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A Study of Laser Processed Intermetallics

INTRODUCTION

Intermetallic compounds were first identified in

1839. The German chemist Karl Karsten noticed that

when copper and zinc alloys were reacted with an acid

a discontinuity in the reaction happened at the CuZn

composition (Beta Brass). He theorized that CuZn was

"true" compound as opposed to simply a mixture of the

two elements and that the existence of this compound

led to the observed acid/alloy reactions[1]. By 1900

thirty-seven intermetallic compounds had been identi-

fied and by 1920 the list was ten times longer[2].

The term "intermetallic" refers to a compound or

alloy which has a phase, composition and properties

different from those of its constituents[3]. Inter-

metallic compounds can be either of two types,

stoichiometric or non-stoichiometric. Those having a

limited composition range around a ratio of components

such as Fe3C are referred to as stoichiometric or line

compounds. Non-stoichiometric intermetallics exist

over a range of compositions. Intermetallics can

exist in either an ordered or disordered state. In

the disordered state the atoms of any of the

constituent elements are randomly distributed on the

lattice points. Atoms in an ordered intermetallic are

located in "preferred positions" [4]. Evidence of an

ordered structure can be found by the existence of

"superlattice lines" in the X-ray diffraction

pattern[4]. The term "Superlattices" refer to "a

pattern on a larger scale superimposed on the pattern



2

of lattice sites"[4]. For example if a particular

alloy were face centered cubic in the disordered state

it would exhibit an X-ray diffraction pattern typical

for that structure. In the ordered state the X-ray

pattern would still exhibit all the lines for the

standard face centered cubic structure but there would

also be an extra set of lines, the "superlattice

lines". The degree of ordering could be determined by

the intensities of these superlattice lines.

In 1908 N. S. Kurnakov and S. F. Zhemchuzhnii

reported the results of a study of the mechanical

properties of intermetallics. They found that the Mohs

hardness of the intermetallics was always greater than

that of the components[5]. These properties, inter-

metallics being harder than their constituent elements

and their brittleness, were recognized as identifying

characteristics and used as a means of identifi-

cation[2]. Tamman and Dahl produced one of the first

studies of the effect of temperature on such proper-

ties as strength and ductility in 1928[6].

Until quite recently the major use of inter-

metallics was as second phase precipitates for high

temperature strengtheners in superalloys[3]. In the

last few years ordered intermetallic compounds have

been attracting a great deal of attention as their

high temperature properties are needed for applica-

tions such as components in jet engines. The high

temperature properties of interest include their

ability to retain their Modulus of Elasticity and

inhibit diffusion driven undesirable properties such

has creep/stress-rupture and fatigue failure at high

temperature[7]. Other desireable properties include a

relatively high Modulus of Elasticity, lower density
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and better oxidation resistance than is found in more

traditional materials[7,8].

In 1979 the discovery by Aoki and Izumi that

additions of boron as a microconstituent in Ni3A1

could improve the room temperature ductility began

current interest in these materials[9J. Alloying has

also led to an improvement of the brittle problems in

other intermetallic compounds such as the titanium

aluminides (TiAl and Ti3A1)[7]. Since that time much

of the current research has been directed toward

improving the ductility of intermetallics. At room

temperature most intermetallics tend to display

brittle behavior[7] thus limiting their use. Once

these problems have been solved methods must be found

to join them in ways that will not be detrimental to

the ordered structure which is responsible for their

beneficial high temperature properties.

In 1958 A. L. Schawlow and C. H. Townes sug-

gested the idea for the laser, the optical maser[10]

and in 1960 T. H. Maiman built the first operating

laser[11]. By 1965 spot welding of materials by laser

had been accomplished [12,13]. Laser welding is now a

recognized joining technique with some unique advant-

ages over more traditional types of welding. Other

uses for the laser were quite rapidly introduced,

heat treating was described in 1965[14] and laser

glazing (surface melting) in 1976[15].

This study was undertaken to investigate the

effects of laser processing on four specific inter-

metallics, Ni3A1, Ni3Si, TiAl, and Fe3A1 Laser

processing was selected for study as a possible

joining technique for several reasons. Because no

flux or filler rod is needed with this welding

technique, the possibility of the introduction of
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impurities into the material is lessened. Another

attractive feature of laser welding is that the heat

input needed is less than in more conventional welding

techniques and therefore a much smaller volume of the

intermetallic will be heat affected[16].

The balance of this paper is divided into five

major sections, Experimental Design, Experimental

Procedure, Analysis, Discussion of Results, and

Conclusions. In the Experimental Design section I

will discuss the logic and philosophy used in

designing the study. The Experimental Procedure

section described the methods and techniques used to

obtain the raw data. A description of the methods

used to analyze the processed data is given in the

Analysis section.

The Discussion of Results section is broken down

into five sub-sections. First a discussion of the

laser processing is presented as the results described

in this section are general to all four samples

studied. Next a section is devoted to each of the

four samples, the intent being to make the results of

each alloy self-contained. In these sub-sections the

discussion is broken down further. First the

substrate is characterized as to chemical composition,

phases,and microstructure, then the effect of laser

processed on this substrate is analyzed , and finally

a brief description of the fracture is given.

The final section is devoted to the conclusions

reached as a result of this study and some thoughts on

the direction for future on-going studies.
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EXPERIMENTAL DESIGN

The objective of this experiment was to develop a

metallurgical understanding, on the microscopic level,

of laser processed intermetallic compounds. This was

the initial phase of an on going study at the Bureau

of Mines in Albany to evaluate laser processing as a

possible joining technique for intermetallic

compounds. A possible bonus to laser processing would

be enhanced surface mechanical properties, such as

wear resistance and corrosion resistance resulting

from the laser surface treatment.

Four intermetallic alloys were supplied by the

Bureau of Mines for this study, TiAl, Fe3Al, Ni3Si,

and Ni3A1. The intermetallics, TiAl and Ni3A1, were

of interest since they both have been thoroughly

studied in various research facilities and are in the

advance states of testing and evaluation prior to

commercial applications. Developing joining techni-

ques will be beneficial to the eventual utilization of

these materials in the marketplace. The other two

intermetallics were selected because they have similar

ordered intermetallics crystal structure and they may

have properties similar to TiAl and Ni3A1. An impor-

tant, consideration for the Bureau in the selection of

these particular four compounds was the fact that they

are composed of domestically available and relatively

economical elements.

In the laser processing, the laser beam was

rapidly passed over the surface so any one spot was

irradiated for a very short time. The volume of

material that was melted by the laser beam was small
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in relation to the total volume of material avail-

able. Only the top 10 to 30 percent of material was

melted and this remained in contact with the solid

substrate. This led to very rapid solidification

(quenching) and the possible formation of metastable

and non-equilibrium microstructures[17]. An under-

standing of the stability of these atypical micro-

structures would be necessary in any evaluation of the

efficacy of laser processing on these specific inter-

metallics.

A study of the change in phase, microstructure,

and grain growth as a function of heat treatment in

both the laser processed and in the basic "As Cast"

(substrate) material was selected as an initial step

in determining the appropriateness of laser pro-

cessing as a joining technique for intermetallic

fabrication. This study was limited to investigating

how the structure of an intermetallic was altered by

laser processing. The characteristics of interest for

this study were chemical composition, grain morpho-

logy/microstructure, and phase composition.

Elemental composition of the basic material would

be determined by wet chemical analysis. Chemical

analysis of specific areas could be obtained with the

use of energy dispersive X-ray (EDX), in conjunction

with the SEM. The volume of material sampled with EDX

might have, and probably did, overlap several micro-

structural features. Therefore, the precise chemical

composition of fine microstructures could not be

determined, but rather the technique can indicate

regions of chemical enrichment or depletion. The

deep, pearshaped sampling volume typical of the EDX

analysis meant that even though the beam might be

focused within the microstructure of interest the
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volume sampled quite likely extended beyond the

microstructure as it expanded below the surface. With

SEM imaging via backscatter electrons, some

indications of chemical differentiation between fine

microstructures could be inferred since elements with

higher atomic numbers produce more backscattered

electrons and therefore appear brighter or lighter

than do the lighter elements.

Changes in grain morphology were identified and

analyzed by means of optical and scanning electron

microscopes. This allowed the study of the physical

characteristics of the microstructure.

Analysis of phases present in both the substrate

and the laser surface was accomplished using X-ray

diffraction techniques. This technique sampled down

to a depth of 2X10-7m. The laser processed region

(melt zone) extended to a depth of -1X10-3m, and since

X-ray diffraction only samples down to a depth of

2X10-3m, the sampling volume would be well within the

laser processed zone. One limitation to the use of

the X-ray diffraction technique was the inability to

correlate the phase with a particular feature within

the microstructure. This limitation was associated

with sampling volume. The area sampled by X-ray

diffraction is 13mm on a side, while some of the

microstructures were only -1 micron by 14 microns. By

comparing EDX information with the X-ray diffraction

data it was possible to infer which microstructure

might be associated with a particular phase.

It was discovered that much of the microstructure

was dendritic in nature and, especially in the laser

processed regions, consisted of extremely fine dendri-

tes. Difficulty in quantifying the dendritic grain
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size limited the discussion of grain growth to

qualitative descriptions.
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EXPERIMENTAL PROCEDURE

The Bureau of Mines provided the four inter-

metallic samples. The samples were received with the

laser surface processing completed. They were

prepared at the Bureau from 99.9% pure powders of 100

to 150 microns in diameter with the compositions shown

in Table 1. The powders were melted into buttons

using a tungsten arc probe on a water cooled copper

hearth under a 1/3 atmosphere of argon. (See Flow

Chart Figure 1) The Bureau reported that button melt

specimens are routinely subjected to a 900-1000°C

homogenization for 48 hours and furnace cooled. As

will be seen later there is reason to suspect that

this homogenization did not take place.

Each button (100-150 gram) was then sectioned

into two pieces of approximately 17 x 25 x lOmm.

Dimensions are shown in Table 2. The pieces were

clamped together in the configuration depicted in

Figure 2. Scraps from each button underwent wet

chemical analysis (See Table 3) to determine final

chemical composition.

The laser processing was done at Omark Industries

in Portland, Oregon utilizing an 1000 Watt continuous

CO2 laser operating at approximately 900 Watts. The

parameters for the laser processing are shown in Table

4. Since the principal objective of this study was

the laser beam/intermetallic interaction the samples

were oriented so that the beam path was normal to the

weld joint. With this orientation the samples could

be broken apart at the weld joint and the laser melt

zone (MZ) viewed in cross section.
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TABLE 1

Composition of Intermetallic Powder Mixes

Intermetallic Grams

Ni3A1
Ni 130.065
Al 19.927
B 0.0063

Fe3A1
Fe 129.189
Al 20.805
B 0.0067

TiA1
Ti 95.949
Al 54.045
B 0.0086

Ni3Si
Ni 129.367
Si 20.627
B 0.0063
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Button Melting

Sectioning

Laser Processing

Fracture

SEM and Optical Microscope
Examination of Fracture

SEM and Optical Microscope
Examination of Microstructure

X-Ray Diffraction

Heat Treatment @900C
1,3, and 10 hours

Figure 1

Experimental Procedure Flow Chart
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TABLE 2

Specimen Dimensions

Sample
Width
(mm)

Length
(mm)

Depth
(mm)

Ni3A1 8.5 25 10
8.5 25 14

TiAl 8.75 25 10
8.75 25 14

Fe3A1 9.25 25 10
9.25 25 14

Ni3Si 6.5 24 8.5
6.5 24 15
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Figure 2

Laser Processing Set-Up



Sample

Ni3A1
Ni
Al
B

TiAl
Ti
Al
B

Fe3A1
Fe
Al
B

Ni3Si
Ni
Si
B

14

TABLE 3

Chemical Analysis

Weight % Atomic %

87.2
12.2
35ppm

63.4
32.5
37ppm

86.7
11.3
31ppm

87.6
11.8
llppm

76.7
23.3

52.3
47.6

78.7
21.2

78.0
22.0
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TABLE 4

Laser Processing Parameters

Current 400 milliamps D.C.

Beam Size 10 mils diameter

Distance Between
Passes 30-60 mils

Feed Rate 20 inches per min.

Focus Surface

Energy 1,000 Watt Laser
Run At -900 Watts

Other CO2 Continuous Laser
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The samples were rastered over the entire surface with

the beam paths set to overlap 50 %.

Figure 2 shows that there were two pieces of each

of the four types of intermetallics used in this

study. During the course of the laser processing the

two sections of each material were not only fused to

each other but at the interface between two different

adjacent materials they were also fused. After laser

processing the four different intermetallic alloys

were separated one from the other by physically

fracturing this fused joint.

Upon physical examination of the laser processed

face in the regions where dissimilar materials abutted

there appeared to be a change in the nature of the

melt zone. The nature of these changes varied, in

some instances there was extensive cracking while

others appeared brighter, duller, rougher etc. A

strip 1.5-4.0 mm wide was trimmed from this inter-

sample face to remove the area where it appeared that

the dissimilar materials mixed. As will be seen later

in this paper the problem of mixing was more extensive

than could be solved by this preliminary trimming.

The laser weld joining the two sections of

similar intermetallic composition was then broken and

the fracture surface was examined using optical and

scanning electron microscopes. One of the fracture

faces from each samples was then mechanically polished

down to a one micron finish, and etched with a

stainless steel etch (15 parts-HC1, 10 parts-HNO3, 10

parts-Acetic Acid, and 10 parts-H20) for the Fe3A1,

Ni3Al, and Ni3Si specimens. The TiAl specimen was

etched using Kroll's etch (lml- HF,2m1 -HNO3, 997m1-

H20). Optical and scanning electron microscopic stu-

dies of the melt and substrate were performed to
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characterize the microstructure, grain size and

pattern, and chemical distribution.

The second piece of each sample was sectioned to

size for X-ray analysis X-ray diffraction studies

were performed on both the substrate and the laser

processed face of each of the four samples using a

vertical diffractometer fitted with a variable slit

for irradiation of a constant 13x13mm area. The

copper tube was operated at 45 kV and 50 milliamps. A

scintillation detector with a graphite single crystal

monochromator and a pulse height discriminator was

used. The raw data from the detector was processed by

means of a Data General computer using Phillips

software to produce two types of printout. The first

type was a table of the 2-theta angle, d-spacing,

intensity, and relative intensities. The second

printout compared a chart of the raw data with up to

three Powder Diffraction File (PDF) standard patterns.

In order to study the stability of the phases and

microstructure the samples were subjected to heat

treatments. To reduce the formation of oxides and

nitrides, the samples were encapsulated in quartz,

evacuated and back filled with Argon. They were then

heat treated at 900C for one hour, three hours, and

ten hours. The temperature was chosen as a compromise

( 65-85% of absolute melting point) between the four

materials in order to allow the simultaneous heat

treatment of all four samples. At the end of each

heat treatment the samples were air cooled, polished

and etched as indicated above, and studied using

optical and scanning electron microscopes, EDX and

X-ray diffraction techniques.
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ANALYSIS

Using the phase diagrams for each specimen, the

exact chemical composition, and the X-ray data, it was

feasible to predict the microstructure solidification

history and therefore to reconstruct with a certain

degree of precision the freezing history of the

original "as cast" specimens. With this analysis in

hand it was possible to identify any non-equilibrium

phases and make some assumptions as to how they may

have come about. Once the "as cast" condition was

characterized, the data associated with the changes in

phases after each stage of heat treatment could be

used to ascertain the relative stability of the

phases.

Once an understanding of the "as cast" condition

had been developed then, again using the X-ray data

and the phase diagram along with the analysis of the

original material, the effect of the laser processing,

with its attendant extremely rapid cooling, on the

basic material could be determined. The stability of

the laser induced phases could be deduced by analyzing

the effect of the subsequent heat treatments on the

phases. With some understanding of the phases present

and the path by which they originated this information

could be combined together with micrographs of the

corresponding specimens to make some determinations

relating microstructure and phases. This final

analysis tied the effect of the laser to observed

microstructure and phases.

There were several problems inherent in using

X-ray diffraction to identify phases in the present

study. Phase identification was principally

accomplished by matching sample d-spacings with those
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of a standard pattern and then by comparing relative

intensities. The first problem involved using a solid

rather than a powder sample. The standard patterns

developed for use in identifying phases by X-ray

diffraction are for the most part patterns taken from

powder samples. The employment of powder samples

eliminates the possibility of preferential grain

orientation existing which would obscure the true

relative intensities of the X-ray lines. In the

samples that were the subjects of this study, many of

the phases had very similar lattice patterns. The

identification of a particular phase in some instances

depended on matching the relative intensities of the

sample pattern to those of the know patterns to deter-

mine which phase was represented by the pattern.

As mentioned above, a solid sample may have a

preferred orientation. The effect of these pre-

ferred orientations would be to obscure, eliminate or

possibly over emphasize some of the X-ray lines and

therefore make a good fit with standard patterns

difficult.

In X-ray patterns from samples with no preferred

orientation, relative amounts of different phases can

be estimated by comparison of relative intensities of

peaks between the patterns of the different phases.

Therefore, possible changes in relative intensities

within a phase pattern complicate the processes of

estimating the relative amounts of different phases.

In the specimens used in this study, the "As

Cast" structure probably retained some limited

preferred orientation from the casting process. The

laser processed face exhibited a quite high degree of

preferred orientation. The laser energy entered the

sample from the top surface with the bulk of the
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sample serving as a large heat sink. The presence of

this large heat sink in conjunction with the moving

laser beam meant that the material froze from the

bottom of the melt pool up in the direction of travel

of the laser. This orientation could be seen,

especially in the micrographs of the TiAl and Fe3A1

specimens, as light and dark laser passes.

A second limitation of these specimens when

analyzing the X-ray diffraction patterns was the fact

that the surfaces subjected to X-ray irradiation were

not smooth. A rough surface tends to scatter the

X-rays and results in false peaks and a lot of noise

in the resultant patterns. The substrate surface of

all of these samples was an "as sawn" surface while

the laser processed surface was quite rough as a

result of the laser processing itself.

In this analysis much reliance was put on the 40+

years of experience in X-ray analysis of Mr. Bob

McCune of the Albany Center of the Bureau of Mines.
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DISCUSSION OF RESULTS

LASER PROCESSING

When a laser beam impinges upon the surface of a

metal a portion of the laser energy is absorbed by the

material and the rest is reflected[20]. The propor-

tion of laser energy that is absorbed is a function of

properties of both the laser beam and the metal.

Laser beam properties of interest include intensity,

wavelength, pulse length, divergence and energy

density. Material properties which effect the inter-

action are reflectivity, absorption coefficient,

density, thermal diffusivity, thermal conductivity,

heat capacity, and heat content[20].

The absorbed laser beam power may result in heat

treating, melting or cutting the metal. In laser

welding, a specific volume of material is melted and

allowed to cool to fuse two section of material

together. For this study the laser beam was focused

at the surface of the first specimen (TiAl) of the

configuration shown in Figure 2. In order for this

surface focus to be maintained the plane created by

the top surfaces of these 8 specimens would have had

to be perfectly level. The specimens varied in height

from sample to sample and it is extremely unlikely

that they were positioned under the laser in such a

manner that the top plane was perfectly level. This

change in focus as the samples moved under the laser

beam would have changed the divergence and therefore

the laser energy delivered to the sample. It is

possible that the configuration shown in Figure 2 was

not level in both the direction normal to the laser
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beam path and the direction parallel to it. Thus the

incident energy may have varied between samples as

well from one side of a sample to the other.

The amount of energy absorbed from a specific

laser beam will vary between materials as their

material properties vary. Each material will have a

thermal coupling coefficient (ratio of total energy

absorbed by the material to total energy delivered by

laser beam) unique to it even when the total energy

delivered by the laser beam is held constant[20]. The

thermal coupling was assessed at the first sample

(TiAl) and the laser parameters were set to achieve

-50% overlap of the laser beam with focus at the

surface for this specimen. Since there were four

different alloys being laser processed the thermal

coupling coefficient would be expected to vary from

sample to sample as their relevant material properties

varied.

The combination of changing focus and changing

material properties resulted in the laser processing

effects to vary from sample to sample. The laser

passes on the first sample (TiAl) did have deep

penetration and +50% overlap. As the beam progressed

across the succeeding samples the thermal coupling was

reduced in efficiency and the weld decreased in depth

and by the final sample the passes were no longer

coincident much less overlapping.

When the laser beam first contacts a metal,

provided it delivers sufficient energy, some metal is

vaporized and a hole is created. Then as the metal is

moved in relation to the laser beam this hole is moved

through the metal ideally with little or no further

vaporization. The metal around this hole is melted

and flows counter to the direction of travel[16].
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Thus as the laser beam moves from Sample A into Sample

B, material from Sample B would flow into Sample A.

It would be expected that because of the rapid solid-

idification of a laser melt zone that this "contamin-

ation" would only extend for a distance equal to the

diameter of the melt pool.

As will be discussed later in this paper this

contamination was found to reach across the entire

surface of the sample a distance of from 6 to 9 mm.

The contamination was found across the surface of a

sample both in the laser pass coming from the

contaminating source and the pass going into the

contamination. It has been found that the laser beam

does "carry" or push some molten metal in the

direction of its travel[21]. Therefore it was not

surprising to find the contaminating elements carried

some distance in a laser pass coming from the source.

Because of the overlapping of laser passes in the TiAl

and Fe3A1 samples the contamination existed in all

passes.

Under both optical microscope and SEM examin-

ation the MZ's alternated light and dark (Figure 3).

This was believed to be an artifact produced by

preferred orientation of the microstructure caused by

the alternating direction of travel of the laser beam

which in turn alternated the freezing direction. In

order to confirm this change in preferred freezing

direction the Ni3A1 specimen was sectioned at a 45

degree angle to the weld joint. In this orientation

"to the left" would be going back into the specimen

and "to the right" would be coming out of the

specimen.
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Figure 3

Optical Micrograph of TiAl Laser Pass, 0 Hr HT, X50,
1) "overlap", 2) Dark melt zone, 3) Light melt zone
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The Ni3A1 sample was chosen for this examination

because the nature of the microstructure in the MZ.

This microstructure consisted of fine needle shaped

structures. The needles were grouped into bundles in

which their major axes were parallel to one another.

With this type of microstructure any preferred orien-

tation would be evident by changes in the arrangement

of the bundles in adjacent passes.

Optical microscope examination of this angled

face revealed that there was a preferred orientation

to the bundles in the MZ. In one laser pass the

bundles were oriented up and "to the right" (Figure 4)

while in the two adjacent passes they were oriented up

and "to the left" (Figure 5). This agrees with

geometry of the MZ where the melt pool would freeze

from the bottom and from the direction opposite the

travel direction of the laser beam. Thus the

contention that the light/dark nature of adjacent

passes was due to change in preferred freezing

patterns was supported.
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Figure 4

Optical Micrograph of Ni3A1 Laser Pass, 0 Hr HT, X400,
45 degree angle view of pass #1

Figure 5

Optical Micrograph of Ni3A1 Laser Pass, 0 Hr HT, X400
45 degree angle view of pass # 2
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NI3A1

The binary phase diagram (Figure 6) indicates

that the Ni3A1 intermetallic phase (gamma prime)

exists as a pure phase over the limited range of 24 to

27 atomic percent (at %) aluminum. At Al concentra-

tions down to 7 at % there exists a two phase region

with Ni solid solution (s.s.) as the second phase.

Another two phase region exists at Al concentrations

up to 32 at % where Ni5A13 is the second phase. Gamma

prime has an ordered cubic L12 superlattice crystal

structure. This alloy (Ni3A1) has excellent high

temperature strength and when combined with its

ability to resist oxidation would appear to be a

useful engineering material[8]. However, it exhibits

extremely brittle intergranular fracture and poor

ductility at ambient temperatures. When it was found

that these problem properties could be improved with

the addition of boron the interest in the alloy

intensified[8].

Substrate

The original base material was identified by

chemical analysis to be 76.7 at % nickel, 23.3 at %

aluminum and 35 ppm boron. (Table 4) In order to

identify the expected room temperature equilibrium

phases and since the amount of Boron present was felt

to be insignificant, the Ni-Al binary phase diagram

was used. The phase diagram shows that the above

composition is in a two phase region with approx-

imately 90% Ni3A1 and 10% Ni. The Ni(A1) phase is a

solid solution (s.s.) containing approximately 7% Al.

X-ray analysis of the "As Cast" material

indicated the presence of a single phase, Ni3A1.

(Table 5 & Figure 7) This could be accounted for if
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Table 5
Ni3R1 X-Ray 0 spacings & Intensities -- Substrate

Heat Treatment Standard Patterns[03
As Cast 1 Hour 3 Hours 10 Hours Ni3R1 Ni s.s.

2.07 155 2.07 1002.06 100 2_06 100 2-06 100
2.05 27

2.03 100
2.02 2

1-8 701.79 98 1.79 33 1-79 29 1.79 1
1.77 12 1.77 3

1.76 92
1.27 601.26 21 1.26 20 1.26 11 1-26 8

1.25 6 1-25 211.08 25 1.08 18 1.08 12 1.08 2 1.08 60
1_07 5

1.06 20
3.6 40

3.59 12
3_58 4 3.58

3.57 5

2.55 402.53 5 2.53 4 2.53 4 2.53 31-6 1 1-6 4 1.6 4 1.6 6 1.6 401.16 3 1-16 2 1.96 2 1.46 3 1.46 20
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the original casting was not equilibrium cooled and no

subsequent homogenization was carried out. The excess

Ni and Al could be substitutional in the Ni3A1 which

would result in some line shift which was observed.

Due to the overlap in the standard patterns for Ni

s.s. and Ni3A1 it is also possible that the presence

of Ni s.s. was masked by the Ni3A1 pattern.

After three hours of heat treatment at 900 C the

X-ray diffraction pattern indicated a minor phase of

Ni s.s. appearing. After an additional 7 hours heat

treatment this phase appears to have been significan-

tly reabsorbed until, only a "barely detectable trace

(<1%) was observed (Table 5 and Figure 7).

It has been reported by Copley and Kear [22] that

when an alloy of this approximate composition (Ni-

77.5%, A1-22.4%) was cooled Ni-(gamma) dendrites

formed in the liquid phase. With further cooling the

interdendritic regions froze as Ni-(gamma) and Ni3A1-

(gamma'). After still further cooling Ni3A1 precip-

itated out in the dendrites resulting in their final

composition of Ni-Ni3A1. The interdendritic regions

underwent a solid state transformation to Ni3A1.

Optical microscope examinations of the four heat

treatments (0,1,3,10 hours) show extensive dendritic

formation. In the "As Cast" condition the dendrites

were large and uniformly distributed throughout the

grains (Figure 8). The coarsest arms were on the

order of 35 microns x 150 microns. With heat

treatment the dendrites were absorbed into the matrix,

although after 10 hours of heat treatment they were

still readily observable at 50X (Figure 9). The

coarsest arms had been reduced to 10 microns x 90

microns.
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Analysis of the X-ray diffraction pattern was not

capable of providing any direct relationship between

observable dendritic volume and amount of Ni s.s.

phase present. One possible explanation might be a

masking of the Ni s.s. peaks by closely related peaks

in the Ni3A1 phase pattern. Also the surface was

heavily etched. This etching preferentially removed

the intradendritic material. If the assumption can be

made that most, if not all, of the Ni s.s. phase is

within the dendrite then only dendrites below the sur-

face but still within the X-ray sampling volume would

contribute to the Ni phase pattern. Thus the

X-ray diffraction pattern intensities would not

reflect the true ratio of Ni s.s. to Ni3A1. Mapping

for Al did not reveal any significant difference in Al

concentration between the dendrites and the inter-

dendritic regions. Optical microscope examinations

did show precipitates forming at the grain boundaries

(Figure 10). An Al SEM EDX map was made of a grain

boundary on the 3 hours heat treatment sample which

showed these precipitates to be Al rich (Figure 11).

Laser Processed

The laser processed region was examined after

polishing one side of the Ni3A1/Ni3A1 fused interface,

this exposed the laser passes in cross section. As

seen in Figure 12, there were three distinct melt

regions above the dendritic characterized substrate.

Projecting below the surface were the melt zone shaped

like half ellipses with dimensions of -.2 x .9mm. The

next region was distinguished by brush stroke features

which extend over the entire width of the region. The

strokes all traveled in the same direction, down from

the melt zone and to the right as seen in Figure 12,

joining together in a near horizontal line 0.6 mm



a)
5-4
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Figure 12

Optical Micrograph of Ni3A1 laser pass, 0 Hr HT, X50
a) substrate, b) Melt flow bottom, c) melt flow,
d) melt zone, e) unmelted "bands"
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below the surface. The third region which also was

distinguished by a brush stroke texture extends from

-0.6 to 0.8 mm below the surface. This region was

less uniform than the previous one. The integral sign

shaped brush strokes in this region had the same

general direction but were not uniformly parallel.

The boundary between this final melt zone and th3e

substrate was not distinct and varied in depth from

the top of the sample.

The second and third melt zones were formed by

material flowing from the melt zone down into the

interface. This melt flow fused to the unmelted joint

faces. As will be discussed in a later section, when

the fused joint was broken, the melt flow material

fractured internally as opposed to tearing away from

the unmelted substrate, giving evidence of a strong

fusion between the melt flow and the unmelted

material.

There was extensive cracking running from the

surface through the melt into the substrate. These

cracks tended to be in the center of the melt zones.

Examination of the laser processed surface revealed

what appeared to be unmelted bands between each laser

pass (Figure 13). This supposition was supported by

the separation of the melt zones as shown in Figure

12. It was believed that the thermal coupling

coefficient decreased at this point. As was discussed

in the Laser Processing section, the cause for this

decrease may have been either from the change in

material (from TiAl to Ni3Al) and therefore material

properties or from beam focus shifting to either above

or below the surface or possibly a combination. The

result was that the laser passes did not overlap as
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Figure 13

Optical micrograph of Ni3Al laser processed face,
X12.5, a) unmelted "bands"
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was intended. Indeed, the edge of two adjacent passes

did not even concur. The result of this lack of

concurrence was an unmelted strip as described above.

Deep pits formed along these unmelted borders.

Cracks were observed beginning at one pit, moving

intothe center of the laser pass, and then traveling a

considerable distance before ending in another pit.

This pitting may have been caused by vaporization of

the material when an interruption of the shielding gas

allowing oxygen/metal interaction, or possibly from an

interaction with an existing oxide layer on the

surface. It is known that Ni3A1 forms a tightly held

oxide[8].

These samples were subjected to four heat

treatments (0,1,3,and 10 hours) at 900C. As a result

of the problems addressed in the Analysis section of

this paper, the interpretation of the X-ray diffrac-

tion data for the laser processed face was not as

clear cut as that for the substrate. In the first

three heat treatments (0,l,and 3 hours) Ni3A1 was the

only phase predicted by the phase diagram that was

detected by X-ray diffraction (Table 6).

In addition to the Ni3A1 pattern, here were faint

peaks which were coincident with peaks on the standard

pattern for alpha-iron. It was determined by SEM EDX

analysis that a Fe concentration gradient was present

across the entire surface of the specimen. The

concentration gradient was parallel to the path of the

laser beam. After analyzing samples of the other

three laser processed intermetallics by means of SEM

EDX, it was determined that detectible amounts of

elements from adjacent dissimilar samples were

transported for distances as great as the entire width

of the two like material specimens (12 to 18mm).
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Table 6
Ni3A1 X-Ray 0 spacings

As Cast

& Intensities Laser Processed

Heat Treatment Standard Patter-n[03
1 Hour 3 Hours 10 Hours Ni3A1 Ni s.s. Alpha-Fe

d I d I d I d I d I d I d I

2.07 100 120 100 2_072.06 100 2.06 100
2.05 78

2.03 100 2.03 1002.02 2 2-02 4 2.02 2
1.8 701-79 39 1_79 39 1.79 29 1-79 30

1-79 21
1.78 42

1.76 42
1.27 27 1-27 601-26 19 1.26 22 1.26 19
1.25 20 1.25 211.08 16 1.08 18 1.08 28 1.08 19 1.08 60
1.07 18

1-06 20
3.6 40

3.59 4 3.59 33-57 4 3_57 8
2.55 402-53 4 2.53 6 2.53 3 2.53 61.6 4 1.6 3 1.6 2 1.6 5 1.6 401_46 1 1-46 3 1.46 1 1-46 2 1-46 20

1-45 .6
1.43 .4

1-43 191.18 .3
1-17 -4

1.17 30
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The two Ni3A1 specimens were bordered on one side by

Fe3A1 and on the other by Ni3Si. The amount of Si

contamination was insignificant but iron was found in

concentrations as high as three atomic percent.

Although the stoichiometry would put this

material into the Ni s.s.-Ni3A1 two phase region under

equilibrium conditions, Ni s.s. was not detected until

after the 10 hour heat treatment. In this specimen

(10hr) the Ni s.s. pattern was very strong and clearly

differentiated from that of Ni3A1 (Figure 14). It may

be that the Ni s.s. phase was present in the 0, 1, and

3 hours samples but that the amount of Al present in

the solid solution shifted the X-ray lines sufficien-

tly so that the peaks were hidden within the pattern

for Ni3A1.

Optical microscope examination of this speci-

men at zero hours of heat treatment revealed that the

microstructure within the melt zones was fine needle

dendrites, forming at the bottom of the melt pool

while very fine equiaxial grains forming at the top

surface (Figure 15). These fine needle dend- rites

also characterized the melt flow zones. The needles

within the melt zones tended to be clumped in parallel

bundles. In general the major axis of the needles

were roughly perpendicular to the edge of the melt

zones. The bundles became disordered from this

orientation with distance above the melt zone edge

(Figure 16).

There exists a uniform fringe at the bottom of

the melt zone (Figure 17). Neither SEM elemental

mapping nor microprobe analysis were able to detect

any change in concentration of element within this

zone.
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Ni3A1 X-ray Diffractographs Laser Processed
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Optical Micrograph of Ni3A1 Laser Pass, 0 Hr Ht,x400,
a) substrate

Figure 16

Optical Micrograph of Ni3A1 Laser Pass, 0 Hr HT, X200,
1) melt flow, 2) fringe, 3) "bundles"
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Figure 17

Optical Micrograph of Ni3A1 Laser Pass, 0 Hr HT,X400,
1)fringe
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After one hour of heat treatment the micro-

structure within the melt zone and in the melt flow

had transformed to a fine grained structure (Figure

18). The outline of the melt zone was still easily

distinguished from the melt flow. The needle

dendritic structures were no longer distinguishable.

The outlines of the melt zones were still retain-

ed after three hours of heat treatment. There was

evidence of grain growth in the melt zone and melt

flow. Some grains could be detected which extended

across the melt zone/melt flow interface (Figure 19).

After 10 hours of heat treatment all evidence of the

melt zone had disappeared. It was still possible

however to differentiate between the substrate and the

melt zones primarily by the much larger grains and

retained large dendrites which characterized the

substrate (Figure 20).

At the limit of the available optical micro-

scope (400x) it was not possible to detect any micro-

structures which might indicate a two phase condition.

Under SEM analysis the both the melt zone and sub-

strate were virtually featureless and therefore

offered no additional information it attempting to

identify the Ni s.s. phase micro- structure.

Fracture

The alloy fractured in a relatively ductile

manner. The top 0.15-0.2mm, which corresponds to the

MZ, of the fracture had a fine grainy appearance

(Figure 21). The balance of the fused joint (the melt

flow) fractured in such a manner as to produce a brush

stroke appearance as was described previously. At

higher magnification the fracture has both intergran-

ular and transgranular fractures (Figure 22).
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Optical Micrograph of Ni3A1 Laser Pass, 1 Hr
HT,X200
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Optical Micrograph of Ni3A1 Laser Pass, 3 Hr HT, X400
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Figure 20

Optical Micrograph of Ni3A1 10 Hr HT, X50,
1) Substrate, 2) Melt Flow

Figure 21

Optical Micrograph of Ni3A1 Fracture Face, X50
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Figure 22

Optical Micrograph of Ni3A16 Fracture Face, X5000,
a)Intergranular fracture, b) Transgranular fracture
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The transgranular fracture has been associated with

the ductile gamma phase[23]. The finding of this

evidence of a gamma phase supports the supposition

made above that the X-ray diffraction pattern for this

phase (Ni s.s.) was obscured by the Ni3A1 diffraction

pattern.
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TIA1

The intermetallic TiAl (gamma phase) has a range

of solubility from 48 to 69.5 atomic percent aluminum

(Figure 23). On both sides of this range in can exist

in a two phase state. On the Al poor side with alpha-

2 Ti3A1 and on the Al rich side with TiAl2. In the

Alpha-2/Gamma region the two phases typically exist in

a lamellar structure[24]. In all it can exist over a

range of from -35 to 65 at. % aluminum. TiAl has a

Llo tetragonal superlattice crystal structure.

TiAl has received much attention because of its

relatively light weight and its ability to retain its

high elastic modulus at high temperatures. These

properties combined its high activation energy make it

a very attractive metal for uses such has jet engine

components[7].

Substrate

In the "As Cast" state, X-ray diffraction

analysis (Figure 24) indicates two phase system of

primarily TiAl (gamma) with a trace of Ti3A1 (alpha-

2). This is in agreement with the phase diagram

(Figure 23) where, at the stoichiometry determined by

chemical analysis (Ti-52.3 at. %, Al -47.6 at. %, B-

37ppm)(Table 4), the equilibrium would be within the

alpha-2/gamma, two phase region. At equilibrium there

should be approximately 8-9% Ti3A1, 91-92% TiAl.

The Ti3A1 standard X-ray diffraction pattern has

three peaks which overlap peaks on the TiAl standard

pattern. After the first hour of heat treatment the

X-ray pattern from the sample became a more definite

match with the Ti3A1 standard pattern with a match
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with six non-overlapping peaks as opposed to the three

which existed in the "As Cast" specimen. Because of

the strong X-ray diffraction pattern match for TiAl

the presence of these overlapping peaks were not

considered as evidence of a Ti3A1 pattern match.

After an additional 2 hours of heat treatment the

pattern for the Ti3A1 persisted with six non-over-

lapping matching peaks. However, at the end of 10

hours of heat treatment only two non overlapped peaks

remained therefore again there is insufficient

evidence from the X-ray diffraction pattern alone to

support a finding of the Ti3A1 phase existing at that

time (Table 7 and Figure 24).

After 3 hours of heat treatment a third and

fourth phase appeared, -7%-Ti2A1N and -2%-TiN0.90.

These two phases disappeared after 7 more hours of

heat treatment. In 1986, Kaufman, Konitzer, Shull and

Fraser [25] reported a Ti2A1N phase in alpha-2 free

TiAl alloys where the samples had been heat treated at

1000-11000C for 11 to 14 days. They proposed that the

nitrogen was highly soluble in alpha-2 while having

limited solubility in the gamma phase. Since in the

present case the Ti2A1N and TiN0.90 appear in the two

phase system where one of the phases is alpha-2 it may

be surmised that the Ti2A1N and TiN090 phases pre-

cipitated out of the TiAl phase during the first 3

hours of heat treatment but there was insufficient

time for the N to diffuse to the alpha-2 phase.

During the subsequent seven hours of heat treatment,

provided that the alpha-2 phase was present, this

diffusion could have taken place with the nitrogen

dissolving into the alpha-2 phase resulting in the

disappearance of the two Nitrogen phases.
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Table 7
TiAl X-Ray Ell spacings & Intensities -- Substrate - Page 1

As Cast

d

2.33

I
100

1 Hour

d

Heat

I

Treatment

3 Hours

d I
1.733 100

10 Hours

d I
Ti Al

d I

Standard Pattern CO)

Ti.381 Ti2A1N Ti N0-9

d I d I d

2.32 100 2.32 100
2-31 100 2-31 25

2.3 9
2 16 2 27 2 36 2 28

1.99 601-43 21 1.43 22 1_43 31 1.43 28
1.12 60

1-21 24 1-21 21 1_21 26 1.21 27
1.2 60 1.2 184-09 4

4.08 5
4-07 6 4-07 6 4-07 202.84 5
2-83 c, 2-83 ..

. 2.83 7
2.81 202.04 15 2-04 14 2-04 15 2.04 14 2.04 20

1.42 11 1.42 9 1.42 12 1.42 13
1-41 20

1.22 18 1.22 13 1.22 16 1.22 13 1.22 20
1-16 8 1.16 10 1.16 14 1.16 10 1.16 20 1.16 41.8 3 1.8 3 1.8 4 1.8 3

1.79 10
1.65 4 1.65 3 1-65 4 1.65 4 1.65 10

1-36 1 1-36 1
1.35 5

1.34 1 1-34 1 1.34 1
1.33 5

1.27 1 1-27 1 1-27 1
1.26 c

1.08 1 1.08 1 1-08 1 1.08 1
1.07 5
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Table 7
FIRI X-Ray 0 spacings & Intensities -- Substrate - Page 2

Rs Cast

d

Heat Treatment StandaStandard PatternE03

I

1 Hour

d I

3 Hours 10 Hours Ti Al Ti3H1 ri2A1N Ti N0.90

d I d I d I d I d I d I

7Z.-Z-7.1 -12 ..7.H ---g =1 4
2.2 8

2-19 4 2.19 100
1.31 30
1-23 30

2-51 5
2.5 2 2.5 3 2.5 5 2.5 20
1.71 1 1.71 2

1-7 1 1.7 18 1-7 60
1.45 2 1.45 2

1.44 18
3.38 4

1.12 1 1.12 1
1.1 4

2.88 2
1.25 1 1.25 1 1.25 2 1.25 80

2-26 7
2.25 100

6.83 1 6.83 1
6.8 1 6.8 80

1.5 2 1.5 4
1-49 60
1.3 55

2.6 2
2.59 50

2.55 1
2-54 10

2.06 1 2.06 10
2.13 1 2-13 1

2.12 100

2.1 3
2.09 2

2-46 1 2-46 1
2.45
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Combining evidence from four different methods of

analysis, the presence of the alpha-2 phase after the

10 hours of heat treatment could be extrapolated.

First, the phase diagram for an alloy of this

composition clearly indicates a two phase system in

the equilibrium state. Next, as will be discussed

below, the micrographs show lamellar grains and the

literature indicates that at this composition and

approximate heat treatment gamma/alpha-2 lamellar

grains are "characteristic"[24]. Then the nitrogen

phases which cannot exist in equilibrium with the

alpha-2 disappear. Fourth and finally the X-ray

diffraction data indicate the presence of two fairly

strong peaks, including the primary peak which match

the pattern for Ti3A1.

Optical micrographs of the "As Cast" specimen,

Figure 25, show somewhat serrated grains with a

relatively fine lamellar structure. This lamellar

structure is clearly seen in the 1 hour heat treated

speciment. (Figure 26) This is in agreement with that

reported for an alloy of this stoichiometric compo-

sition[26]. As the specimen was heat treated one

phase precipitated out at the grain boundaries pro-

ducing after 10 hours of heat treatment fine lamellar

grains in a uniform matrix (Figure 27). It has been

reported that in alloys with above 31 weight percent

Al, a gamma phase precipitates out at the grain

boundaries[26]. Since the alloy under study has -34

weight percent aluminum and the presence of the Ti3A1

phase having been deduced the data supports a finding

that this substrate material after 10 hours of heat

treatment consists of TiAL/ Ti3A1 lamellar grains in

a TiAl matrix.
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Figure 25

Optical Micrograph of TiAl Substrate, 0 Hr HT,50

Figure 26

SEM Micrograph of TiAl Substrate, 1 Hr HT, X1000,
Lamellar structures
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Figure 27

Optical Micrograph of TiAl Substrate, 10 Hr HT, X50,
a) Lamellar grains, b) matrix
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Laser Processed

This specimen was on one end of the array of

specimens made up for the laser processing. It was

the specimen upon which the laser beam parameters were

set up. The laser beam was focused on the surface of

this specimen and the energy density (power, beam spot

size, and beam travel speed) was set so that the melt

pools would overlap.

Examination of the fused joint revealed a 2.0-

2.2mm deep melt zone. After polishing and etching it

could be seen that the melt zone formed long narrow

pool (0.6x1.8mm) (Figure 3). The top 0.5mm of the MZ

overlapped the previous pass 100%. The "melt flow" as

discussed for the Ni3A1 specimen made up the final

0.2-0.4mm of the melt zone.

The laser processed face had fine cracks which

ran along the edge of every other pass (Figure 28).

When viewed in cross section these cracks extended

completely through the MZ down into the substrate

(Figure 29). With the exception of these cracks the

laser processed face was relatively smooth showing

only the ripple pattern typical of a laser pass.

X-ray diffraction analysis of the laser processed

specimen with no heat treatment indicated a two phase

system; TiAl with a trace of Ti3A1 (Table 8). While

most of the expected peaks were seen for the TiAl

phase, the pattern for the Ti3A1 phase was less

complete (only six non-overlapped peaks) (Figure 30).

The major Ti3A1 pattern peak was present with a

relative intensity of 35%. Because of the incomplete

pattern, the low intensity of the other 5 lines and

the expected preferred orientation of this MZ the

relative amounts of Ti3A1 to TiAl could not be

determined.
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i

Figure 28

Optical Micrograph of TiAl Laser Processed Face, X12.5

Figure 29

Optical Micrograph of TiAl Laser Pass, 0 Hr HT, X100,
1) Crack, 2) Melt flow, 3) Bottom of melt zone
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Table 8
TiAl X-Ray D spacings & Intensities -- Laser Processed - Page 1

Heat Treatment Standard Pattern[0]

As Cast 1 Hour 3 Hours 10 Hours TiAl Ti3A1 Ti2A1H TiN0-9

d I d I d I d I d I d I d I d

51.5 Toa -IYi Too -:55 Too T:J S loo
2.31 1 2.31 100 2.31 25

2-01 18 2-01 23
2 19

1-99 60
1-43 15 1.43 16 1.43 26

1.42 6 1-42 60
1.21 11 1.21 12 1.21 14 1-21 26
1.2 2 1-2 60 1.2 18

4-09 3
4-08 3 4_08 4

4.07 3 4-07 20
2-84 3 2.84 3 2.84 3

2-83 3
2-81 20

2.04 12 2-04 16 2.04 20
2-03 8 2.03 9

1.42 12
1.41 20

1.22 8 1.22 7 1.22 8 1.22 21 1.22 20
1.16 7 1.16 9 1-16 8 1-16 14 1.16 20 1-16 4
1.8 2 1.8 2 .._ 1.8 2 1.8 3

1-79 10
1.65 1 1.65 2 1.65 2 1-65 3 1.65 10

1.35 5
1.34 1 1.34 1 1.34 1

1-33 5
1-28 7

1.26 5
1.08 1 1.08 1

1.0? 5
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Table 8
TiR1 X-Ray 0 spacings 11 Intensities -- Laser Processed - Page 2

Heat Treatment Standard Pattern (0)

As Cast 1 Hour 3 Hours 10 Hours T1A1 Ti3R1 Ti2R1N TiN0.90

d I d I d I d I d I d I d I d I

--.1=H --5 TaI-H ---a-i. ---6-

2.19 35 2.19 100

1-31 1 1.31 1 1.31 30
1.23 30

2.51 1
2.5 20

2_47 7
1.71 1 1.71 2 .- 1.71 4

1-7 18 1-7 60

1.69 1
1.45 1

1.44 18
1-43 16

3.38 4

1-1 1 1-1 4
2.88 2

1.25 1 1-25 3 1.25 2 1.25 80

1.24 1
2-26 1 2.26 6

2.25 14 2.25 100

6.87 1
6.86 2 6-8 80

1.5 1 1.5 1 1.5 21 1.5 4
1-49 60
1-3 55

2.61 1 2.59 50
2.56 4

2.54 10

2-06 3 2.06 4 2-06 10

2.13 1 2.13 1
2.12 39 2.12 100

2.1 1 2.1 1 2.1 1
2.46 1

2.45 1 2.45 22 2.45 4
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After the first hour of heat treatment additional

peaks appeared. These peaks matched the standard

patterns for Ti2A1N and TiN0 90 phases. Only two

peaks remained in the Ti3A1 pattern and one of these

overlapped a strong peak from the Ti2A1N pattern.The

other Ti3A1 peak remaining was the major peak for that

pattern but alone was insufficient proof of the

existence of Ti3A1 at this point.

After the 10 hours heat treatment the X-ray

diffraction pattern still showed a strong match with

the TiAl standard pattern and was almost identical in

relative intensities to the pattern of the substrate

after the same heat treatment. This would support the

argument that the heat treatment had removed most, if

not all, preferred orientation existing in the MZ.

The patterns for the Ti2A1N and TiN0.90 phases

had grown stronger with the relative intensities of

the major peak for each phase rising to 14 % for

Ti2A1N and 39% for TiN0.90 This is opposite to the

effect of heat treatment on the substrate, where these

two phases cease to exist at this same heat treatment

history. Making the assumption that the preferred

orientation had disappeared then the ratio of these

relative intensities to that of the major peak for the

primary phase of TiA1-100 would approximate the

relative amounts of each phase 14% Ti2A1N and 39%

TiN0.90

There remained only one non-overlapped peak in

the Ti3A1 pattern, that of the major peak with a

relative intensity of 6. Again observation of a

single may provide insight into what is present but is

insufficient evidence for stating the existence of

this phase. If Kaufman, Konitzer, Shull and Fraser[25]

are correct in their supposition that because the
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Nitrogen phases were not found in alloys containing

the alpha-2 phase, nitrogen must be highly soluble in

alpha-2 than the opposite can also be argued. The

appearance and strengthening of the nitrogen phases

with heat treatment would be evidence of the absence

of the alpha-2 phase(Ti3A1).

Optical and SEM micrographs of the MZ of the non-

heat treated specimen show a very fine grain structure

(Figure 29). The lamellar structures so easily seen

in the substrate are not in evidence even at a

magnification of X1000 (Figure 31). In a SEM

micrograph at X1000 there appear to be very bright

fine (0.5micron) grains in a dark matrix. This

micrograph was produced from backscatter electrons.

As discussed previous backscatter electron generally

are more abundantly produced by elements with high

atomic numbers. Therefore there is some case to be

made that the bright grains would be Ti (atomic # 81)

rich and the dark matrix Al (atomic # 13) rich. Since

the X-ray diffraction data indicated only the two

phases, TiAl and Ti3A1, this would indicate Ti3A1

grains in a TiAl matrix.

After the 10 hour heat treatment when the sample

was observed under the optical microscope there

appeared to be some coarsening of the MZ microstruc-

tures when compared to the non-heat treated MZ micro-

structures. (Figure 32) At X200 there appears some

evidence of parallel structures but these are much

thicker and not as long as the lamellar plates

existing in the substrate material with the same heat

treatment history.
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Figure 31
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SEM Micrograph of TiAl Laser Pass, 0 Hr HT, X1000,
(backscatter electrons)

Figure 32

Optical Micrograph of TiAl Laser Pass, 10 Hr HT, X200
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Fracture

The fracture surface of this sample was very

irregular indicating considerable fracture toughness

(Figure 33). There was no clear differentiation

between the fracture in the MZ and that in the melt

flow. The fracture mode was uniform across the two

regions. In the bulk fracture it appeared that

micrograins fractured in a ductile manner (Figure 34).

At the bottom of the melt flow there were regions

where it appeared the melt/substrate interface had

fractured. In these regions the fracture mode was by

brittle transgranular cleavage (Figure 35).
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Figure 33

Optical Micrograph of TiAl Fracture Face, X25

7

/
4%.

i gur e 34

SEM Micrograph of TiAl Fracture Face, X504



68

Figure 35

SEM Micrograph of TIAL Fracture Face, X1530
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Fe3A1

Iron aluminides are being investigated for use in

aircraft turbine engines because of their rela- tively

low density, oxidation/sulfidation resistance and use

of non-critical elements[27].

The intermetallic Fe3A1 is a low temperature

(552°C) [28] ordered phase which is produce by a two-

step process (Figure 36). Disordered alpha-Fe which

has an A2 body-centered cubic crystal structure when

cooled orders to a B2 cubic crystal structure (FeA1).

When further cooled the B2 ordered structure trans-

forms to the DO3 Face-centered cubic superlattice

crystal structure (Fe3A1). This two step ordering

process results in the generation of two different

types of antiphase boundaries(APB) [29]. The term

"antiphase boundary" refers to a boundary between

domains within a grain. The atoms within each domain

are ordered relative to each other but there is a

slight shift of order between the domains. This may

be a wrong nearest or second nearest neighboring atom.

The lattice is not misaligned just the atom at the

lattice points. The mismatch between the two domains

is much less than that found between two grains where

the lattices are shifted from one another. The

presence of APB would result in a system of higher

energy than that existing in the completely ordered

state[30]. As will be discussed later this may have

played a significant role in generating micrograins.

Substrate

The chemical analysis of this "As Cast" material

indicated a 78.75 atomic %-FE, 21.25 atomic %-Al with

31ppm B (Table 4). Using these data and the binary

phase diagram for the Fe Al system, as proposed by
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Kubaschewski[28], the equilibrium state for this

stoichiometry would be a two phase system consisting

of 1/3 alpha-Fe and 2/3-Fe3A1.

The X-ray diffraction data from this sample best

fit the standard pattern for the FeAl phase (Table 9).

The standard X-ray diffraction patterns for alpha-Fe,

FeAl, and Fe3A1 are very similar with the three

strongest peaks of each standard pattern nearly or

exactly overlapping (Table 9). The "As Cast" X-ray

diffraction pattern only includes these three major

peaks (Figure 37). There are no matches for the other

peaks in the FeAl and Fe3A1 standard patterns. While

the "As Cast" X-ray diffraction pattern is shifted

slightly from the standard alpha-Fe pattern this could

be due to the high solid solution Al content.

With no other evidence and when the X-ray data

were combined with the phase diagram it was be

concluded that the only phase present was alpha-Fe.

As has been pointed out previously preferred orien-

tation can alter relative intensities and thus the low

intensities of the peak corresponding to 1.19 and 1.45

d-spacings cannot be taken as clear evidence of the

lack of fit with the Fe3A1 pattern. But again with no

other peak matching the Fe3A1 standard pattern there

simply was insufficient evidence to support the

finding of a Fe3A1 phase being present.

After 10 hours of heat treatment the X-ray

diffraction pattern has altered only by the increase

in relative intensities of the 1.19 and 1.45 peaks.

The peaks still best fit a slightly shifted alpha-Fe

pattern with no addition peaks which match the

standard patterns for the FeAl or Fe3A1 phases. The

stability of the pattern argues against the existence

of a preferred orientation in the "As Cast" specimen.
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Table 9
Fe3A1 X-Ray 0 spacings & Intensities Substrate

Heat Treatment Standard Pattern[0]

As Cast 1 Hour 3 Hours 10 Hours Alpha-Fe FeA1 Fe3A1

100 2.5E 100 100
2-05 60

2.04 100
2-03 100

2.02 9
1.19 10 1.19 19

1-18 21 1.18 15 1.18 25 1-18 90
1-17 30

1.45 6 1-45 43 1_45 23 1.45 20 1.45 14 1-45 80
1.43 19

2_9 2 2-9 8
2-89 5 2-89 50

1_67 3 1.67 10
1.3 1

1_29 2 1-29 10
3.34 60
1-79 20
1-11 20
1-33 10
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Optical microscopic examination of this specimen

showed that at 0 hours heat treatment there was a

mixture of non-equiaxial grains (Figure 38). After 10

hours of heat treatment the grains had become equi-

axial and exhibited some growth (Figure 39). The non-

equiaxial grains shifting to equiaxial grain with 10

hours of heat treatment would support the contention

that this specimen had not been homogenized.

Laser Processed

Microscopic examination of the "As Processed"

specimen showed deep narrow melt pools similar to

those found in the TiAl specimen described pre-

viously (Figure 40). These MZ exhibited the alter-

nating light/dark relationship of adjacent passes also

described previously.

This sample contained features unlike any found

in the other three alloys. First, the size of the

grains of the MZ was much larger in Fe3A1 than those

found in the other three alloys. But the MZ grains

were much smaller than those found in the substrate.

Second, frequently substrate grains extended into the

MZ (Figure 41). This resulted in there being two

distinct sizes of grains existing simultaneously in

the MZ. The grains which extended across the sub-

strate/MZ boundary were much larger than the second

type of grain. These second type of MZ grains were

layered across the top of the MZ and extended in a

"leg" down the center of the melt pool (Figures 41 and

42).

After one hour of heat treatment the, microstruc-

ture of the MZ altered dramatically (Figure 43). Both

types of MZ grains transformed into micrograins.

After heat treatment no evidence of grains extending

across the MZ/substrate boundary could be found.
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Figure 38

Optical Micrograph of Fe3A1 Substrate, 0 Hr HT, X50

vi

Figure 39

Optical Micrograph of Fe3A1 Substrate, 10 Hr HT, X50
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Figure 40

Optical Micrograph of Fe3A1 Laser Pass, 0 Hr HT, X50,
a) Dark melt zone, b) Light melt zone

Figure 41

Optical Micrograph of Fe3A1 Laser Pass, 0 Hr HT, X400,
1) Coarse trans-melt boundary grains, 2) fine melt
zone grains
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Figure 42

Optical Micrograph of Fe3A1 Laser Pass, 0 Hr HT, X400

Figure 43

Optical Micrograph of Fe3A1 Laser Pass, 1 Hr HT, X50,
a) Melt zone bottom, b) substrate, c) melt zone
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There still continued to exist two sizes of MZ grains.

At the bottom of the melt pool were the largest of the

transformed grains. These were arrayed with their

major axis approximately perpendicular to the

MZ/substrate boundary (Figure 44). Above this region

and continuing to the top of the MZ were very fine

grains 10 microns in diameter. With 10 hours of heat

treatment both sized grains had grown but there

remained a clear distinction between the size of the

substrate grains and the largest of the MZ grains

(Figure 45).

Normally it would not be expected that heat

treatment will result in grain refinement. One

explanation for the grain refinement is the existence

of high residual stresses in the "As processed" MZ.

With heat treatment these stresses were relieved by

the process of grain refinement. Both the alpha-Fe

and FeAl phases are high temperature phases, upon

rapid solidification and the constraint of the

unmelted substrate, high residual stresses would not

be unexpected. In an attempt to confirm the presence

of residual stress the "As Processed" MZ was com-

pressed with a Vickers microhardness indenter. When

viewed under a lower power optical microscope it was

observed that the sides of the diamond shaped inden-

tion were distorted, bowing in toward the center of

the indentation, indicating warping from residual

compressive stress. A second possible mechanism for

the generation of these micrograins may have been a

high energy state brought about by the presence of

many APB existing from the two stage ordering trans-

formation. This high energy state would be relieved

by shifting to a micrograin state.
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Figure 44

SEM Micrograph of Fe3A1 Laser Pass, 1 Hr HT, X100

Figure 45

Optical Micrograph of Fe3A1 Laser Pass, 10 Hr HT, X50
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The Fe3A1 standard X-ray diffraction pattern has peaks

which overlap the 6 strongest peaks of the FeAl

standard pattern (Table 10). The X-ray diffraction

data from the "As Processed" sample had peaks which

matched these 6 overlap peaks plus a match for two

additional peaks of the Fe3A1 pattern (Figure 46).

The relative intensities did not match the standard

patterns but preferred orientation exists in this

rapidly solidified zone as shown by the light/dark

alternating melt passes, and it is expected that the

relative intensities would reflect this. With heat

treatment the pattern of peaks remained unaltered

except for the disappearance of the weakest of the 6

overlap peaks. The relative intensities did not shift

to any great degree even after 10 hours of heat

treatment. The X-ray dif fraction data combined with

the phase diagram would support the presence of both

FeAl and Fe3A1 phases.

The Fe3A1 phase is a low temperature ordered

phase (-540°C) and its presence would not be expected

in a rapidly solidified material. It has been

reported [31] that in alloys close to the 75/25 Fe /Al

atomic percent composition that the Fe3A1 phase was

difficult to suppress and would form upon furnace

cooling from 850°C. A possible explanation for the

existence of Fe3A1 in the MZ zone would be that

impurities introduced during the laser processing

"locked" in this phase.

Fracture

This specimen exhibited a brittle cleavage

fracture (Figure 47). The top -0.15 mm was smaller

grained fracture while the bulk of the fracture face

had large grains both sized grains failed by

transgranular cleavage (Figure 48).
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Table 10
Fe3A1 X-Ray 0 spacings 8, Intensities -- Laser Processed

Heat Treatment Standard Pattern[0]

As Cast 1 Hour 3 Hours 10 Hours Alpha-Fe FeAl Fe3A1

d I d I d I d I d I d I d I

Y.Tig -5§ 2.08 iii6 -Z-di 165 Ya5-- -51 Y.715 ioo
2.04 100

2.03 100
2.02 1 2.02 2

1-19 18
1-18 9 1.18 12 1.18 11 1.18 25 1.18 90

1_17 30
1_45 100 1.45 49 1.45 63 1.45 100 1-45 14 1.45 80

1_43 19
2.91 12 2.91 15

2_9 16 2.9 8
2-89 8 2.89 50

1.68 1

1.67 1 1.6? 1 1.67 2 1.67 3 1.67 10
1_33 10

1.3 1 1-3 1

1.29 2 1-29 10
3-36 2

3-35 2
3.34 2 3-34 3 3-34 60

1-79 20
1.12 1 1.12 1 1-12 1

1_11 20
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Fe3A1 X-ray Diffractographs Laser Processed
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Figure 47

SEM Micrographs of Fe3A1 Fracture Face, X50
a) fine grain, b) cleavage step

Figure 48

SEM Micrograph of Fe3A1 Fracture Face, X512
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These type failure is characterized by river patterns
(cleavage steps) a type of failure which has been
previously reported for this alloy[32].
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Ni3Si

The intermetallic phase, Ni3Si, exists over a

very limited solubility range of from 22.8 to 24.5

atomic percent silicon (Figure 49). It does appear

over a wider range (10 to 27.9 at. % Si) as one

component of a two phase state. At the Si poor range

the second phase is Ni solid solution while at the Si

rich range Ni31Si12-gamma is the second phase. Ni3Si

has a L12 Cubic superlattice crystal structure.

It appears that this intermetallic has not been

well studied. In general the only research articles

that were located in which it was discussed were

articles dealing with general subject of L12 nickel

based alloys or on formation of amorphous Ni-Si-B

alloys.

Substrate

With chemical analysis the "As Cast" material was

determined to be 78 atomic % Ni, 22 atomic % Si and 11

ppm B (Table 4). The Ni-Si binary phase diagram at

this composition indicates that at equilibrium there

would exist a two phase state of -6% Ni s.s. and 94%

Ni3Si-Beta 1. Taub, Briant et al reported that for a

Ni3Si-Beta composition slightly richer in Si (23

atomic %) they found evidence that the boron addition

had modified the phase diagram[33]. In that case they

found the gamma phase present even after a 1000°C two

hour anneal. They were dealing with a boron addition

of 0.5 atomic percent which was significantly higher

than was the case with the specimen that was the

subject of this study which had a boron concentration

of 11 ppm. Therefore it was felt that the use of the

binary phase diagram would be appropriate.
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The X-ray diffraction data of the "As Cast"

specimen were not definitive in identifying the phases
present (Table 11). The four strongest peaks of the

Ni3Si-Beta 1 standard pattern either overlapped

exactly or are only slightly shifted from the four

strongest peaks of the Ni s.s. standard pattern. To

complicate identification of the phases even further

the three strongest peaks of the Ni3Si-Beta 2 standard

pattern are only slightly shifted from the three

strongest Ni s.s. peaks. The Beta 1 standard pattern

overlaps either or both of the Ni s.s. and Beta 2
patterns.

As can be seen in Table 11, the 5th and 6th

strongest peaks of the "As Cast" sample pattern match

strong peaks of the Ni3Si-Beta 2 pattern thus present-

ing strong evidence that this phase is present in the
specimen. In addition all four of the NI s.s./Ni3Si-

B1 overlap peaks were present in the pattern obtained

from the sample (Figure 50). With the presence of the

strong peak at the 1.06 d-spacing, which is not part

of the Beta-2 pattern, the existence of one or both of

these phases (Ni s.s., Ni3Si-Beta 1) was clearly

indicated. With the strong evidence of the presence

of the Beta 2 phase and because of the overlapping of

patterns mentioned above, it is not possible to

determine from the existence of the peaks alone which

phase, Ni or Beta 1, is also present. It is possible

that both are exist.

The relative intensities of the four strongest

peaks very closely match the Ni s.s. standard pattern

so if it could be assumed that there were no orienta-

tion affects existing in the "As Cast" specimen this

would support the argument that Ni s.s. was the

primary phase.
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Table 11
Ni3Si X-Ray D spacings & Intensities Substrate

Heat Treatment Standard PatternC0)

As Cast 1 Hour 3 Hours 10 Hours Ni z.s. Ni3Si-81 Ni3Si-B2

d I d I d I d I d I d I d I

-755 166 -5 odT
2.02 100

2.03T55 iio Z65 io a

2.02 100
2-01 100

1.76 51 1.76 20 1.76 42
1_75 40 1.75 34 1.75 70

1-74 100
1.25 21

1.24 29 1.24 27 1.24 24 1.21 25
1_24 14

1-23 70 1.23 100
1.06 29 1.06 30 1.06 24 1.06 28 1_06 20 1.06 70
3.51 4 3-51 2

3-5 4 3-5 4 3_5 30
3.48 60

2_49 30
2.48 3 2-48 4 2-48 4

2.47 3
2.15 60

1-57 2 1_57 2 1.57 2 1-57 2 1.57 20
1.43 1 1.43 1 1-43 1 1.43 20 1.43 40
1.17 1 1-17 1 1-17 1 1.17 20 1-17 20

1.96 23 1-96 80
1-94 24

1-91 80
2-15 4

2.12 40
2-1 4

1.57 1

1_56 40
1-38 3 1-38 40
1_12 2 1-12 40
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Ni3Si X-ray Diffractographs - Substrate
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As was seen in the other three alloys orientation

effects did exist in the "As Cast" samples. Combining

the X-ray diffraction data with the phase diagram the

most likely state for the specimen would be a Ni s.s.

plus Ni3Si-Beta-2 state.

After 1 hour of heat treatment the peaks which

supported the finding of the Beta 2 phase in the "As

Cast" samples disappeared and the X-ray diffraction

pattern shifted to more closely match the standard

pattern for the Beta 1 phase. Although as seen in

Figure 50, there are some minor peaks which match the

Beta 2 pattern. After 10 hours of heat treatment this

continued to be the case.

Of the two phases present, the weakness of the

relative intensities of the Beta 1 pattern peaks would

appear to indicate that the primary phase is the Ni

s.s. phase. This is not in agreement with the phase

diagram which indicates that at equilibrium Ni s.s. is

a minor phase. Nor does it agree with the X-ray

elemental mapping which indicated that the matrix, the

volume of which decreased with heat treatment, was the

Si deficient phase (Ni s.s.).

It is not understood why the X-ray diffraction

data contradicted the phase diagram and the micro-

structural evidence of the relative amounts of the

phases present. The continued existence of the

dendritic microstructure after 10 hours of heat

treatment indicate the specimen was not in an

equilibrium condition and therefore the sample would

not be in strict compliance with the phase diagram.

The X-ray diffraction data was obtained from the outer

edge of the sample which was the area nearest the

outer edge of the original melt button. The micro-

scopic study was done near the center of the sample.
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The conditions existing at the two location may have

been sufficiently different to result in the contra-

dictory findings.

Microscopic examination of this sample showed

fine dendritic structures in a continuous matrix

(Figure 51). SEM EDX elemental mapping for Si

indicated that the matrix was Si deficient in com-

parison to the dendritic areas (Figures 52 and 53).

With the possible phases present being Ni3Si and Ni

s.s. this would seem to indicate a Ni3Si dendrite in a

Ni s.s. matrix. With heat treatment the dendrites

grew as can be seen by comparing their size in Figure

54 after 1 hour of heat treatment to their size in

Figure 55 after 10 hours of heat treatment.

Laser Processed

The MZ of this alloy was similar in appearance to

that found in the Ni3A1 alloy. Shallow (-0.3 mm deep)

melt pools with an additional -0.7 mm of melt flow

(Figure 56). The laser processed face, in a manner

again similar to that of the Ni3A1 sample, had what

appeared to be unmelted bands between each laser pass

(Figure 57). There was evidence of some pitting at

the edge of these bands but no where near as severe as

was the case in the Ni3A1 sample. Some fine cracking

took place on the laser processed face. These cracks

ran both perpendicular to the direction of the laser

passes, crossing several passes, and parallel to the

pass. The cracks which ran parallel to the laser

passes often ran down the center of the pass.

Down the center of each pass were feather or fan

shaped structures, the open end of the fan pointed in

the direction opposite of the line of travel of the

laser beam.
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Figure 51

Optical Micrograph of Ni3Si Substrate, 0 Hr HT, X50
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Figure 52

SEM Micrograph of Ni3Si Substrate, 0 Hr HT, X2500
1) Dendrite 2) Matrix

Figure 53

SEM EDX Elemental Mapping for Si of region in
Figure 52
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Figure 54

Optical Micrograph of Ni3Si Substrate, 1 Hr HT, X400

Figure 55

Optical Micrograph of Ni3Si Substrate, 10 Hr HT, X400
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Figure 56

Optical Micrograph of Ni3Si Laser Pass, 0 Hr HT, X100,
a) Melt flow, b) "fringe", c) Melt Zone, d) "Needles"

Optical Micrograph of Ni3Si Laser Processed Face, X50,
1) Unmelted band, 2) "Fan", 3) Weld ripple, 4) Crack
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When viewed in cross section, there proved to be

fine needle shaped microstructures at the center of

each pass (Figure 58). At the top of the MZ the

orientation of these needles was either quite random

or they lay with their major axis parallel to the top

of the sample. Those needles nearest the boundary of

the MZ were oriented with their major axis

approximately perpendicular to that boundary. As the

outer edge of the melt pass would be expected to

freeze first, this orientation of the needles would

indicate that they grew in from the edge of the MZ.

The fan shape found on the top surface would support

that they grew from behind the laser beam in toward

the center of the MZ.

The microstructure of the portion of the MZ

outside the needle dominated area consisted of very

fine dendrites which appeared similar to those found

in the substrate only much smaller (Figure 59). The

proportion of dendrite to matrix also appeared to be

similar. The boundary of the MZs were very definite

when examined under the optical microscope. The

boundary appeared as a uniform fringe between the two

melt zones.

Extending below the MZ was the melt flow. In

general appearance the microstructure in this region

was again very similar in appearance to that found in

the MZ described above, an almost continuous dendritic

structure (Figure 60). The boundary between the melt

flow and the substrate could be identified by the

change in size of the dendrites. The melt flow

dendrites were intermediate in size between those

found in the substrate and those of the MZ. The size

differential was most dramatic between the MZ and the

melt flow but still clearly evident between the melt
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Figure 58

Optical Micrograph of Ni3Si Laser Pass, 0 Hr HT, X100
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Figure 59

Optical Micrograph of Ni3Si Laser Pass, 0 Hr HT, X400
1) Melt flow, 2) fringe, 3) melt zone

Figure 60

Optical Micrograph of Ni3Si Melt Flow, 0 Hr HT, X400
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flow and the substrate. With heat treatment the MZ

dendrites grew and blended into the melt flow

dendrites (Figure 61). The needle structures also

grew and lost their sharply defined edges (Figures 62

and 63).

The X-ray diffraction data for the "As Processed"

sample, as would be expected, indicates an extremely

non-equilibrium condition (Figure 64). The pattern

had 51 peaks. An examination of the binary phase

diagram shows that there are five most probable

phases, Ni s.s.; Beta 1, 2, and 3; and gamma. The

standard patterns of all of these phases have

overlapping peaks or peaks which are only slightly

shifted from one another (Table 12). The data from

this sample had peaks which matched a substantial

part of the pattern for each of these five phases.

Because of the orientation effect expected and proven

by the needle shaped microstructures, the intensi-

ties must be disregarded so no conclusions can be made

to the relative amounts of each phase which may be

present. The only conclusion which can be drawn from

this X-ray diffraction data even when it is considered

with the information provided by the phase diagram is

that it appears that all five phases may indeed be

present.

With one hour heat treatment the X-ray diffrac-

tion pattern reduced to match almost exactly the

standard pattern for Ni3Si-Beta 1, which is the

equilibrium phase. As was discussed for the sub-

strate material it is not possible to separate out the

Ni pattern from the Ni3Si-Beta 1 pattern so from the

X-ray data alone no conclusion is possible on the
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Figure 61

Optical Micrograph of Ni3Si Laser Pass, 3 Hr HT, X400,
1) Melt flow, 2) Fringe, 3) Melt zone
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Figure 62

Optical Micrograph of Ni3Si Laser Pass, 0 Hr HT, X400

Figure 63

Optical Micrograph of Ni3Si Laser Pass, 3 Hr HT, X400
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Table 12
Ni3Si X-Ray D spacings & Intensities -- Laser Processed

Heat Treatment Standard PatternE03
As Cast 1 Hour 3 Hours 10 Hours Ni s.s. Ni3Si-B1 Ni3Si-B2 Ni3Si-B3 N131Si12
d I d I d I d I d I d I d I d I d I

2753 46 -i:as -lig 2755 -5-g 2753 -Si 2753 155
2.02 1 2.02 100 2.02 100

2-01 1001_76 100 1.76 42 1.76 801-75 11 1-75 100 1.75 100 1.75 100 1.7S 70
1.74 1001-27 3

1-26 10 1.26 601-25 23 1.25 21
1.24 33 1.24 27

1-23 5 1-23 70 1-23 100 1.23 201.22 1
1.22 601-21 3 1.21 201.2 3 1.2 101_07 2

1.06 27 1.06 21 1.06 23 1.06 20 1.06 703-53 1

3.51 21 3.51 6
3-5 8 3.5 30

3.48 60
2-49 302.48 5 2.48 4 2.48 3 2.48 202-46 i

2.45 60
1.59 31.57 1 1-57 3 1.57 2 1-57 2 1.57 20 1.57 60

1-56 401-44 1
1-43 1 1.43 1 1.43 1 1.43 20 1-43 401.17 1 1.17 1 1.17 1 1.17 20 1.17 20 1.17 201-98 34

1.98 100
1.97 100

1-96 801.95 57
1-37 12 1.37 601.93 68

1.93 952.1 7
2.1 26
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presence of Ni s.s. When the information contained in

the phase diagram is considered it is clear that there

probably exists some Ni s.s. With further heat

treatment the Ni3Si-Beta 1 pattern remained firm with

just some minor adjustments in the relative

intensities.

Fracture

The fracture face of this specimen had two

distinct regions. The MZ could easily be distin-

guished from the balance of the fracture (Figure 65).

The MZ failed in a transgranular cleavage mode

exhibiting typical river patterns. The melt flow

fracture was characterized by micrograins failing in a

ductile manner (Figure 66).
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Figure 65

SEM Micrograph of Ni3Si Fracture Face, X49,
1) Melt zone, 2) melt flow

Figure 66

SEM Micrograph of Ni3Si Fracture Face, X500
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CONCLUSIONS

The starting material for these four samples, the

substrate material, was not in a equilibrium state

prior to laser processing. From the change in phase

and microstructure with heat treatment is appears that

the substrate material for all four samples had not

been homogenized prior to laser processing. With the

exception of the Fe3A1 specimen all samples consisted

of order phases in the "As Cast" state. (Table 13)

Laser processing produced a change in the

microstructure. Again with the exception of the Fe3A1

sample, the grains resulting from the rapid cooling of

the melt zone were very small and exhibited a great

deal of preferred orientation. Even in the Fe3A1

sample the melt zone grains were much smaller than the

substrate grains. Heat treating for 10 hours did not

remove the non-equilibrium structures produced by the

laser processing.

In Ni3A1 and TiAl the laser processing did not

produce phases different from those present in the

substrate material. Limitations in the analysis

methods used in this study did not allow a

determination of the relative proportions of the phase

present in the laser processed regions. On the Ni3Si

sample laser processing produced two equilibrium and

three non-equilibrium phases. Only two of the non-

equilibrium phases were not present in the "As Cast"

substrate.

The effect of laser processing on the Fe3A1

produced the most unexpected results. The "As Cast"

state was a disordered Fe solid solution. Laser

processing produced more ordered phases.
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Table 13

X-ray Diffraction Phase Analysis

Sample

X-Ray Diffraction Phase Analysis

peat Treatment (ht./

3 10___0 -1----

Substrate Ni3A1 Ni3A1 Ni3A1 Ni3A1
(Ni s.s.)* (Ni s.s.)* Ni s.s. Ni s.s.

Laser Processed Ni3A1 Ni3A1 Ni3A1 Ni3A1
(Ni s.s.)* (Ni s.s.)* (Ni $.s.)* Ni s.s.

Fe Fe Fe Fe

TiAl
Substrate TiAl TiAl TiAl TiAl

Ti3A1 Ti3A1 Ti3A1 Ti3A1
Ti2A1N
TiN0.90

Laser Processed TiAl TiAl TiAl TiAl
Ti3A1 TiAlN Ti2A1N Ti2A1N

TiN0.90 TiN0.90 TiN0.90

_3A1

Substrate Fe s.s. Fe s.s. Fe s.s. Fe s.s.

Laser Processed FeAl FeAl FeAl FeAl
Fe3A1 Fe3A1 Fe3A1 Fe3A1

Ni3Si
Substrate Ni3Si-132 Ni s.s. Ni s.s. Ni s.s.

Ni s.s. Ni3Si-B1 Ni3Si-131 Ni3Si-B1
N93Si-B1

Laser Processed Ni s.s. Ni3Si-B1 Ni3Si-B1 Ni3Si-B1
Ni3Si-B1 (Ni s.s.)* (Ni s.s.)* (Ni s.s.)*
Ni3Si-132
Ni3Si-B3
Ni31Sil2

*This phase is possibly present but the X-Ray Diffraction pattern is hidden
within the pattern of other phases
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The X-ray diffraction patterns gave evidence of the

more ordered FeAl phase along with the ordered low

temperature Fe3A1 phase.

With one hour heat treatment at 900°C and air

cooling the non-equilibrium phases in the melt zones
of all four samples disappeared. The melt zone

remained at least as ordered as the substrate and in
the case of Fe3A1 the melt zone phases were ordered

while the substrate was not.

A possible future area of continuing study would

be exploring the significance of the melt flow

observed in these samples. Since the melt flow

appeared to bond effectively with the unmelted sub-

strate while retaining microstructure similar to the

melt zone it may be of importance in designing joining
welds in intermetallics. If the melt flow could be

utilized to reduce the actual melt zone depth the

energy input into the material could be lessened.

Another area to be explored is the exact nature

of the transport mechanism which carried elements

between dissimilar samples. Contaminating elements

were observed in the melt zone distances equal to many

melt pool diameters away from the source. An under-

standing of how far elements can be carred by the melt

pool could thus be gained.

The next logical step in studying the desirabil-

ity of using laser processing as a joining technique

on intermetallics would be to study the physical

properties, including toughness and strength of welded

joints.

The design of any future study of this type

should take care to insure that during laser process-

ing samples are kept isolated from one another so that

contamination does not take place. If this study were
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to be repeated the "As Cast" samples should be

homogenized completely so that the structures and
phases are in an equilibrium state.

In Conclusion it appears that the action of

laser processing on an ordered intermetallic produced

a melt zone with of equally or more ordered phases.

The non-equilibrium phases can be eliminated with a

short heat treatment although non-equilibrium

microstructures will remain. Finally, from examin-

ation of the fractographs there is some evidence that

the melt zone and melt flow fracture characteristics

may have been enhanced by these non-equilibrium

microstructures.
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