0 0  
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(A) 5 0 0 0X 

( B) 5 0 0 0X 

Figure 3 9 . High magnification SE M micrograph a nd iron-K o< radia­
tion area ma p of s pheres shown in Figure 3 8 .  
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Figure 4 0 . SEM microgra ph of hollow s phere . 1 O O OX 

1 02 



www.manaraa.com

1 0 3 

s phere s ( 1  to 1 0  p) were numerous and not chara cteris tic of any particular 

fra cture mode , thus it is fe lt that s pheres in this s ize ran ge are inclu­

s ions or are the re sult of particle formation due to therma l effects in the 

ba s e  ma teria l .  They are exposed during the fra cture proce s s .  
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