
Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
INCREASED STRENGTHENING OF AUSTENITIC ALLOYS THROUGH DUAL AGING

Permalink
https://escholarship.org/uc/item/7qc8g425

Author
Ma, Annie

Publication Date
1978-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7qc8g425
https://escholarship.org
http://www.cdlib.org/




· ,. .'.' '.' .' .

,This report WfJ.S prepared, as, an accountof work sponsoredby the
United State,s Governme[lt, Neither the United States nor, the Depart
mentof Energy,' nor any of their 'employees, nor any of thei (con- ,

',tractors, subcont~actors,ortheir employees, makes any warranty,
expressor implied, or assumes any legal liability or responsibility for
the accuracy,cornpletenessorusefulness of anyinformation,appa
ratus, product Or 'process disclosed ,(jrrepresents that its use would
not infringe privatelyownedrights.



·1

INCREASED STRENGTHENING OF AUSTENITIC ALLOYS
THROUGH DUAL AGING

Annie Ma

Inorganic Materials Resarch Division, Lawrence Berkeley La~
boratory and Department of Materials Science and Engineer
ing, College of Engineering; University of California,
Berkeley, California

ABSTRACT

The research reported herein is a study of the ef-

t of solution treatment, single and duplex isothermal

aging heat treatments on an Fe-Ni-Ti~Al austenitic alloy

hardened by y' prec ipi ta tion. Sequential hea t trea tmen ts

were performed and studied in order to develop a systematic

process for achieving very high strength austenite through

thermal processing alone.

Alloys receiving double aging treatments were found to

achieve mechanical proper ties super ior to those aged at a

given temperature. An optimum level of yield strength

(1 72Ks i) along wi th good aongation (20%) was obtained

om a two-step aging process.

Structural examination indicated that overaging was

retarded by secondary aging. The formation and growth of

cellular precipitates were suppressed. Resistivity changes

were measured on wire specimens to study the early stages

of pr ec ipi ta tion. Res i stivi ty peaks wer e observed dur ing

secondary aging indicating evidence of secondary precipita-

tiona
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But in the last two decades, considerable attention had

I. INTRODUCTION

Age-hardening through the precipitation of interme

talic compounds, particularly by the addition of Al and/or

Ti, has been in commercial use for some time. Most of the

earlier work was largely confined to nickel-base alloys 1

5

been given to the strengthening of low-carbon austenit

6-14steel s , such as alloy A-286, because of their poten-

tial for high temperature applications.

All the possible phases that can be found in

1

austenitic iron alloys are listed in Table I 15 Most

phases do not serve useful hardening functions and their

presence is found to be detrimental to mechanical proper-

used 6-12,15-16 hardening precipitate for austenitic steel,

y' Ni 3 (TiAl), a transitional phase. During the early stage

of precipitation, y' has an fcc (L1 2) structure (Figure la)

and forms as spher ical particles distr ibuted randomly in

the matrix. But in the later stages in the aging process,

the equilibrium y' is replaced by 9' a cellular or Widman

statten type of precipitate involving the cp hexagonal

(0024) phase Ni 3Ti (Figure lb). The occurence of cellular

precipitation is detrimental to mechanical properties since

it is preferentially nucleated along grain boundaries,

resulting in a decrease in strength and ductility.



The control and minimization of grain boundary pre

cipition, therefore, is a primary goal for achieving a high

strength alloy wi th reasonable residual toughness. Three

general approaches have been employed: altering alloy chem

istry, cold working and thermal heat treatment. These tech

niques, applied singly or jointly, affect the precipitation

behavior and will be described briefly below.

(A) Alloy Addition

In general, the rate of aging increases with in

cr easing super sa tur a tion. In Fe-Ni austen i te s, a high Ti

content yields a maximum aging response due to the large

misfit between the precipitate and the matrix. But the

benefit of this increase is offset by a tendency toward ra-

2

p

of the grain boundary reaction, but since Al is a smaller

atom than Ti it reduces the coherency strain and increases

the time to reach peak hardness. The formation of deleteri

ous sigma phase also occurs at high Al content 9. An op

timum content of Ti + Al in Fe-Ni austenitic steels was

found 11 to be at approximately 23 to 1 atomic ratio of Ti

to Al f though a slightly lower ratio (11. 7) was reported 1

for Ni-based alloys. Grain boundary precipi tation is also

retarded by other alloy species, for example, boron 1

which does no t d ir ec tly par tic ipa te in the prec ipi ta tion

process.



(8) Cold Work

Some of the energy expended in cold work appears as

strain energy stored in the metal 17 associated with dislo-

cations which are introduced by plastic de rmation. Each

dislocation is a crystal defect which may serve as a favor-

able nucleation site during subsequent aging. The applica-

tion of cold work after solution treatment hence ac-

1 t th . d h b f d 12 .ce era es e ag~ng response an as een oun to ra~se

the proof stress substantially. However, cold work is gen-

er ally unattr active from a practial point of view because

of the difficUlty of deformation-processing relatively

thick sections.

(C) Thermal Treatment

Age-hardening kinetics are determined by the rate

of nucleation and growth of the precipitates. Several

features 18 are observed in precipitation hardening:

(a) The formation of metastable fine zones precedes that of

the equilibrium phase.

(b) The strength of the precipitate-hardened alloy in-

creases with the density of precipitate particles.

(c) The hardness goes through a maximum with aging time.

(d) The maximum hardness is reached sooner at higher tem-

perature.

(e) The ultimate hardness decreases as the aging tempera-

ture increases.

3



The formation and maintenance of a fine precipitate

d istr ibution is cr i tical in developing high strengths. A

careful consideration of the relevant metallurgical reac

tion suggests the utilization of a two-step aging process.

Since the development of fine Y' particles is determined by

the diffusion of solute, a higher aging temperature

enhances the rate of homogeneous nucleation. Subsequent ag

ing treatment at a lower temperature can delay the coarsen

ing kinetics and allow the particles to grow slowly. Hence

by aging the alloy at a high temperature for a short time

followed by a second aging at a lower temperature, both the

size and volume fraction of the precipitates can be con

trolled. Blower and Mayer 12 had successfully appl ied the

double ag ing treatment to austenitic stainless steels to

attain high tensile strengths. However, the relationships

between the nature of the precipitation process induced on

secondary ag ing and the resul ting changes in strength is

not well understood.

This research was undertaken to systematically

study the effect of solution heat treatment, single and du

plex isothermal aging heat treatment on the aging response

and mechanical properties of an Fe=Ni-Ti-AI austenite har

dened by Y' precipitation. The secondary aging reaction, in

particular, was given more attention to establish a tech

nique for achieving very high strength austenite through

4



thermal processing alone. The resistivity technique was

also used to investigate the kinetics of precipita forma

tion at the early stage.

5



II. EXPERIMENTAL PROCEDURE

(A) Material Preparation

The alloy, with nominal composition Fe-36Ni~3Ti

0.5AI was made from high purity (99.9%) iron, nickel, ti~

tanium and aluminum. A comparison of the nominal and actual

composition is given in Table II.

The mater ial was mel ted in a II-Kg induction fur

nace and cast in a copper chill mold. The resulting ingot

was then homogenized at 1200 0 C for 24 hours and furnace

cooled in an argon atmosphere. It was then reheated to

1100 0 C and upset cross-forged into a 0. 5x2 inch square

plate and subsequently water quenched. Sections of dif

ferent dimensions were cut out along the longitudinal

direction for testing.

6

Wire specimens for resistivity studies were

prepared by cold rolling a bar sample (cross-section 5/6

inch sq.) to a 0.2 inch square bar which was further swaged

to a l2J. 09-inch diameter rod. Finally the sample was wire

drawn through a die which allowed a reduction of 5% per

pass to an ultimate diameter of 0.025 inch. All the opera~

tions were carr ied out at room temperature. Imper fections

wer e carefully removed wi th sand paper between passes to

produce a high quality wire.

(8) He t Treatment



Milling and polishing were per rmed on every

specimen before each heat treatment to ensure the complete

removal of any oxidation. For specimens requiring isother

mal heating, a resistance type chamber furnace was us

Each specimen was sealed in stainless steel bag filled with

argon gas. Solution treating was carried out in the range

of 850-1l5i?JoC, at 5i?J oC intervals. Each heat treatment was

followed by water quenching.

A gradient furnace was set up for the purpose of

examining hardness as a function of aging temperature. A

20-inch tube furnace, with 1. 5-inch inner diameter, was

monitored by a furnace controller through the inser on of

a thermocouple into the center. Part of the heating element

in one end of the furnace was removed to obtain a tempera-

7

ture range 0 • The furnace was set in an

upr ight posi tion. Bar spec imens 6 inch x 0.625 inch

square) were drilled and tapped and solution heat treated

isothermally. Eight thermocouples were spot welded and

secured to each specimen after it had been attached to a

specimen holder by a set screw. The specimen was then

suspended and lowered into the furnace. The temperature at

each thermocouple was recorded automatically every five

minutes. The range of temperatures could be varied by ei

ther adjusting the furnace temperature or the height of the

suspension. The specimen was periodically taken out of the

furnace to study the effect of ag ing time on hardness.



ardness tests were conducted along the specimen

corresponding to the different aging temperatures.

(C) Mechanical Testing

(a) Hardness Testing

All specimens to be tested for hardness were care

fully pol iShed to remove sur face irregular i ties. A Wilson

Rockwell Hardness Tester was used. At least four measure

ments were made for each data point. The results were

presented as an overall average. In all cases, testing was

done on the Rockwell C scale, with a diamond Braile in

denter and a major load of 150 Kg.

(b) Tensile Testing

Testing machine at a cross head speed of 0.05 em/min at

room temperature. A schematic of the subsize tensile speci

men is shown in Figure 2. Two specimens were tested for

each datum. The yield strengths were reported as the load

required at a 0.2% nominal strain offset from the elastic

portion of the stress-strain curve.

(D) MicroscOEY

(a) Optical

All samples were either cold mounted or Baklite

mounted using a Struers hot press. They were subsequently

8



hand polished to 4/0 grade paper, corresponding to a scatch

size of 10 microns. Then the scratches were further reduced

to -0.25 um using diamond paste on a rotating wheel. Final

ly they were chemically etched in a H20 + 4% HF solution

for 10 seconds. Overetching was to be avoided when a reve

lation of grain boundary structures was desired.

All micrographs were taken on a Zeiss 64559 metal

lograph using Polaroid type 55 positive/negative films.

(b) SEM

All fr acture sur faces from the tensile tests were

examined in a JEOLCO JEM-U3 scanning electron m roscope

with secondary electron emission at 25KV.

A circuit diagram for the resistivity experiment is

shown in Figure 3, the design of which was a modification

om CoIner and Zmeskal 1. A 5-inch wire was spotwelded to

two stainless steel rods at the ends and insulated platinum

wires used as potentials leads were spot welded 2 inches

apart on the specimen. The specimen assembly, shown in Fig

ure 4 was then placed in the center of tube furnace where

the temperature variation was less than IOC over a range of

2 inches. Argon gas was fed into the furnace at a constant

rate. Prior to the start of the experiment, all electronics

were turned on and allowed to reach a steady state. Solu-

9



tion treating at 1100 0 C was accomplished by electrical

resistance heating with AC current. By throwing the swith

to the DC posi tion and simul taneouly increasing the argon

flow, the specimen was quenched rapidly to the furnace (ag

ing) temperature and a constant DC current was allowed to

flow. The difference in vol tage across the 2-inch section

of the specimen was amplified by a differential amplifier

and recorded on a chart. For the dual aging specimens, the

first aging was carried out by AC resistance heating.

The resistivity change was expressed as a percen

tage, Hl0x(pt-Po )/Po ' where Po is the resistivity immedi

ately after quenching and Pt is the resistivity reading at

given to

10



III. RESULT AND ANALYSES

11

(A) moq~holog~ of

Typical curves of hardness vs single aging time r

alloys aged at 660-180 0 C are shown in F ure 5. The results

demonstra that substanti rease in hardness occur s.

As indicated by the occurence of hardness peaks, the kinet

ics of precipitation is faster at higher temperatures. This

is due to the increased growth rate, since growth is a

diffusion-controlled ss, enabling the par~~~~v~ to

grow rap • Consequently overaging was also accelerated

giving a decrease in the observed hardness at longer time.

Ifa lower aging temperature was used, the solid ution

was more supersatuated with solute. Bence the intensity of

hardness. A picture of yi precipitates from a similar

class of alloys (Fe-Ni -Mo) is shown in gure 6.

When the maximum hardness is reached, cellular pre-

cipitates begin to form. Precpitates of this type invari-

ably nucleate along the gr a boundar s in colon s, as

shown in Figures 7a and 7b. They consist of lamallae or rod

shaped Ni 3Ti part es protruding into the matrix. TEM stu

dies 11 showed that this phase continuously loses coheren-

cy th the austenitic matrix as overaging proceeds. Clark

and Picker ing 10 had repol' ted the observation of zones

denuded of Yi at the cellular interface suggesting that yi



was providing the solute for the growth of the cellular

Ni 3TL

(B) Sequential stud~ of aging re tion

(a) Effect of solution treatment temperature

Specimens tested were given dif rent solution

treatments, quenched and then aged at 740 0 C for 4 hours.

The resulting tensile properties are shown in Figure 8.

With preaging solution treatment temperatures in the range

of 850~1150oC, maxima appear in the tensile and yield

strength and %RA curves at around the solution treatment

temperature of 900 oC. The % El, however, drops when the al

loy is solution treated at l100 0 C or higher. Treatment tem-

12

rature variation within the r e tested had little ef-

fect on the hardness. This observation was also reported by

Blower and Mayer 12

The poor ductility resulting from solution heat

treating at high temperature is readily explained after an

examination of the fracture surfaces (Figure 9). Specimens

solution treated at 1100 0 C failed by intergranular frac~

ture. Large cleaved facets are visible along with cracks at

the grain boundaries. However, the optical micrograph of

the same spec imen (Figur e 11. a) shows very 1 i ttle gr ain

boundary ecipitation, the appearance of which was usually

responsibl e for the obse rved fa il ure mode. The mechan isms



that cause this mode of failure have not been determined.

Figure 9b is a scannig electron micrograph of a

13

Ii cup and cone" acture surface. The predominantly dimpled

transgranular fracture mode for the 9512l oC solution treat-

ment is in good agreement wi th the peak elongation and

reduction in area data. The microstructure (Figure lIb)

also reveals very "clean li grain boundaries. Solution treat-

ing at still lower temperatures again leads to an inter

granular fracture mode. Figure llc shows that a consider

able amount of overaging had taken place. This was suspect-

ed to be the result of the low solution treating tempera=

ture, close to the pre~ipitate solvus temperature. Although

microstructural studies of the as solution treated and

quenched structures did not show any grain boundary precip=

n at temperatures

precipitates were not completely dissolved during solution-

ing process. Overaging subsequently took place during the

aging heat treatment. The cleavages on the fracture sur=

face however, are much finer since the grain size d reases

with decreasing solution treatment temperatures. A measure

of grain size vs solution heat treatment temperature is

shown in Figure 10.

From the above results, it is clear that the op-

timum solution heat treating temperature lies in the range

950-HII2HlI oC. The 950 0 C solution temperature was adopted for



the majority of the sUbsequent heat treatments. Pictures

14

of the as solution treated and quenched structure at 9S0 oC

are shown in Figure 12.

(b) Effect of primary aging

The mechanical properties following aging at 670 0 C

and 74SoC are shown in Figure 13 and 14. An incubation

period is observed at the early stage of aging at low tem-

perature. The maximum yield strength was not reached until

after 70 hours at 670 oC, as compared to 4 hours at 74SoC.

The value of % elongation decreases continuously with aging

time. Both the ul timate tensile and yield strength at

670 0 C are higher than those obtained at 74SoC, in qualita~

ti ve ag reemen t with the hardness resul t as ind icated in

h h · h' 1,10,11,15. 11T e strengt enlng mec anlsm IS genera y

believed to be the yl precipitation. A large volume frac-

tion of fine precipitates with small inter-particle dis-

tance is characteristic of an optimum precipitation

strengthened alloy. As deformation proceeds, the movement

of dislocations is hindered by the fine distribution of yl

particles.

The microstructures of the aged alloys shown in

Figures 15 and 16 show clearly that even though the precip

itation kinetics diff~r, the general morphology of the pre-



cipitates obtained is quite sim are The Widmanstatten form

of precipi ta on was not obser in this study, probably

due to the low aging temperatures used.

15

(c) Effect of double

To study ts of secondary aging, a second

aging treatment was ied to alloys previous aged at a

given tempera e. The rst ing time was chosen such

that the all were ei in (i) an underaged or (ii) a

fully aged condit r to second aging. A compari-

son of the resulting mechanical properties (Figures 17 and

18) reveals two characteristics:

(1) The specimen that was in the fully aged condition at

tains a higher streng after re ing than one that was

underaged and subsequently reaged .

(2) The ultimate strength of the reaged specimens is higher

than one that is aged once at either temperatures.

The factors that contribute to the increase in

strength are not entirely clear. It is possible that reag

ing at a lower temperature promotes further precipitation.

Since the driving force for homogeneous nucleation is

higher when the matrix becomes more supersaturated. An in~

dependent precipitation may have taken place. Another pos~

sibility is that vacanc s or solute~rich zones form during

quenching down from the first aging temperature. These



zones may serve as nucleation sites during subsequent ag

ing. This would also induce a secondary precipitation. It

is also possible that no further precipitation has actually

taken place and the resul ting increase in strength is due

to other metallurgical variables. The v idity of these

assumptions, however, needs to be proven.

Comparison of Figure 19 with either Figure 15 or 16

shows that the amount of cellular precipitates is less in

the double aged specimen than that in one aged at constant

temper ature for the same per iod of time, even though the

double-aged specimen has achieved higher hardness. A lower

reaging temperature appears to retard the growth of cellu

lar precipitation. Since the solute must precipitate out of

the supersaturated solid solution, it provides indirect

evidence that the formation of "new" yl has occured. Addi

tional precipitation may have taken place in the second ag

ing process.

16

(C) Correlation of precipitation with e trical resistivi-

To study the early stage of secondary precipi ta~

tion, the presence of the secondary precipitates has to be

determined. Dur ing the secondary ag ing, the abundance of

solute is considerably lower than the first aging process.

These secondary precipitates, if present, must be very

small and very coherent. Jin and Hwang 24 applied



transmission electron m roscopy to study this phenomenum

but failed to detect any direct contrast effect of any pre~

cipi tates, nor did they observe any scatter ing or streaks

17

in the diffraction ttern. The resolut n of this precipi~

tate may require very ist ated microscopy. It was

therefore decided that the use of resistivity techniques

was the most promising oach to investigating the secon~

dary aging process. Electrical resistivity has frequently

been used to study the ress of ecipitation phenomena.

It ' '11 14,19~23 h th t th ' t' 't1S exper 1menta y s own a e reS1S 1V1 y

generally rises and drops as the decomposition of a super-

saturated solution proceeds. The question of the origin of

this anomalous increase is not fully resolved. Herman 21

and Panseri 22 in a study of precipitation in Al~Zn al-

measure the size of zones during the very early stage of

precipitation. A zone r ius of approximately 9Ao was found

to be associated with resistance maximum observed dur-

ing aging. It is now gener ly acc ted that when the size

of a zones reaches a critical diameter equal to the

wavelength of the conducting ectrons, maximum scattering

of electrons occurs corresponding to an increase in electr-

ical resistance. As growth con nues f coalescence of

zones into larger particles r uces the number of scatter-

ing centers, causing a decrease in resistance.

The effect of ing time on the resistivity change



at 670 0 C is plotted in Figure 20. The shape of the curve is

in good agreement with previous results 14 on 4%Ti stain

less steel. An incubation period is observed indicating the

slow formation of zones at low temperature. The maximum

resistivity of a specimen tested at 74SoC occured too ra

pidly to be recorded. The time duration was probably in the

order of seconds.

Similar experiments were performed on specimens

aged at 7450 prior to the resistivity measurements and the

results are shown in Figure 21. Clearly, the time to reach

maximum resistivity decreases with increasing second aging

temperature. first aging treatment.

The broadness of the peaks gives additional evi-

lower temperatures. The ultimate resistivity values indi

cate that the intensity of zone· formation is higher when

the temperature difference between the two ag ing temper a

tures increases. Upon reaging at higher temperatures (700

and 800oC), the resistivity was found to go up after the

appearance of an initial peak. An examination of the mi

crostructure was not able to reveal any difference in the

as aged condition.It is suspected that the increase is

caused by oxidation which becomes increasingly significant

at high temperatures.

A measurement of the hardness, shown in Figure 22,

18



indicates that ha ening res ts from the second aging in

all cases. A small decrease in second aging temperature

was sufficient to initiate itional precipitation. The

data also suggest that overaging is delayed by an amount of

time proportional to temperature difference. A picture

of the reaged structure at 700 0 C for 10 hours is shown in

Figur e 23.

The possible source of error in the resistivity ex

periment was in the accuracy with wh h the data were tak

en. The inaccuracy of the instruments was compensated since

only the difference of resistivity was measured. Moreover,

all the electronics were allowed to approach steady state

before any measurements were ta One possible factor

that may lead to erroneous resul t is the oxidation in the

specimen (in spite of the argon enviroment) causing higher

resistivity readings. This be the dominant factor caus

ing the ,monotonic increase in resistivity after the initial

peak (Figure 21) as discuss before. Another factor that

may affect the re ts is rate of quenching down the

specimens. Since this process is highly temperature

depend en t, a d if ence in the quenching rate may produce

metall urg ical var ia tion, fo r example, the de feet densi ty,

which may result in different resistivity. Defects may also

have been introduced from the cold wire drawing process or

in the handl ing of the specimen dur ing assembly. However,

the data was found to be reproducible espec y at low

19



temperature. Therefore it was believed that the results are

at least qualitatively valid in indicating the secondary

precipitation process.

20



IV. CONCLUSION

(1) Precipitat n in the Fe-Ni-Ti~Al system results in the

formation of yl particles which upon overaging, assume

a cellular structure along the grain boundar ies. No

Widmanstatten ecipitation was observed.

(2) An optimum range of solution heat treating temperature

was found to be 950 000 oC. Alloys solution heat treat

ed above l000 0 C exibit an intergranular fracture mode.

Solution treating at below 950 0 C accelerates overaging

and causes cellular precipitates to form, again promot

ing intergranular fracture.

(3) Alloys receiving double aging treatment achieve mechan

ical properties super ior to those aged at a given tem-

shorter period of time.

(4) The second aging treatment appears to retard the forma

tion and growth of cellular precipitation. This process

is beneficial to mechan al properties.

(5) Resistivity peaks were observed in all cases of secon

dary aging, and the data were in good agreement with

existing theory. Although it was not conclusively pro

ven in the present study, evidence was obtained sug

gesting a secondary precipitation process.

21
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Table I

OCCURENCE OF PHASES IN BINARY AND TERNARY TRANSITION ELEMENT SYSTENS

B Transition
Element Group IV (<tela) Group V ( ) Group VI (!'ie/a)

---~----------------------------------------------------~-------------es'II· Ti I Zr I Hf I I V I Nb I Ta II Cr I No I W II
--~-~~-~-~~~~~~~~~~~~~--~---~-~-~~~-~~-~~=~-~~~-~~~-~-~~-~-~-~=~=-~~-~--~~--~

II II II I II
Mn pe/a) II B2A B2A B2A II B2A S2A II I II

II II II I II
II II SA II I II
II II II I II
II Chi Chi Chi i I Chi Chi Chi II Chi I Chi Chi II
II I II I II I I II
IISigmal IISigmal IlSigmalSigma! II

-~-~=-~--~~-~~---~~=~-=~~-~-~~~~--~~-~~~~~~=~~~~---~~~~=-=~~~=~--~~~~~-~~~-~

II II II II
Fe (Se/a) I! B2A B2A BZA i I B2A B2A II B2A B2A I!

II II II II
I I BA I I BA I I Mu Mu FeAl
II II II

II I !
IISI9m.ISigma!Sigma ISigmalSigma Ii

II I II I II II
CO (ge/a) II s2A slA I BZA II B3A I B2A s2A II B3A B 3A II

II I Ii I I! . II
II SA SA I BA II I II II CoAl
II I II i II II
II I II Chi I II Mu Mu II
II I II I Ii I I II
II G G I G II Sigma I G G II Sigma I Sigma I . II

-=-=~=-~~-~~=~--~~~~--~~~=-=~=~=--~---=~~~~-~-~-=~~~~~~~~=-==~~=~~~~~-~~-~~~

II I II I II II
Ni (lGe/a) II B3A ! II B3A I B3A B3A 1/ B3A II

II I i I I II II'
II SA I II Chi I II II Beta
II I II I II I II
II I IISigmal Mu ~lu ! !Sigma! II (NiAl)
II I II I II I II
II G G I G II G I G G II I II

--~~-~~~~~~~-----=~~---~=~-~~~-~~-~=~~=--==~-~~~~~~~~~~~~~~~-~~~~-~~=~-~~~~~~



TABLE II .

Chemical Composition

I Composition (wt%) I
I I----------~----~-~----------------II Ingot No. I Designation I Ni I Ti I Al I C I Fe I
I---~~-~-~--I-~---------------~-l~-~--------~---------~------------I
I 762-7 I Fe-36Ni-3Ti-0.5Al I 36.6 ! 2.89 I 0.43 1<0.0011 Bal I
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PICTURE CAPTIONS

L Atomic arrangement in the unit cell of (a) (L1
2

) yv
b(D0 24 ) Ni 3Ti

2. Diagram of round tensile specimen

3. Circuit diagram for resistivity measurement

4. Specimen assembly in resistivity measurement

5. The effect of aging time on hardness in the temperature
range 660-780 o C

6. TEM picture of YVin Fe-32Ni-3Ti-0.5Al-lMo-0.3V-0.0lB

7. Optical micrographs of alloy overaged at 7450 C for 7
hours x157"

8. Effect of solution heat treating temperature on the
strength and elongation after aging at 740°C for 4 hrs

9., SEM micrographs of fracture sgr faces for spec imens solg
tion heat treated at (a) 1100 C, (b) 950°C and (c) 8510 C

H'J. Effect of solution heat treating temper ature on grain
size

11 Micrographs of the as aged structure previously solution
heat treated at (a) 1100,oC, xl00 (b) 950 o C, x470, (c)
850 o C, x470.

12. (a) Microgaph of alloy solution heat treated at 950 0 C
xl25
(b) SEM micro~raph of fracture surface solution heat
treated at 950 C x1500

13. Effect of aging time on the strength and elongation of
alloy aged at 670°C

14. Effect of aging time on the strength and elongation of
alloy aged at 745°C

15. Micrographs of the alloy aged at 670°C for (a) 2 hrs,
(b) 9 hrs, (c) 16 hrs, (d) 64 hrs x4fOl?J

16. Micrographs of the alloy aged at 745°C for (a) 2 hrs,
(b) 4 hr s , (c) 9 hr s , (d) 210 hr s. x 4 10 f2j

17. Effect of second aging time on the strength and ebonga
tion (670°C) for the alloy previously aged at 745 C for
2 hrs
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18. Effect of second aging time on the strength and elonga
tion (at 670°C) for the alloy previously aged at 745°C
for 6 hrs

19. Micrographs of the alloy aged at 745°C for 6 hrs and at
670°C for (a) 4 hrs, (b) 8 hrs, (c) 16 hrs, (d) 32 hrs.
x400

20. Plot of resistivity change vs aging time at 670°C

21. Plot of resistivi ty change vs second ag ing time. All
specimens were aged at 745°C for 2 hrs

22. Plot of hardness vs total aging time

23. Micrograghs of wire specimen aged at 745°C for 2 hrs
plus 700 C for 10 hrs, xlS70
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