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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, high strength alloys. Emphasis is on the material-related
phenomena instead of the more commonly studied welding process 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, and elemental analysis of distinctive fracture features was
determined using the ancillary energy dispersive x-ray system. When the
fracture surface analyses were completely documented, metallographic
sections through distinctive features were examined using a bench
metallograph.

The base 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, in turn, determines the fracture surface appearance énd weld
ductility.

A dimpled appearance predominated on every fracture surface
studied. One exception to the microvoid fracture mechanism is crack

propagation through an entrapped oxide film which formed during flashing.

1ii
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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
has this morphology. All other flat spots and streaks are caused by bands
of high particle density 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,
flat spots and streaks appear flat at low magnification but most exhibit
dimples at high magnification. These dimples are considerably smaller
than those on the adjacent low particle density fracture surface.

In conclusion, this investigation showed that the base material
microstructure can exert a marked influence on the occurrence of flash

weld defects.
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CHAPTER I
INTRODUCTION AND HISTORICAL REVIEW

Flash welding is a resistance welding process which is used to
produce high quality ring products and other welded parts at high produc-
tion rates. Tubing, bar stock, forgings, 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, little or no weld edge preparation is required

*
(1, 2) . The weld is generally as strong as the base metal, and its duc-

(3) . The fatigue prop-

tility varies from 30-70 percent of the base material
erties of flash welded joints, after the upset is removed, 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, many dissimilar metal joints are possible.

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

United States. One significant automotive application is in the production

*
Superscript numbers in parentheses refer to references entered

in the List of References.
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(1, 2)

of wheel rims for cars, trucks and buses Aircraft landing-gear and

(1,2)

railroad rails are joined using flash welding . Fittings for petroleum
industry drilling pipe are attached by flash welding(l) . The miter welds
in window frames for the automotive and building industries are flash

4. 2)

welde . Band-saw blades are flésh welded into continuous loops

2) . Probably some 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 missile component fabrication(l) .
As previously mentioned, flash welding is a resistance welding
process. The workpiece or pieces are clamped in current-carrying fixtures
called platens. One platen is movable and the other is stationary. The
process is begun by advancing the movable platen until the workpieces
are brought into light contact. As contact is made, current flow is initi-
ated. This current is very high in amperage, and the voltage is low.
Typical currents are given in terms of tens of thousands of amperes, and
some machines are capable of producing over 65,000 amperes. Because
the voltage is only about 4-10 volts, 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 action, 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

www.manaraa.com



advancement is correct, the heat generated by the flashing will raise a
small region adjacent to the faying interface to the desired forging tem-
perature within the plastic range. This usually takes from 1-60 seconds.
Then the speed of the moving platen is suddenly increased 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 flash on the part. This flash is normally removed by scarf-
ing, grinding, or machining, and the parts are ready for use or other fabri-

cation steps.

Flash Welding Process Variables

The production of defect-free flash welded parts requires an under-
standing and control of many welding variables. All process variables may
be classified as 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 is 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 clamping

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

function of time.

4. Flashing voltage.

5. Flashing burnoff - the material consumed during flashing.

Frequently several different combinations of flashing variables
will yield approximately the same temperature distribution, but the optimum
set is the one which requires the smallest flashing burnoff and the least
time(s) .

A preheating cycle is sometimes used in the welding of heavy
sections because the elevated temperature of the work interfaces permits
easier starting and sustained flashing at a lower operating voltage(3).
Preheating can also reduce the flashing burnoff because the desired tem-
perature distribution can be obtained in a shorter flashing time(z). The
preheating is accomplished by resistance heating (IZR) of the joint under
pressure in the flash welder.

The initial extension will affect the temperature distribution and
thus the size of the resulting plastic zone. Unequal extensions of the
two workpieces 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 workpieces(z) .

A good flashing pattern will allow continuous flashing and thereby

yield the desired temperature distribution with the least flashing burnoff
(2, 3)
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Although it has been shown that the temperature distribution is not

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

Riley(s)

showed that the size of the craters formed on the flashing inter-
faces by the expelled molten material is minimized as the flashing voltage
is decreased. The desirability of producing only small shallow craters
during flashing will be covered in greater detail later in this report.

(3)

The following upset variables must be controlled to produce
optimum results:

1. Rate of closure.

2. TFlashing current cut-off time.

3. Upset force.

4, Upset velocity and distance.

S. Upset current magnitude and duration.

The rate of closure must be fast 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 upset 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 be great enough to close all voids and to expel the molten

(2)

metal and impurities from the workpiece cross sections ' ’,

www.manaraa.com



The upset current must counterbalance the heat loss so that the
required upset force is not greatly increased. If this is the sole purpose
for the upset 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-

(3)

ate at some time after the completion of the weld .

Flash Weld Defects

Flash welding is normally a completely automated process 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 classified as to their
origin as either mechanical or metallurgical defects(a) . A typical example
of a mechanical defect is the inferior weld caused by misalignment of the
workpieces in the welding machine. Metallurgical defects are usually

3) . The most probable

associated with material defects or heterogeneities
cause for rejection of flash welds is related to mechanical defects such
as misalignment of the workpieces. These defects are easily 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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2. Intergranular oxidation.

3. Decarburization,

4. \Voids.

5. Cast metal at bond line.

6. Oxides and other inclusions.

7. Flat spots.

'i‘he cause and/or prevention of the first six types of defects have
been studied to some extent.

Cracking in flash welds can be divided into two categories depend-
ing upon the temperature of formation: (1) cold cracking and (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 ! 3).

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.

(6)

In stainless steels, Williams 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 ductility. 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 increased amounts
of chromium, manganese, molybdenum and decreased nickel. They found
that this network was 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 increase as the flashing time increased. The network was found
to nearly disappear after a heat treatment at 105 00 C for one hour. The
second 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 clamping die. Removal of the oxide
film from the workpiece clamping surfaces by grinding will usually elimi-
nate this problem. Improper 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 as a bright band on the polished and etched surface of a
flash welded steel specimen which is cut transverse to the weld line.

(8)

Forostovets and Dem'Yanchuk studied this phenomenon in several heavy
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section grade steels. They cut samples at oblique angles to the bright
band in an effort to mggnify its width. Their metallographic studies
showed that the bright band could be divided into three sections: (1)
center, (2) edge and (3) transition zone (between bright band and parent
metal). The chemical concentrations in each region were determined by
spectrographic analysis. 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 minimum 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 hardness, ductility, and strength. The authors attrib-
uted the chemical heterogeneity to a redistribution of the alloying elements
and impurities between the solid and molten metal present at the interface
during flashing.

(9) showed that the bright band

Another study also by Forostovets
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, voids, 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
upset( . 3) . As previously mentioned, craters are formed on the faying

interfaces by the expulsion of molten metal during flashing. If the voltage

(5) (10, 11, 12)

is too high , violent

(10)

or the platen speed is held constant
flashing occurs and deep craters are formed. Johnson's work indicated
that there is a minimum upset length for complete elimination of these weld
defects. An upset length less than this results in numerous defects

(13)

because the craters cannot be totally removed. Kilger found oxidized

craters on the fracture surfaces of specimens exhibiting low fatigue
strength. He attributed this to insufficient upset. Hess and Muller(M)
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 mechanisms. The
smooth, irregular shaped areas indicated by arrows in Figure 1 are flat
spots on the fracture surface of a flash welded Hastelloy X sample. Figure
2 is a 100X 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, 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
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Figure 1.
welded Hastelloy X sample. The arrows indicate the presence of flat
spots. 1.5X

Macrograph of the mating fracture surfaces from a flash

11



Figure 2. Scanning electron micrograph of some flat areas on the
fracture surface of a flash welded Hastelloy X sample. 100X

12



Figure 3.

Higher magnification scanning electron micrograph of

flat areas seen in Figure 2. 300X

13
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other areas and in other alloys, numerous inclusions and very small
dimples appear. This is in contrast to the rougher, larger dimpled area
shown separating these flat areas. Barrett's metallographic investigation
(15) of some flash welds made in large diameter, heavy wall alloy steel
tubes revealed flat spots on fracture surfaces of numerous samples. 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 and included silicates and aluminates. He did not mention
his analytical technique. It was stated that higher chromium steels were
more prone to contain chromium oxides and the resulting flat spots. In an
effort to prevent the formation of these oxides, Barrett introduced shielding
gas into the flashing region by directing the flow through one of the tubes
to be welded. He found that the number and size of flat spots were reduced
by the addition of the gas atmosphere, and that hydrogen was more effective
than city gas. It appears that when a featureless flat spot occurs it prob-
ably is the result of flattened oxidized craters. This has been documented
in this study also.

(16)

An investigation by Nippes, et al . which included microhard-

ness tests and metallographic studies, showed that the flat spots in steels
are usually surrounded by high-carbon martensite. Faulkner and Shaw(n)
observed fine-grained, lenticular defects in metallographic samples made

from flash welded railroad rails. Examination showed that the decarburized

region at the weld line split and surrounded the lenticular defects which
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were high in carbon content and hardness. These defects were also
enriched in sulphur and phosphorus. When the platen speed 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

(17) observed that flat

these defects yielded flat spots. Gordon and Young
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 attributed to a con-
centration of carbides in the base material.

(18)

Sullivan and Savage studied the effect of varying the electronic
phase control during flashing upon the occurrence of flat 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 section. 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 metal and by reaction with gases in the ambient atmosphere.
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The resulting solidified material exhibits reduced ductility and appears as
a flat spot when the specimen is fractured.

Although the above theories have been suggested for the cause of
flat spots, none has been universally accepted. A better understanding of
this phenomenon is necessary because the presence of flat spots reduces
the ductility of welded joints. The problem is compounded by the fact that
a satisfactory nondestructive test for detection of flat 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 flash welded high

temperature, high strength alloys.
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CHAPTER II
MATERIALS AND PROCEDURES

Materials

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 alloy were supplied by
American Welding and Manufacturing. The composition of these iron-nickel

(19)
base alloys is given in Table I .

Hastelloy X is a nickel-base alloy which has good strength and
oxidation resistance up to 2200° F. Its strength is obtained from carbide
precipitation and the solid solution effect of columbium and molybdenum

(20, 21)
in the primarily nickel matrix . This alloy 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

o o .(22)
to 1500 F and moderate stresses up to 2000 F . 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(zz) .

17
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TABLE I

THE COMPOSITION OF IRON-NICKEL BASE SUPERALLOYS USED IN THIS INVESTIGATION

Alloy Ni Cr Co Mo Fe C Others

Inconel 625 Bal 22.5 9.0 5.0 max 0.05 3.6 Cb, 0.2 Mn, 0.3 Si

Alloy 718 Bal 19.0 3.0 18.0 max 0.04 5.0Cb, 0.6 Al, 0.8 Ti,
0.2 Mn, 0.2 Si, 0.1 Cu

Hastelloy X Bal 22.0 1.5 9.0 18.5 0.10 0.5 Mn, 0.58i, 0.6 W

Waspaloy Bal 19.5 13.5 4.3 2.0 max 0.07 3.0Ti, 1.4Al1, 0.09 Zr,
0.006 B

N-155 20 21.0 20.0 3.0 Bal 0.15 2.5W, 0.15§ N, 1.0 Cb,

1.5 Mn, 0.5 Si

www.manaraa.com
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(23)

Inconel 625 is basically 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
to 20000 F. Strength is obtained by the solid solution effect of molybdeum
and columbium in the nickel-chromium matrix(21 . 22) . Carbides (MC,
MGC or M2 306

their contribution to material strength is insignificant. This versatile

) and nitrides may be present in the microstructure, but

material is used for jet engine components, chemical processing construc-
tion and specialized sea water equipment.

Alloy 718 and Waspaloy are two nickel-base alloys which depend
upon the precipitation of gamma prime for their strength. This phase and
its strengthening effect are retained at high service temperatures. Alloy

(24)

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

temperatures from -4230 F to 1300o F. It is strengthened by the coherent
(24)

Ni3 (Cb, Al, Ti) phase . Waspaloy is also a high strength, corrosion-

resistant alloy which is primarily strengthened by the precipitation of Ni

3
(Al, Ti) during aging(ZS) . Both alloys are used in making aircraft turbine

engine parts while only Alloy 718 is found in cryogenic applications(z 4) .

Equipment

Use 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-
mission microscopes in terms of magnification and resoliution. 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, practically no specimen preparation is required since the sur-
faces are examined directly thereby eliminating the possibility of replica
artifacts.

The scanning electron microscope shown in Figure 4 utilizes a
focused electron beam which is scanned on the specimen surface in a
two-dimensional raster(zs' 27, 28) . Interaction of the electron beam with
the specimen produces the various signals shown in Figure S. The secon-
dary or back-scattered electrons are collected in a scintillation counter
whose amplified signal is fed into a cathode ray tube which is scanned
synchronously with the electron beam. The lower energy secondary elec-
trons must be accelerated into the counter by a positively-charged grid.
The result is a realistic image on the cathode ray tube which has a three-
dimensional appearance due to secondary emission characteristics and the
SEM's large depth of field. The image contrast(zs’ 27) is produced by
differences in surface topography, atomic number, and secondary emission
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 appear 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 um at 15X
with quartz optics and violet radiation 0.08 um at 1200X

ultra violet radiation
Scanning 20-50,000X 100 § to 10,000X 1000 um at 100X
Electron 10 um at 10,000X

5 R at 500,000X

Transmission 200-300,000% 500 um at 4000X

Electron 0.2 umat 500,000X

Source: J. Temple Black, "SEM: Scanning Electron Microscope," Photographic Applications in
Science, Technology, and Medicine, 4(16), pp. 29-44, 1970.
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Figure 4. Schematic diagram of scanning electron microscope.

Source: R. F. Brandon (ed.), “Electronic Imaging Techniques,"
Techniques of Metals Research, Vol. II, Interscience Publishers, New
York, pp. 89-91, 1968.
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Figure 5. Signals generated in the scanning electron microscope.

Source: ''Modern X-Ray Analysis II, " EDAX International, Prairie

View, Illinois, 1972.
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bright because of the associated high secondary electron emission
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
characteristic x-rays, shown in Figure 5, which are produced when the
electron beam 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--ray(29 ! 30). The charge pro-
duced by the detector is amplified 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 appropriate
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 simultaneously analyzed with only one orientation

(29, 31) . In contrast, wavelength dispersive (WD) tech-

of the specimen
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 possible although true quantitative analysis
is not(sl). 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 necessary corrections can be made
for absorption, atomic number, and characteristic and continuum fluores-
cence(32) . 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 resolve energies of less than 1 Kev. This difficulty is due
primarily to the thin beryllium window which protects the detector from

contamination(3 1, 32) .

Experimental Technique

Longitudinal and transverse base metal specimens were cut from
each alloy using an abrasive wheel. These specimens were mounted in
epoxy and rough polished using silicon carbide papers. This was followed
by hand polishing on 6 n diamond paste. Final polishing was performed by
hand using 1 p alumina, liquid detergent and water. All specimens were
heated in running tap water before etching with aqua regia (80 percent HCI
+ 20 percent HN03) . Metallographic examination 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 examined and photographically recorded

using the AMR Model 900 scanning electron microscope. Elemental
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analysis of the distinctive fracture features (e.g. flat spots) was accom-
plished using an Ortec energy dispersive x-ray system (Model 6200 multi-
channel analyzer) which is an auxiliary part of the SEM. Semi-quantita-
tive x-ray analysis was performed using the spot analysis technique.
Tantalum foil was used to prevent influence of the aluminum specimen
holder. Enlarged apertures and a large number of total counts (200,000)
yielded rapid and comparative data.

When the fracture surface analyses were completely documented,
metallographic sections were prepared by welding wire markers adjacent
to features to be investigated optically. The samples were then nickel
plated (to improve specimen edge retention during polishing), cut, and
mounted. Soft-fired alumina powder was added to the epoxy to further
aid in retaining the specimen edges. The specimens were ground until
the wire markers were observed and then polished in the normal manner.
A final polish on .5 u diamond paste in a Syntron vibratory polishing
machine was utilized in addition to the previously mentioned polishing
procedure. The specimens were then etched and examined. Selected
regions were analyzed 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 process 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 process parameters, occasions arose where the normal techniques
failed to produce the desired results. Thus, it appeared that the material
variables were quite often as important 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 has 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 capability. Through the use of this instrument, rapid
and definitive conclusions can be reached regarding fracture mode, macro-
scopic and microscopic ductility, and the role of inclusions or second
phase particles on the nature and morphology of flat spots in flash welds.
Thus, the emphasis 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 flash welding applications involve the use of
wrought products. The origin of most wrought products is an ingot derived
from a melt. Inherent in the original solidification process is alloy segre-
gation and grain size and shape variation. During subsequent mechanical
treatments to reduce the ingot to the desired 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 process. For
example, bar stock 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, grain size variation may
be evident. Precipitate morphology may also follow the banding pattern.
For simple geometries such as bars or plates, the banded microstructu.ral
pattern is likewise relatively simple 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 discussed above. Figure 6 shows the microstructure of
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(A) Longitudinal section. 100X

(B) Transverse section. 100X

Figure 6. Micrographs of banding in Waspaloy base material.



30
longitudinal and transverse metallographic sections cut from the Waspaloy
base material used in this study. Alternating bands of large and small
grained regions are evident in Figure 6A. The small grains were caused by
the high particle densities in the bands which pinned the grain boundaries
during the thermal-mechanical treatments. Figure 6B shows the flattened
particle bands as they appear in a transverse section. The relationship
between particle density and grain size is more evident in this section.
Waspaloy was the only alloy in this study that exhibited such a large varia-
tion in grain size.

The Hastelloy X base material also contained extreme banding as
seen in the longitudinal metallographic section shown in Figure 7. The
microstructure is composed of alternating bands of light and dark regions.
Figure 8 shows that the darker etching regions consist of a finer grain size,
and the grain boundaries are filled with second-phase particles. The par-
ticles are not evident in the lighter etching regions, and the grain size is
larger.

Figure 9 is a micrograph of a longitudinal section from the Inconel
718 base material used in this investigation. The microstructure shows
little banding other than particle stringers. The grain size shows random
variations. This microstructure is also closely representative of the N-155

and Inconel 625 base materials which were also investigated.
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Figure 7.
material. 100X

Micrograph of longitudinal section from Hastelloy X base



(A) Light band. 500X

(B) Dark band. 500X

Figure 8. High magnification micrographs of bands from Figure 7.
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Figure 9. Longitudinal microstructure of Inconel 718 which is also
representative of N-155 and Inconel 625. 100X
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Effect of Microstructure on Fracture Propagation

Due to ingotism and its subsequent alteration by mechanical work-
ing, 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. Lamellar tearing normally occurs under a weld
bead where shrinkage strains 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
inclusions and the matrix(33 . 34) . This nucleation of voids results in a
series of "dimples" on the fracture interface. The inclusion spacing within
the microstructural bands is such that a relatively small amount 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, this low ductility
fracture mode is often evident in flash welds for almost identical reasons.

Actually, the number of possible fracture modes in the alloys
studied is quite limited. There are only three major modes of fracture(35) :
(1) cleavage fracture, (2) plastic fracture, and (3) intercrystalline fracture.
Cleavage fracture, which occurs by separation normal to crystallographic
planes of high atomic density, 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 plastic 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 cross sec-
tion approaches zero before failure. This results in a fracture surface
which resembles 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
less 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(ss) . 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. As previously described, this is a localized plastic
rupture process.

(37)

Passoja 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 assumed 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:

CVN = 2.32 iz.o

where

CVN = the impact strength in foot-pounds.

th
]

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 parameters for other alloys 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 smaller dimples than its surroundings required less energy
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to fracture. The total strain to fracture varies in a like manner because
the smaller the interparticle spacing the lower the total strain to failure.

Widgery(3 8)

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 Passoja and Widgery are really comple mentary.
Passoja 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 all particles in his analysis
while Passoja 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 decreases 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 shown schematically in Figure 10. In fact, some of the bands

become almost parallel to the weld interface. When this happens, the
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Face A

P
=
=z

Face B

Figure 10. Schematic diagram of flash weld.
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short transverse properties become, in essence, longitudinal properties
at the weld interface.

In addition to the mechanical treatments received during the flash
welding, 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, dis-
solution of second-phase particles may occur. Figure 11 shows the micro-
structure of Hastelloy X at three different distances from the weld interface.
The disappearance of the carbides as the weld interface is approached is
the result of dissolution due to thermal cycling. In some instances, repre-
cipitation of the dissolved particles may also be observed. If the thermal
cycle is rapid enough, constitutional liquation may occur in some alloys.
Figure 12 shows evidence of constitutional liquation in flash 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 slow bend test using three point loading. This test yields
qualitative ductility 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, the
fracture faces are examined for flat spots, oxides, and other deleterious

features which indicate reduced ductility and therefore reduced formability

of the part.
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(A) .005 inch. 750X

(B) .050 inch. 750X

(C) .150 inch. 750X

Figure 11. Carbide population at various distances from the weld
interface.
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Figure 12.
specimen. 750X

Constitutional liquation in flash welded Hastelloy X
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The phenomena described in previous discussions concerning
banded microstructure, lamellar tearing, and deformation of the micro-
structure during welding can be used to predict fracture paths for slow
bend specimens. The orientation between the banded microstructure and
the crack initiation notch will influence the fracture path. If the weld
joint is significantly upset during welding, the banded structure will be
oriented approximately parallel to the weld interface. First assume that
the weld is notched at the weld interface in face A, Figure 10, page 38.
The fracture will progress from the root of the notch along the weld inter-
face. If the microstructural bands contain many particles with a small
interparticle spacing, fracture will progress by void coalescence along
the bands with little total strain. Thus, the weld will exhibit low duc-
tility. This is shown schematically in Figure 13A. A similar fracture
path would be followed if a brittle oxide film were present at the weld
interface.

If the weld joint is properly upset, the deformed banded micro-
structure will appear similar to that shown schematically in Figure 13B.
In this case, a crack which initiates from a notch in face A again propa-
gates along a path of least resistance. This path is usually along the
curved and banded structure for the same reasons stated above. As the
propagating crack becomes almost parallel to the principal stress, it stops
and then crosses the more ductile matrix regions between the inclusion/

segregate bands. When the propagating crack reaches another favorably



(A) Overly upset

(B) Proper upset

Figure 13. Effect of flash welding upset upon the fracture path for
slow bend specimens having banded microstructures.
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oriented band, the process is repeated resulting in a streaked or shingled
fracture appearance. A streak is a long, narrow fracture feature in which
the ductility is relatively low, and, thus, the surface is relatively flat.
The streaks are separated by rougher and more ductile regions. The
shingled appearance results from wider bands of inclusions which fracture
for only a short distance before the crack changes direction and propagates
to the next inclusion band. The process continues in this manner and
interconnects many particle bands to form the characteristic shingled or
stair-step appearance. Thus, the shingled appearance indicates a series
of interconnected low ductility regions which exhibit a more equiaxed
aspect ratio than streaks. These features will be more adequately dis-
cussed later.

The influence of the orientation between the deformed banded
microstructure and the crack propagation direction can be revealed by com-
paring the fracture originating at the weld notch in face B with the above
discussed fracture which initiated from a weld notch in face A. When the
crack initiates along the notch, the crack front is presented with a micro-
structural variation which differs from point to point. This variation is
symmetrical about the midplane of the specimen. The structure which is
intersected by the propagating crack remains essentially similar as a func-
tion of propagation depth at the same location along the crack front.

Since 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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faces (A or B) the fracture is initiated on, different fracture paths will be
followed. Therefore, the fracture faces will differ in appearance as seen
in Figure 14. Thus, the fracture appearance of the same structure is
strongly dependent on fracture propagating direction.

The materials welded in this study did not have simple cross sec-
tional shapes such as round, square, or rectangular bar stock. In con-
trast, these materials took the form of complex configurations such as
those used in the aerospace industry. By utilizing these complex configu-
rations which approximate the cross sections of the final product, large
savings can be realized in material and machining costs. The banded
microstructures of these complex configurations will yield rather compli-
cated deformation structures when upset during flash welding. Thus,
many different and changing orientations between the propagating crack
and banded microstructure will be encountered as the fracture progresses
through these specimens. As a result, the fracture faces can be expected
to exhibit a rather complicated appearance which varies from one point to

the next.

Macroscopic Examination of Fracture Surfaces

Discussion of the specific fracture surface characteristics will be
more meaningful if some definitions are first described. A flat spot is an
irregularly shaped, macroscopically featureless region on a flash weld

fracture surface whose length and width are of the same order of magnitude.



Figure 14.
face appearance.

(A) Notch orientation A

(B) Notch orientation B

Effect of fracture propagation direction upon fracture
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Although some of the literature differentiates between flat spots and
penetrators, this study will not since a penetrator is nothing more than a
flat spot which extends to the surface of the joint.

Figure 15 shows the fracture faces of different flash welded joints
made in Waspaloy. The flash weld fracture B exhibits a fine ductile
appearance. The perimeter of the lower and right-hand sides is slightly
streaked. In contrast the fracture surface appearance of the upper bar is
very heterogeneous. Flat spots (indicated by arrows) can be seen on the
left side and the upper right-hand corner. These flat spots appear shiny
because the relatively smooth surface easily reflects light. The finely
textured central area contains many small elongated crevices which are
the result of delaminations along the banded regions of the microstructure.
Figure 16 shows the fracture faces of two different flash welded joints in
Inconel 625. The weld fracture B, which is representative of good welding
practice, has a fine uniform texture. As indicated by the arrows, fracture
face A contains several flat spots which are surrounded by finely textured
material. The shiny smooth strip along the lower edge of weld fracture B
is the result of arc gouging and is not related to the fracture. Figure 1,
page 11, previously discussed, shows the fracture surfaces from a single
Hastelloy X weld. (These are mating fracture faces.) The shiny flat
spots on these surfaces are indicated by arrows. Relatively flat but

shingled regions separate the majority of the flat spots. This fracture



Figure 15.
in Waspaloy.
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Fracture faces of two different flash welded joints made
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Figure 16.
in Inconel 625.

Fracture faces of two different flash welded joints made
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was confined to the weld interface by notching the specimen with an abra-
sive cut-off wheel as can be seen on the right and left sides of the frac-
ture. Streaks are also evident on these surfaces.

Figure 17 shows the fracture faces of two different flash welded
joints in N-155 material. Again the abrasive cuts which were made to con-
fine the fracture are evident along the sides of the specimen. Fracture sur-
face A exhibits a ductile fracture over the majority of the fracture surface.
Some streaking is evident at the left and along the lower edge. In contrast
weld B contains only flat spots and streaks. This particular weld was
among those exhibiting the lowest ductility of any of the welds investi-
gated. The streaking was very severe occurring over a significant distance
across the weld interface as evidenced by differing fracture surface
elevations.

Figure 18 shows the fracture faces of two different welded joints
in Inconel 71_8. Weld fracture B shows some streaks along the upper and
lower edges. The remaining portion is of a ductile nature. The fracture
surface of weld A is essentially one large, pockmarked flat spot and is a
fracture indicating extremely low ductility. The pockmarks are flat spots

differing in fracture surface elevation.

Microscopic Examination of Weld Defects

Macroscopic examination of the weld fracture surfaces revealed

the presence of many streaks and flat spots. To better understand these



Figure 17.
in N-155.

Fracture faces of two different flash welded joints
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made
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Figure 18.
in Inconel 718.

Fracture faces of two different flash welded joints made
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features, microscopic examination using the optical and scanning electron
microscopes was performed.

Figure 19A, an SEM micrograph at 20X, shows the central region of
a fracture face from a weld in Waspaloy. A streak can be seen as one of
the features on the fracture surface. The streaked region departs from the
plane of the fracture face by literally penetrating the surface. This streak
is a manifestation of a microstructural segregate band which was deformed
during weld upset and then exposed by fracture during the slow bend screen-
ing test. The part of the streak which lies essentially on the fracture sur-
face was originally located at or very near the weld interface. The streak
is long and narrow and appears flat and smooth at low magnification when
compared to the topography of the surrounding fracture surface. Figure 19B,
an SEM micrograph at 100X, shows the streak to be relatively featureless
although the surrounding area exhibits dimples characteristic of ductile
fracture. However, when the magnification is increased to approximately
500X, features can be resolved in the streaked area. Figure 20, SEM
micrographs at 500X, show that the topography of the streak is essentially
a series of small dimples while the adjacent surface at the same magnifi-
cation shows relatively large dimples. The dimple sizes are different by
about a factor of 10. Figure 21 shows the streak at approximately 2000X.
Many particles can be seen located within the dimples. These particles

are the initiation sites for void formation and the resultant dimpled
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(B) 100X

Figure 19. SEM micrographs of streak on Waspaloy fracture surface.
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(A) Streak. 500X

(B) Adjacent surface. 500X

Figure 20. SEM micrographs comparing dimple size on the streak
and adjacent area at 500X.



Figure 21.

SEM micrograph of streak at 2000X.
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structure. As previously mentioned, the difference in dimple size means
that the streaked region exhibited less ductility than the surrounding
material.

Two parallel streaks were revealed on the fracture face of the
Inconel 718 weld specimen shown in the SEM micrograph in Figure 22.
Both streaks appear to tunnel into the fracture surface and are bisected by
a secondary crack. At 300X (Figure 23A) the streak appears rather flat
and smooth when compared to the surrounding surface which exhibits many
dimples. When viewed at 3000X (Figure 23B), the streak can be seen to
reveal many small dimples. This is another example which shows that
streaks exhibit dimples which are much smaller than the material charac-
terized by the surrounding fracture surface topography. This difference of
dimple size was evident on all streaks investigated on the weld fracture
surfaces in all the alloys studied. Thus, it can be concluded that streaks
are the result of fracture along microstructural bands which because of
their high particle content fracture in a less ductile manner than the sur-
rounding relatively particle-free material.

Energy dispersive (ED) x-ray analysis was performed on several of
the streaks. When streaks in two different Waspaloy fracture specimens
were analyzed, the data indicated that the streaked regions contained a
much higher concentration of aluminum and a slightly higher concentration
of titanium than did the adjacent area. One of the streaks which was ana-

lyzed appears in Figure 19, page 54, and was previously discussed. X-ray



Figure 22.

SEM micrograph of streaks on the fracture face

Inconel 718 weld sample. 70X

of an
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(B) 3000X

Figure 23. Higher magnification SEM micrographs of one streak
shown in Figure 22.
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analysis of streaks on several different Inconel 718 fracture specimens
showed a similar variation in chemical concentration for aluminum and
titanium. However, the titanium concentration variation in these speci-
mens was more pronounced than that revealed for the Waspaloy specimens.

The indicated variation in chemical composition which was men-
tioned above is qualitative at best. Data of a quantitative nature are dif-
ficult to obtain by ED methods on rough fracture surfaces because of sev-
eral limitations which are:

1. Secondary fluorescence.

2. Varying take-off angle.

3. Limited spectrum sensitivity.

The first difficulty arises because x-rays originating from the analyzed
feature may be absorbed by the surrounding matrix while secondary x-rays
are created and subsequently analyzed by the detector(40' 41) . Thus,

the analysis is misleading. Another difficulty of analyzing rough surfaces
is that the take-off angle varies as a function of position on the surface.
If the specimens were relatively flat or polished, their analysis could be
compared to known standards and with the use of corrective equations
could yield true quantitative results(40) . If particles on the fracture face
are to be analyzed, more accurate results are possible by using an extrac-
tive replica to remove the particles from the fracture face. This replica is

then analyzed using ED techniques. The most accurate analysis of a rough

surface by ED spectrography is achieved by optimizing the specimen tilt
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angle and increasing the working distance. At best, these results will
be semi-quantitative.

Several equipment limitations prevented full spectrum and true
quantitative x-ray analysis of the samples studied in this investigation.
Full spectrum analysis is impossible because the beryllium window which
protects the detector absorbs most of the x-rays produced by elements
whose atomic weights are less than sodium. Thus, this equipment is not
capable of determining whether the particles contain carbon or oxygen.

In addition, the ED system used in this study did not contain a minicom-
puter for performing the numerous and tedious corrections necessary for
true quantitative analysis.

Particle/segregate bands may take on a broad flat character rather
than a thin pencillike configuration. The pencillike configuration results
in streaks such as those just described above where the length to width
ratio is large. As the particle/segregate bands become wider relative to
their length, the streaks take on a more equiaxed shape intermediate
between "streaks" and "flat spots". A region of this sort is shown in the
SEM micrographs of Inconel 718 in Figure 24. The parallel, flat rectan-
gular areas which are separated by rougher, more ductile regions resemble
streaks although they are wider than most. They are also similar to flat
spots since they form regions which are separated from the surrounding
more ductile areas by differences of elevation and fracture appearance.

Flat spots are invariably characterized by abrupt elevation changes from



Figure 24.

SEM micrograph of a fractured intermediate width

particle/segregate band. 100X
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the surrounding more ductile regions. Figure 25, SEM micrographs, shows
this feature at higher magnifications. Many dimples of varying sizes are

visible. Like streaks, these areas fractured by the formation and coales-

cence of microvoids. The bands of particles which nucleated fractures in

these areas were much wider than those resulting in streaks.

The structure shown in Figure 24 was sectioned perpendicular to
the fracture surface to reveal the bulk microstructural features adjacent
to the fracture surface. The sectioning line is also shown in Figure 24.
Figure 26 shows the microstructure at two locations along the sectioning
line. These light micrographs at 750X magnification show typical particle
distributions. The arrows indicate particles appearing on the fracture sur-
face. The fracture surfaces were nickel-plated to help retain the surface
particles. It should be noted that the particles are not randomly distribu-
ted but probably reflect prior particle segregate morphology as modified by
the thermal and mechanical history during welding.

"True flat spots" characterized by broad, equiaxed, low ductility
regions differing in elevation from surrounding fracture surface features
appear to be the result of two primary mechanisms. One mechanism con-
sists of fracture along broad flattened particle/segregate regions in much
the same manner as that described for streaks. The other mechanism
revealed by this study is one in which faying surface oxidation plays an

important role.
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(A) 300X

(B) 3000X

Figure 25. Higher magnification SEM micrographs of feature shown

in Figure 24.



(A) 750X

(B) 750X

Figure 26. Microstructure at two locations along the sectioning
line shown in Figure 24.
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If broad flat microstructural particle/segregate bands are oriented
such that they are essentially parallel to the weld interface and thus per-
pendicular to the principal stress applied during bend testing, a large low
ductility region will generally result from fracture propagation through
these regions. A flat spot which formed by this process is shown in the
SEM micrographs in Figure 27. The previously propagating but now
arrested crack is shown. One should visualize that the fracture surfaces
are created by crack propagation which separates one strata from another
in much the same manner as peeling tape from a flat surface or removing
the outer covering from a banana. When viewing Figure 27A, one should
visualize that the material in the upper half of the micrograph is being
peeled away from the lower flat portion thus creating two surfaces. The
true leading edge of the fracture is seen at only one point along the crack
front shown in Figure 27. This point is at the center of the micrograph
and is characterized by the rough large dimpled region. The leading edge
at the other locations is under the upper peeled portion. The crack front
is thus scalloped while propagating. This is a result of the local varia-
tion in ductility as a smaller strain is required to separate low ductility
regions than the high ductility regions. The broad flat areas exhibit low
ductility because of the high particle density. Figure 27B shows that the
overhang is still attached to the lower surface in the rougher areas. The
two surfaces have already completely separated in the surrounding flat

region. Figure 28 compares the dimple size in the rougher strip (Figure



Figure 27.
bands.

(B) 375X

Flat spot caused by broad, flat microstructural particle
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(A) Rough area. 1500X

(B) Flat spot. 1500X

Figure 28. SEM micrographs comparing the dimple size on the
rough and flat areas of Figure 27.
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28A) with the size on the surrounding flat region (Figure 28B). These
micrographs show vividly that the larger dimpled fracture surfaces have
undergone greater plastic strain than the smaller dimpled areas.

The other mechanism responsible for flat spots is the entrapment
of oxide pools or films at the weld interface. Figure 29A, SEM micrograph
at 100X, shows several dark areas which appear on the fracture face of an
Inconel 625 weld sample. These areas are surrounded by a dimpled frac-
ture surface. Figure 29B shows one of the dark areas at higher magnifica-
tion. Figure 30A shows the dark area at still higher magnification (3000X)
where the dark area appears rather flat and is cracked similar to a dried-
up mud puddle. A larger but similar dark area from the same sample was
sectioned by cutting perpendicular to the fracture face. A micrograph
representative of the polished specimen at the fracture edge appears as
shown in Figure 30B. The dark color and shape of the surface constituent
indicates that it is an oxide. ED spectroscopy indicated that titanium and
aluminum were major constituents of the oxide area while, in contrast,
adjacent areas of the fracture face contained only minor concentrations of
these elements. Since these two elements are probably the most easily
oxidized of all the elements contained in this alloy, this composition
difference would be anticipated if oxidation of the faying surface had
occurred during flash welding.

Figure 31, an SEM micrograph at 100X magnification, shows a flat

spot on the fracture face of a Hastelloy X flash weld. At this low



(B) 300X

Figure 29. SEM micrographs showing dark areas on the fracture
face of an Inconel 625 weld sample.
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(A) SEM micrograph. 3000X

(B) Light micrograph. 500X

Figure 30. High magnification SEM and light micrographs of the
dark area shown in Figure 29.
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100X

Figure 31.

Flat spot on fracture face of a Hastelloy X flash weld.
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magnification, the flat spot resembles a mesa which is divided by a
rougher region. Figure 32, SEM micrographs, shows this flat spot at
successively higher magnifications. At 3000X (Figure 32C) the flat spot
exhibits some dimples which appear to be partially filled by a scaly oxide.
Although this brittle appearing oxide is not continuous over the affected
area, its presence is deleterious enough to reduce the ductility of the
welded joint. This specimen was sectioned perpendicular to the fracture
face and through the flat spot. After polishing and etching, optical micro-
graphs were obtained from the region at the fracture interface. Figure 33A
and B, light micrographs at S00X and 750X, respectively, shows typical
areas along the interface of the flat spot. (Note the sunburst effect which
appears in the upper half of each micrograph. This is the nickel plating
which was added for improved edge retention during polishing.) Oxide
films can be seen along the interface and just below the surface of the
flat spots. X-ray analysis indicated that aluminum was present in this
oxide film, but it was not detected in the rougher, more ductile area which
divided the flat spot into two distinct regions. Aluminum is not an inten-
tional alloying element in this alloy, but it is often present in the scrap
material which is added to complete a furnace charge.

Occasionally a flat spot indicates the presence of both an oxide
film and an area exhibiting high particle density. Figure 34, SEM micro-
graphs at 15X and 170X, illustrates such an occurrence. The peeled-up

area is an oxide film which constitutes a portion of the flat spot. The
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C) 3000X

(A) 300X
(B) 1000X

(

Flat spot shown in Figure 31 at higher magnifications.

Figure 32.



75

-~ : . -
e e A SO e
-\ TR -

B |
CHE oy - < 3 7

(B) 750X

Figure 33. Light micrographs showing typical areas along the inter-
face of the flat spot shown in Figure 31.



spot.

Figure 34.

(B) 150X

SEM micrographs of pockmarked oxide film on a flat
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oxide film is pockmarked by numerous particles. Figure 34A, page 76,
also shows the shingled feature which was previously discussed but not
illustrated. The shingled region exists to either side of the flat spot.
The shingles are caused by the interconnection of parallel particle/segre-
gate bands which have been fractured for only short distances and then
sheared across more ductile regions to another similarly oriented particle/
segregate band. These features are often found on flash weld fracture sur-
faces and while not considered "flat spots" are never-the-less regions of
low ductility.

The data which this investigation has yielded show that the base
material microstructure is often as important as the process variables in
influencing the ductility of a flash welded joint. For a given set of pro-
cess parameters, the ductility of a welded joint may have a significant
dependence upon the microstructure of the base material. The results of
this investigation also imply that the process variables may be altered to
minimize the deleterious effects of the base metal microstructure.

For example, a clean and lightly banded base metal may be upset
significantly during welding so that the microstructural 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 significant degree
may be an advantage in eliminating crater related oxide films. However,
a heavy upset in a deleteriously banded base material may result in con-

tinuous.low ductility fracture paths at the interface and this alone would
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produce an unacceptable weld. In this case, a minimum upset would be
in order even though the formation of crater related oxided films would
be enhanced.

There may be cases in which the base material is so adversely
banded that it would not be possible to produce a weld of suitable duc-
tility. If sufficient documentation were available for a given base mater-
ial, it would be possible to establish weldability acceptance criteria
based on the microstructure of the as-received materials.

Many specimens were examined in which the base material micro-
structure adversely affected the ductility of the welded joints. The defects
used for illustration in the foregone discussion are only a few of the many
similar appearing features which were uncovered and studied in this
investigation.

The streaks shown in Figures 19 through 21, pages 54 through 56,
respectively, and Figures 22 and 23, pages 58 and 59, respectively, were
caused by the particle/segregate bands which were preferential paths for
fracture propagation. The numerous particles nucleate microvoids which
propagate for only short distances before intersecting neighboring micro-
voids to form adjacent dimples on the fracture faces. Thus, the particle
bands became streaks or flat spots whose dimples are much smaller than
those on the adjacent surface. These particle/segregate bands fractured
easily because the high particle densities reduced the total strain to‘fail—

ure and thus the ductility. The flat spot shown in Figures 27 and 28,
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pages 67 and 68, respectively, resulted from a flattened particle/segre-
gate band or bands. In contrast, the flat spots shown in Figures 29 and
30, pages 70 and 71, respectively, and Figures 31 through 33, pages 72,
74, and 75, respectively, were caused by incorrect process variables
such as insufficient upset, non-parabolic platen movement, and/or
excessive voltage which resulted in entrapment of brittle oxides. These
oxides were found by ED spectrography to be enriched in aluminum and
titanium.

Other material-related phenomena may affect the ductility of flash
welded joints. The imposed thermal cycle may cause dissolution of
second-phase particles. The dissolution of these particles should raise
the yield strength near the weld interface because of an enhanced solid
solution strengthening effect. Reprecipitation of these particles is also
possible, and the most probable sites are along grain boundaries. A net-
work of grain boundary precipitates could be detrimental because it forms
a fracture path which requires little strain to failure by nucleation and
coalescence of microvoids. In addition, the thermal cycling may cause
constitutional liquation of some particles which can both enrich the sur-
rounding matrix and possibly wet grain boundaries resulting in intergranu-
lar failure during subsequent fabrication operations or in actual service.

(18)

Other investigators have proposed that flat spots are caused
by entrapped liquid metal pools of modified composition which solidify

to_ become brittle regions at the weld interface. No indication of entrapped
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liquid metal pools was found in any samples from this investigation. How-
ever, it must be recognized that the upset of the material during the flash
welding cycle may completely obscure this phenomenon. Recrystallization
can and does take place during cooling at the weld interface after upset,
and this too tends to obliterate some high temperature microstructural
phenomena.

To reiterate, this investigation showed that when flat spots appear
on a flash weld fracture surface they usually exhibit upset, flattened, and

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

The fracture morphology studies conducted on flash welds in five

iron-nickel base superalloys yielded the following conclusions:

1. The base materials used in this study exhibited banded micro-
structures in which the particle/segregate bands were elon-
gated primarily parallel to the longitudinal axis. The orienta-
tion between these banded microstructural features and a
propagating crack influence the fracture path. This, in turn,
determines the fracture surface appearance and weld ductility.

2. The complex geometrical base material configurations used in
this study yield complicated upset deformation patterns during
flash welding. Thus, many different and changing orienta-
tions are encountered by a propagating crack as it traverses
the banded microstructure th.roughout the cross section of a
slow bend test specimen. Therefore, the fracture face appear-
ance will vary from location to location.

3. On every fracture surface studied a dimpled appearance pre-
dominated. Thus, the fractures progressed primarily by the

initiation and coalescence of microvoids. However, the mere
81
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presence of dimples on a microscale does not necessarily
indicate macroscopic ductility. One exception to the micro-
void mechanism is fracture propagation through an entrapped
oxide film which formed during flashing. A flat spot is
created where fracture occurs by this means. Oxides of
aluminum and titanium are the primary constituents of the
defect which has this morphology. All other flat spots and
streaks are caused by bands of high particle density which
become preferential paths for fracture propagation. The total
strain to fracture is very low in these regions even though
fracture occurs by the initiation and coalescence of micro-
voids. Thus flat spots and streaks appear flat at low magni-
fication but many exhibit dimples at high magnification.
These dimples are considerably smaller than those on the
adjacent low particle density fracture surface.

Dissolution of second-phase particles occurs as the weld
interface is approached. The dissolution of particles should
raise the yield strength near the weld interface because the
matrix will be solid solution strengthened. Reprecipitation
of particles is also possible, and the most probable sites are
along grain boundaries. Grain boundary precipitates in large
numbers can be detrimental because they present a fracture

path.which. requires little strain for the initiation and
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coalescence of microvoids, and thus the ductility of the
welded joint is reduced.

Constitutional liquation was observed in several samples.
The presence of cracks in several of the constitutionally
liquated regions indicate that these areas are subject to
failure at 1ow strains. These areas are not necessarily at
the faying interface but may be a significant distance away
and, therefore, may not be detected in the destructive slow

bend test used for screening.
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CHAPTER V

FUTURE WORK

The specimens studied in this investigation were selected for
their fracture surface appearance and for being representative of the types
and magnitude of defects encountered during the development of a flash
welding schedule. While they are typical, their selection was not based
on statistical sampling techniques.

In future studies, specimens for examination should be selected
by a true statistical sampling method. The nature and frequency of occur-
rence of flash weld defects should be documented as a function of flash
weld parameters. Using the optimum flash weld parameters, an even
larger statistically valid sample should be selected and tested to deter-
mine the probability of occurrence of a major defect. In studies of this
sort, a simple square cross sectioned bar should be chosen and the same
heat of material used throughout. The investigation should also include
the effect of notch orientation relative to the weld interface on fracture
appearance.

A second investigation which should be undertaken involves the
more complete determination of the formation of oxide and particle/segre-

gate banded flat spots. In this study a set of optimum weld parameters

84
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- should be selected for a simple square bar and samples prepared with the
upset varied from zero to an amount in excess of the optimum. This would
enable the mode of crater collapse and oxide entrapment to be followed
and also the degree and influence of banding turn-out to be documented.
Again a statistical number of samples should be chosen for each upset.

A third investigation would be to document the properties and frac-
ture mode of the base material when tested in the short transverse direc-
tion. This study should yield information which will help to define the
as-received material-related parameters on weld defect occurrence.

It is suggested that all three of the above investigations be
carried out simultaneously using the same heat of base material. An inves-
tigation of this sort should provide statistical 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 course of this investigation, many artifacts or other-
wise in.explicable features were found on the specimen fracture surfaces.
Most of these artifacts were spherical or hemispherical in nature and
appeared to have an oxidized surface or skin.

An example of one of these features can be seen in the SEM micro-
graph in Figure 35A. This feature is roughly hemispherical in shape but
has a slight tendency to wet the fracture surface. The thick "collar"
around the base of the "blob" in this figure resembles a taffy apple whose
candy coating has begun to run from the surface. The arrows indicate
ripples which probably formed as the "blob" struck the fracture surface
and solidified. Some cracks are visible on the surface of the "blob".

A bright fiber can be seen on the fracture surface. Similar bright "charged"
fragments are often encountered in SEM microscopy. Figure 35B shows the
"blob" at 500X magnification. At this magnification a solidification struc-
ture becomes evident. The cracks appear to be present only in the outer
covering which is probably an oxide film. Where the covering has cracked
and broken away, a coarser solidification structure is seen. This struc-
ture is apparently due to metallic solidification in the bulk of the "blob".
Features such as these most probably result from molten particles pro-

duced during abrasive cutting of samples and specimens from the fractured
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Figure 35.
surface.

(B) 500X

SEM micrographs of "blob" found on an N-155 fracture
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welds. These molten particles fell or were propelled onto the fracture
surfaces. These "blobs" are definitely not related to the fracture process
and are true artifacts.

Often many completely spherical particles are found on the frac-
ture surfaces. These spheres may range in size from 1 to 300 u. The
SEM micrographs in Figure 36 show one of the larger (300 u) spheres
which is wedged in a crevice on a Waspaloy fracture surface. When
viewed at higher magnification, the sphere appears as shown in Figure
36B. The surface appears to be oxidized. In an attempt to better under-
stand these features, this specimen was nickel-plated and then carefully
sectioned so that the internal structure of the sphere could be revealed.
Figure 37A, a light micrograph at 100X, shows a cross sectional view of
the sphere as it is located within the crevice. The surrounding gray mate-
rial is the nickel-plating which was added to improve edge and sphere
retention. The upper black region is a void space which is located
entirely within the sphere. The black region is a void space where the
nickel-plating did not completely fill the crevice. Figure 37B is a 500X
magnification micrograph of the sphere. The arrow in Figure 37B indicates
a thin oxide film which covers the sphere. The dark gray, circular areas
within the sphere are probably oxide particles. ED spectrography indi-
cated that some regions of the sphere contained high concentrations of

chromium when compared to the base material. Again this feature is most



Figure 36.

(B) 9508

SEM micrographs of large spherical particle.
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(a) 100X

B) 500X

(

Light micrographs of sphere shown in Figure 36.

Figure 37.
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probably the result of abrasive cutting which often produces molten par-
ticles. The fact that this feature is almost perfectly spherical and is
coated by an oxidized film suggests that the sphere was formed and solid-
ified during transit to the fracture surface. The crevice in which it was
found served to retain it on the fracture surface.

Many smaller (1 to 10 1) spheres which were observed on the frac-
ture surfaces differed in appearance from those previously discussed.
These smaller spheres had essentially no oxide covering and the solidifi-
cation structure was clearly observable over the entire surface. Two such
small (1 n) spheres are shown in the SEM micrograph which appears in
Figure 38. These spheres can be seen nestled within a depression.
Figure 39A shows these same spheres at 5000X magnification. The solid-
ification structure is plainly visible. An x-ray area map using iron-K &
radiation for this same area is shown in Figure 39B. This x-ray area map
qualitatively shows that the spheres are relatively high in iron when com-
pared to the surrounding fracture surface.

A slightly larger and hollow sphere is shown in the SEM micro-
graph in Figure 40. ED spectrography of this sphere indicates high iron
as compared to the surrounding fracture surface. Many hollow spheres
were encountered in this study. The cavity within the sphere suggests

that a gas or vapor phase played a role in its formation. The smaller
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Figure 38. SEM micrograph of small spheres on fracture face of
Inconel 625. 500X
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(A) 5000x

(B) 5000X

Figure 39. High magnification SEM micrograph and iron-K « radia-
tion area map of spheres shown in Figure 38.
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Figure 40. SEM micrograph of hollow sphere. 1000X
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spheres (1 to 10 u) were numerous and not characteristic of any particular
fracture mode, thus it is felt that spheres in this size range are inclu-
sions or are the result of particle formation due to thermal effects in the

base material. They are exposed during the fracture process.
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