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INTRODUCTION

Interest in the mechanism of the austenite eutectoid
transformation in iron-carbon alloys, especiaily as pro-
duced by the isothermal sub-critical techniques introduced

(1)
by Davenport and Bain ,» has resulted in the application of

(1) Davenport, B. 8., and Bain, E. C., Trans. AIME, Vol. 90,
p. 117, 1930.

similar heat treatment studies to the eutectoid trans-
formations in other alloy systems. The study of the
eutectoid transformation is of both fundamental and indus-
trial interest because past experience has shown that these
studies yielded much information concerning the nature and
mechanism of the changes in eutectoid alloys during the
decomposition of the phase stable at high temperatures and
has also contributed much toward the development of new
properties to be attained by heat treatment methods never
before attempted.

The desire of the author to know more about the exact
nature of eutectoid transformations, in general, and to
study, in particular, the transformation in a system which
had heretofore been only partially investigated has led to
choice of this research topic. Therefore, the object of
this investigation is to attempt to determine the rate of

transformation of the aluminum - zZinc eutectoid alloy



(79.0 % zinc) at several suberitical temperatures.

A number of more or less reliable methods have been
used for the study of the rate of transformation of austenite
at subcritical temperatures. The author began this re-
search with the intention of utilizing the technique of
Davenport and Bain in which the progress of transformation
is followed by metallographic examination. However, the
method was diacarded.as impractical because of the nature of
the transformation.

In this particular eutectoid alloy, the deGOmp081tion
of the so0lid solution which is stable at high temperatures
is menifested by the evolution of heat. The suthor has
attempted to establish the onset and completion of trans-
formation by measurement of this heat evolution against
time and, from this data, to construct & Time-Temperaturse-

Transformation curve for the alloy.



TABLE I
BINARY ALLOY SYSTEMS CONTAINING EUTECTOIDS

Number System Temperature °C Wt. Percent Comp
. Al-Ag 610 8.0 Al
2. Ag-Ca 443 48.56 ca
3. Ag-Zn , 240 36.0 2n
4. Al-Au 424 96.9 Au
b Al-Cu 537 88.2 Cu
6. Al-Fe 1080 67.6 TFe
7e Al-Mn 7560 72.5 Mn
8. Al-Zn 270 79.0 Zn
9. As~-Fe 800 63.0 Fe

10. Au~-Cd 370 49.2 cCa
11. Au-Cr 1022 14.0 Cr
12. Au-Fe 840 : 95.0 Fe
13. Au-Mn 670 83.0 Mn
14. Au-Ki 90.0 KNi
15. Au-Zn a. 404 14.0 Zn
b. 2560 7.0 -
c. 150 14.0 "
d. 1560 46.0 b
e. 160 65.0 "
f. 416 62.0 s
16. B-Ni
17. Be~-Cu 676 6.0 Be
18. c-Co 1300 2.4 C
19. Fe-C 721 0.86 C
20. C-Ni 1315 2.2 C

21. Ca-Li 80 14.6 11



22,
23.
24.
26.
26.
27.
28.
29.
30.
31.

32 .
33.

34 .
35.
36 .

37 .
38.

39.
40.

41.
42.
43.
44.
46.

Cd-Sn
Co-Cr
Co~-Mo
Co-S

Cu-Fe
Cu-Ga -
Cu-In
Cu-Sb
Cu-S1

Cu~Sn

Cu-Zn
Fe~-Mn

Fe~-Mo
Fe-N
Fe-0

Feg~Zn?
Li-Zn

Mn-Sb
Ni-S

Ni=Zn
Por-T1
P1-Sb
S-Se
Sn-T1?

128
1271
1340

788

833

620

574

710

a. b20
b. 670

5656

a. 740
b.1028

1180
591

a.1370
b. 670

a. 161
b. 168
c. 6b

677

a. b3b
b. 400

640
140
530

76
144

95.0

4.9
71.0
28.0
96.0
25.7
32.0
42.0

9.0

26.8
35.0

74 .0

63.0
72.0

63.0
2.35

23.0
23.5

26.0
62.0
73.0
86.0

6.5

25.5
26.0

68.0
94.0
40.6
35.0
86.0

Sn
Cr
Mo

Fe
Ga
In
Sh
Si

Sn
Sn

4I’§ E oo =

EIIDU?

Sb
Se
Tl



TABLE II
BINARY ALLOY SYSTENS CHOSEN FOR PRELIMINARY

INVESTIGATION
System Butectoid Composition Butectoid Temperature
(Weight Percent) (Degrees Centigrade)
Ag-Al 8.0 Al 610
Ag-Cd 48.5 Cd 430
Ag-2Zn 36.0. Zn 240
Al-Mn 72.5 Mn 750
Al~-2Zn 79.0 Zn 2756
Be~-Cu 6.0 Be 576
Cd~-Sn 95.0 Sn 128
Su-8b 42.0 Sb 420

Cu-Sn 26.8 Sn 520



PRELIMINARY INVESTIGATION

No comprehensive isothermal study of eutectoid trans-
formation has been accomplished on binary alloy systems
other than the iron-carbon and the copper-aluminum. At
the outset of this investigation, a survey was made of all
known binary alloy equilibrium diagrams whieh contained the

(2)
eutectoid field. M. Hansen's collection of binary

(2) Hansen, M., Der Aufbau der Zweistofflegierunger,
Springer, 1936.

equilibrium diagrams was assumed to be authoritative on
this subject. The survey showed forty-five such binary
systems. (See Table I.) Of the forty-five systems, nine
were chosen for preliminary investigation. These are
listed in Table II. The general plan was to choose for an
intensive study of the eutectoid transformation at sub-
critical temperatures, the alloy best suited to available
laboratory facilities.

The system silver-aluminum was disregarded because it

(3)
was demonstrated by Hume-Rothery - that the beta phase

(3) Hume-Rothery, W., J. Inst. Metals, Vol. 66, p. 209, 1940

does not undergo eutectoid transformation as previously
reported, but that on cooling it changes into a single

hexagonal close packed phase.



The silver-zinc alloy was discarded because the

equilibrium diagram(h%d been re-investigated since the work
4
published by Hansen « It was found that an alloy

(4) Hansen, op. cit., p. 6

of eutectoid composition transformed into & single phase
below the eutectold temperature.

The systems aluminum-manganese, beryllium-copper,
coprer~antimony, copper-tin, silver-aluminum and cadium-
tin were later discarded for various reasons on advice of

(6)
Eppelsheimer and the aluminum-zinec eutectoid alloy

(6) Bppelsheimer, D. S., Oral Discussion of Thesis Subject,
Feb. 9, 1950.

was chosen for extensive investigation by the author.



REVIEW OF LITERATURE

THE EUTECTOID TRANSFORMATION

(4)
Davenport and Bain opened & new field for investi-

(6) Davenport and Bain, op. cit., p. 1

gation of eutectoid transformations when they established

& Time~-Temperature-Transformation diagram for the iron-
carbon eutectoid alloy in 1930. Using the interrupted
gquenching method and metallographic examination to evaluate
the amount of transformation which had taken place after a
given length of time at a given temperature, their procedure
was as follows: Many®samples of the alloy to be investigated
were heat-treated in a batch until the material was com-
pletely asustenitic. Then the batch was quenched to some
temperature below the eutectoid temperature, and transfor-
mation was allowed to proceed isothermally. In order to
evaluate the amount of transformation in a given length of
time individual samples from the batch were again quenched
at intervals, from this temperature to the temperature of
ice=brine. It is known that austenite, if cooled in excess
of some particular critical cooling rate, will not all be
retained but will transform to martensite plus some small
amount of retained austenite; and also that, if austenite

is allowed to cool at & rate less than the ceritical cooling



rate, the austenite will transform to pearlite, or to
bainite. Davenport and Bain evaluated the amount of
austenite transformed at high temperatures into pearlite
or bainite on & percentage basis of the field observed
metallographically. From this evaluation they established
their Time~Temperature-Transformation curve.

(7)
Smith and Lindlief » in their prize winning paper,

(7) Smith, C. S. and Lindlief, W. E., Trans. AIME, Vol. 133,
p. 204, 1933.

utilized essentially the same method of study for the decom-
position of the beta copper-aluminum eutectoid alloy and
al180 refined their measurements and conclusions by means of
electrical resistivity measurements on the alloy during
isothermal transformation. They found that the me chanism
of the decomposition of the alloy was much the same as for
the iron-carbon alloys, that a pearlitic structure was evi-
dent and thaet rapidly quenched alloys yielded an acicular
product very similar to the martensite of steels. They
established 8 Time-Temperature-Transformation curve for
this alloy, as did Dave?gjrt and Bain for the steel.

In 1934, Wasserman attempted to compile some of the

(8) Wasserman, G., Transformation in Eutectoid Alloys,
Zeitschrift fur Metallkunde, Vol. 26, p. 256, 1934.
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various properties manifested by alloys eutectoid in
nature. He used the iron-earbon and copper-sluminum
eutectoid decompositions as examples and compared crystal
structures, formation of stable and unstable phases,
gimilarities of mierostructures, etc. in an attempt to
make certain predictions concerning alloy systems not
yet investigated.

Since the original work of Davenport and Bain in 1930,
an extensive number of investigations have been done on the
isothermal transformation of steels. Subsequent to the

(9)
study by Smith and Lindlief » Only one extension of their

(9) Smith and Iindlief, op. oit., p. 9

(10]
work has appeared, that of Maock . in 1947; yet only one

(10) Mack, D. J., "The Isothermal Transformation of a
Butectoid Aluminum Bronse™, AIME T.P. 2242, Sept. 1947.

comprehensive study of isothermally transformed eutectoids

analagous to(st?el has appeared, that of Hibbard, Eichelman
11
and Saunders on the kappa eutectoid transformation in

(11) Hivbard, W. R., REichelman, G. H. and Saunders, W. P.
"The Eappe Rutectoid Transformation in the Copper-
.S8i1licon System", AIME T.P. No. 2441, Sept. 1948.

the copper-silicon system. It was found in this researeh

‘that the eutectoid transformation at suboritical tempera-
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tures was extremely sluggish and that the mierostructures,
in general, bore no resemblance to the usual eutectoid
type structures.

Although the work cited above is the only research
done with the object of establishing transformation rate
curves, many valuable contributions have been made toward
& better understanding of the strumctures developed in
such systems. Important papers have been published by
Kurd jJumow, Gridnew and their co-workers(la-34). and

(26,26 (87,28) (29,30,31)
Obinata » Greninger and others .

(12 ) Ageew, H. W. and Kurdjumow, Metallurg, Vol. 7, pp.
3-21, 1932 -

(13) Kurdjumow, 6. and Stelletzkaya, T., Metallwirtschaft,
Vol. 13, p. 304, 1934.

(14) Gridnew, V. and Kurdjumow, G., Metallwirtschaft, Vol.
16, (10), pp. 2239-31, (11), pp. 266-9, 1936.

(156) Gawranek, V., Kaminsky, E. and Kurdjumow, G.,

(16) Gridnew, V. and Kurdjumow, G., Metallwirtschaft, Vol.
15, (19), p. 437, 1936.

(17) ¢ridnew, V. and Kurd jow, G., Zhur. Tehnich. Piziki,
Vol. 6 (5]. pp. 775-80, 1936.

(18) Kurdjumow, G., Izvestia Akademii Nauk, USSR, (Chim]j,
v°10 2. pp. 271-84. 19360
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(19) Gridnew, V. and Kurdjumow, G., Zhur. Tehnich. Fisziki,
vol. 7, (22) 2090-2102, 1937.

(20) G'ridne'. V., Hetallnrg.. Yol. 4, PP 62-?. 1938-

(21] Kurdjumow, G., Mirezkiy, V. snd Stelletzkays, T., Zhur.
Tehniech. Fiziki, Vol. 8 (22/23), pp. 1959-72, 1938.

(22 ) Kurd jumow, G. and Mirezkiy, V., Zhur. Tehnich. Fiziki,
Vol. 8 (20), pp. 1777-80, 1938.

(23) ¢ruzin, P. L. and Eurd jumow, G., Zhur. Tehnich. Fiziki,
Vol. 10, pp. 1680-84, 1940.

(24 ) Kurd jumow, G. and Mirezkiy, V., Zhur. Tehnich. Fisiki,
VYol. 10, pp. 1685-90, 1940.

(26) Obinata, I., J. Min. Inst. Japan, Vol. 50 (592), pp.
649-62, 1934.

(26) Obinata, I. and Hoyaski, M., Tetsu to Hogane, (J. Inst.
- 8t. Japan), Vol. 23 (11), pp. 1092-99, 1937.

(2'?) Greninger, A, B. and nooraidm. V. G.. Trans. AIME
VOI- 128. pp. 557-55’ 19580

(28) Greninger, A. B., Trans. AIME, Vol. 133, pp. 204-27, 1939

(29§ Dehlinger, U., Metallwirtschaft, vol. le, pp. 204-6, 1934

(30) Ballay, M., Compt. Rend., Vol. 17, pp. 1304-11l, 1939.

(31) Smith, C. S., Trans. AIME, Vol. 137, p. 313, 1940.
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THE SYSTEM ALUMINUM~ZINC

In the years past, the aluminum-zinc alloys have been
the subject of many investigations. This has been due not
only to their commercial importance but also to their alloy-
ing behavior, which has rendered them of great scientifie
interest. This has been especially true with regard to the
beta phase.

The equilibrium diagram as published by Hanson and

(32) :
Gayler was generally accepted as correct o (8ee Figure 1.)

(82 ] Hanson, D. and Gaylor, M. L. V., J. Inst. Metals, Vol.
- 27, p. 267, 1922.

Later, it was further investigated by Sohmid and Wasserman

(33)
» who improved the previous thermal analysis results

(33) Sehmid, E. and Wasserman, G., Ztch. fur Metallkunde,
VYol. 26, p. 145, 1934.

by x-ray measurements of lattice paramet?rayof heat treated
34
and quenched specimens. Fink and Willey also studied

(34¢) Pink, W. L. and Willey, L. A., Trans. AIMEB, Vol 122,
P. 244, 1936.

the solubility limits between Pfifty and eighty weight per
cent zinc and between three hundred and four hundred and
fifty degrees centigrade, using isothermal electrical resis-
tivity methods, and as a result, proposed the changes in



156

the equilibrium diagram which are(now an integral part of
36,36 )
the diagram as accepted by Raynor and other inves-
(37,38)
tigators .

(35 ) Raynor, G. V., Inst. Metals (London), Annoted Bquili-
brium Diagram Series, No. 1, undated, presented in 1943.

(36) Egzgor. G. V., and Wakeman, Phil. Mag., Vol. 49, p. 404,

(37) Gayler, M. L. V. and Sutherland, B. G., J. Inst. Metals,
Vol. 63, p. 123, 1938.

(38) Oggn. B. A. and Pickup, L., Phil. Mag., Vol 20, p. 761,
1936.

The main alternations in the equilibrium diagram since
1932 have resulted from evidence that a peritectic reaction
does not exist between fifty and eighty weight per cent
zine, and also the establishment of a two phase region whiech
existe between thirty-one and six-tenths and seventy-eight
weight percent zinc. (See Figure 2.)
The first investigators to report on the beta eutectoid

(39)
were Rosenhain and Archbutt » wWhose determination of the

(39) Rosenhain, W. and Arehbutt, S. L., Proc. Roy. Soec.,
VYol. 22, p. 315, 1912.

eutectoid temperature of two hundred and fifty-six d?grﬁes
40
centigrade had been most generally accepted. Tanabe and
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(40) Panabe, T., J. Inst. Metals, Vol. 32, p. 415, 1924.

(41]
Ishihara . had also determined this temperature, which

(41) Ishihara, T., J. Inst. Metals, Vol. 33, p. 73, 1925.

they reported as two hundred seventy and two hundred eighty

degrees centigrade, re?pe?tively.
42
Hanson and Gayler were the first to observe the

P

(42 ] Hanson and Gayler, op. ¢it. ». 14

peculiar nature of the beta constituent. They noted the
great-similarity of the decomposed beta to the pearlitiec
structure of plain carbon steels, and found that the decom-
position time at room temperature was approximately ten
minutes. They also reported that the beta decomposition

was an exothermic reaction and that a hardness increase with
subsequent softening of the alloy resulted after complete
transformation. It was concluded that the beta phase was
not an intermetallic compoynd, as hitherto had been supposed
by Rosenhain and &rchbutt(43 » but rather a solid solution

(43 Rosenhain and Archbutt, op. eit., p. 16

the structure of which was essentially different from that
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of the neighboring solid solutions, that is, the alpha and

gamma 80lid ?olutions.
44)
Bdmunds found that the beta phase was erystallog-

(44 ) Rdmunds, G., Masters Thesis, Yale University, May 1929.

raphically identical with gamma and therefore not similar
to the usual type of intermetallic compound. The two
prhases, by virtue of difference in composition, differ only
in lattice parameter.

(45)
Owen and Iball demonstrated by means of x-ray

(45) Owen, E. A. and Iball, J., Phil Mag., Vol. 17, p. 433,
- 1934,

powder patterns the dual phase structure in the beta plus

gamma region. Thi?. ?a mentioned before, was later studied
46
by Fink and Willey  , who also found that the solubility

(46) Fink and Willey, op. c¢it., p. 14

increases from 5.5 percent at 125 degrees centigrade to 31.6
weight per cent zinc at 275 degrees centigrade, then sudden-
ly increases to 77.7 per cent and slowly increases to 8l.4
per cent at 350 degrees centigrade. A solubility gap in the
aluminum solid solution extends from 31.6 to 77.7 weight per
cent zinec just above 275 degrees centigrade. A%t higher
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temperatures, the solubility gap narrows and finally dis-

appears at 363 degrees centi ra%e. and 60 per cent zinec.
47 (48)
Investigations by Meyer and Bugakow. have

(47 ) Meyer, H., Ztch. fur Physik, Vol. 76, p. 268, 1932.,
and Ztch. fur Physik, Vol. 78, p. 854, 1982.

(48] ?gggkow. W., Physik Ztch. Sowjetunion, Vol. 3, p. 632,

also been reported concerning the velocity and mechanism of
the beta transformation using hardness, eleetrical conduc-
tivity, and density measurements.

(49)
Kennedy published the results of a study of the beta

(49) Kennedy, R. G., Metels and Alloys, Vol. 5, p. 106, 1934.

constituent and its decomposition, purporting to correlate
the density change accompanying the beta decomposition with
the shrinkage in freshly-cast, zinc-alloy castings. Fuller

(60])
and Wilcox extended this work and found that the beta

(60) Fuller, M. L. and Wilcox, R. L., Trans. AIME Vol. 117,
p. 338, 1935.

decomposition had little or nothing to do with the dimen-

sional ohange? in aluminum-zine die castings.
61)
Gebhardt. investigated the influence of additions
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(51) Gebhardt, E., Zteh. Metallkunde, Vol. 33, (8/9), pp.

of other elements on the rate of beta decomposition. He
found that the rate of decomposition is retarded strongly
by & small amount of copper, but the rate for any given
copper content depends on the aluminum content. He reported
also that, of the elements tested for their effect on the
rate of decomposition of beta in the 21 per cent aluminum-
zinc alloy, only tin, copper, indium, cadmium, lithium and
magnesium showed any appreciable retarding effect.

From the above review of the literature on the subject,
it can be seen that many investigations have dealt with
studies concerning the nature of the transformation of the
beta aluminum-zinc phase. It will be noted that these
studies have embodied density changes, dimensional changes,
electrical resistivity and conductivity changes, etc., many
of which were on an isothermal basis. However, to the
knowledge of the author, no comprehensive isothermal study
has been accomplished in which the exothermic reaction of
the beta decomposition was exploited as & method of measure-
ment of the rate of transformation at many suberitical
temperatures with a view toward construction of a Time-
Pemperature-Transformation curve for the alloy.

In order to avoid confusion regarding phase designa-

tione in the body of this thesis, the author will utilize
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the phase nomenclature accepted at the present time. (See

Pigure 2.) That is, the eutectoid reaction will be referred

/
/45 - < <+ {/5
instead of the older accepted convention:

/Ag - x + ¥,

to as:
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PREPARATION OF ALLOY

High-purity zinc (99.99 per cent ZnJ from the American
Zinc Company and aluminum (99.976 per cent AlJ from the
Aluminum Company of America were utilized in the praparatioh
of the eutectoid alloy.

The melting wes performed in a Lindberg Pot-Type
furnace. Temperature econtrol wﬁa obtained by means of a
chromel-alumel thermocouple in conjuction with a calibrated
Lindberg Type-291 Controller unit. The thermocouple was
calibrated against the melting points of pure zinc, antimony
and cadmium. The complete furnace arrangement is shown in
Figure 6.

A five-hundred gram alloy melt was prepared as follows:

500 x 0.79 = 395 gm. zinec

500 - 3956 = 106 gm. aluminum
The aluminum was melted in & clean, new graphite crucible
at seven-hundred degrees centigrade. Pieces of zinc, out
to 3 ineh long by 3/8 inch diameter, were added to the
molten aluminum & few pieces at a time. After each zinec
addition of about four-hundred grams, the melt was stirred
with a carbon rod of the type used for spectrograph elec-
trodes. Oxidation of the melt was minimized by keeping the
temperafures of the furnace as low a8 possible consistent
with the complete fusion of the alloy. It was not found
practicable to protect the surface of the alloy by a flux,
or other covering, without risking contamination from sub-

stances liable to be reduced by the molten aluminum.
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After all the zinc had been seeded into the melt, it
was stirred vigorously, then allowed to stand about two
minutes, then chill-cast into steel molde measuring six
inches long by 0.620 inches in diameter. Approximately
one-half inch was cropped off each of the ingots. No visi-
ble evidence of oxidation was noted during the alloying.

The ingots, as cast, were c0ld swaged to thirty-five
per cent reduction eof area, then subjected to an homogen-
ization heat-treatment at three-hundred and twenty-five
degrees centigrade for thirty-five hours. |

After heat-treatment, a representative rive-gram sample
was taken from the ingot bars for chemical anslysis. (See
Appendix A for method of chemical analysis. | The results of
the analysis were as follows:

Eh o v 6 s o 6 5 o o o o« » SRABEYS
AL o o s o s & v o 5 » s s 17.7508

The alloy, &8 prepared above, was then used as a
"mester™ alloy. The composition had to be changed from
82.262 per cent zinc to 79.0 per cent zine, the desired eutec-
toid composition. To accomplish this change, 227.62 grams
of the master alloy were taken for re-alloying. Melt calcu-
lations were as follows:

1. 227.62 gm. master alloy contained (227.62 x 0.18§ =

40.9 gm. Al.

2. Let X = weight of Al which must be added to yield

alloy containing 21.0 per cent Al.
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3. Total weight of alloy x per cent Al = Total Al

4. Per cent Al = 21% = (40.9+X) / (287.62 +X)

5. X = 8.61 gm. Al to be added to bring composition

to 79.0 per cent Zn.

The melting and casting procedures were executed as
described for the preparation of the "master" alloy. After
casting, the ingots were cropped to remove the pripes and
then cold swaged to thirty-five per cent reduction of aresa.
Metallographic samples were taken from the ingots and the
microstructures of the alloy examined. (See Figures 26 and
26.) The swaged bars were given an homogenization heat-
treatment at three-hundred and fifty degrees centigrade for
ninety-three hours, and then, & representative five-gram
sample was taken for chemical analysis. The chemical com-
position of this second alloy was as follows:

BN s s 68 s a w 18308
5 R R T
This alloy was used for all anbaequgnt studies re-

ferred to in this investigation.
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Figure 6

Furnace Arrangement for Thermal

Anslysis between 50°C and 250°C

Hoskins Thermoelectric Pyrometer - Type HA
Mercury Thermometer

Chromel-Alumel Thermocouple From Specimen
General Electric A.C. Ammeter

Variable Resistor

Cenco Carbon-Pile Variable Resistor

Superior Electric Company Powerstat - Type 1256
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Figure 6

Melting And Heat-Treatment Furnace Arrangement

A - Lindberg Pot-Type Electric Resistance
Furnace

B - Lindberg Controller Unit - Type 291
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INVESTIGATION OF THE RATE OF TRANSFORMATION AT
SUBCRITICAL TEMPFRATURES

THERMAL ANALYSIS

It was known that the decomposition of beta-prime was
manifested by a spontaneous rise in temperature. Therefore,
by establishing a time-tanperatuie relationship for each
specimen during the course of transformation, the onset and
completion of the transformation could be determined. The
beginning of the reaction was taken as the time at which the
temperature first began to rise, and the completion was
taken as the time at which the temperature began to drop off.

At the outset of the investigation, it was thought that
the transformation at the various temperature intervals, be-
tween Zero degrees centigrade and the sutectoid temperature,
could be followed by temperature measurements while the
specimen was held in a liguid beth maintained at the tempera-
ture desired for the test. However, it was found that this
me thod of study was not feasible due to the rapidity with
which heat was conducted away from the specimen by the medium.

Finally, it was found that, if the specimen was held in
an air filled eontainer of sufficient volume (a furnace
muffle or a ealorimeter), that the air acted as an insulator
and did not allow rapid conduction of the heat of reaction
away from the specimen. Under these conditions, the tempera-

ture rise caused by the heat of decomposition could be mea-
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sured and there would be little change in the temperature
of the air in the container.

After suitable cold swaging and heat-treatment to in-
sure uniformity of chemical composition throughout the alloy,
the alloy bars were cut into four specimens which measured
two and one-half inches in length by one-half inch in di-
ameter. A hole, three-sixteenths inches in diameter, was
drilled to a depth of three-fourths of an inch along the
longtitudinal axis of each specimen. A chromel-alumel ther-
mocouple was inserted into the hole of sach speeimah and
sealed in place with Saunereisen Asbestos cement. Copper
lead-wires were welded to the thermocouples. All thermo-
couples had previously been calibrated with & Hoskins Type-HA
Thermoeleetric Pyrometer, against the melting points of pure
z2inc, antimony and cadmium. This combination was subse-
quently used to measure all temperature chanses in the spe-
cimens during later test rums.

Three of the four specimens prepared were used for each
test run at & given temperature, except in cases where re-
sults were extremely erratic. In this event, the experiment
was re-run and the additional results were noted and plotted
on time-temperature graphs. (See Figures 7 to 23. Also
. Table III.)

In general, the test procedure was as follows: All
-8pecimens were subjected to an annealing heat-treatment at

three-hundred and forty te three-hundred and sixty degrees



30

centigrade for twelve to eighteen hours prior to each test.
Lead-wires from the specimen to be tested were conmnected to
the Hoskins pyrometer and the specimen was Quenched from
the heat-treating furnace into a liquid medium, either water
or Crisco, held at the temperature desired for the test.
Zero time was taken as the instant the specimen touched the
quenching medium. In all cases, the specimen was held in
the quench for fifteen seconds to assure complete cooling
to temperature of the bath. After this time had elapsed,
the specimen was immediately transferred to the air-filled
container maintained at the same temperature as that of the
quenching medium. Temperature readings were then recorded
at fifteen-second intervals until eompletion of the decom-
positien. The maximum rise in temperature of the air in
the furnace and calorimeter was observed to be five degrees
centigrade.

The procedure of attaching the thermocouple leads to
the pyrometer prior to quenching proved to be & very satis-
factory time~saving devige. The author could easily make
2ll necessary manipulations of the apparatus and begin re-
cording time-temperature measurements well within thirty
seconds of zero time.

Pransformation studies were made at zero, twenty-
‘eight, fifty, onme-hundred, one-hundred and fifty, two-
hundred, two-hundred and thirty-five, and two-hundred and

fifty degrees centigrade.
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The apparatus utilized for study of the transformation
at zero and twenty-eight degrees centigrade is shown in
Figure 3. At Zero degrees centigrade, temperatures were
maintained by packing the thermos jacket with chipped ice.
Specimens were quenched into ice-water from the heat-
treating furnace.

The transformation study at twenty-eight degrees (room
temperature ] centigrade presented no difficulties. Water
wee used as the quenching medium.

The apparatus utilized for study of transformation at
elevated temperatures, between fifty and two-hundred and
fifty degrees centigrade, is shown in Figures 4 and 5.

The choice of a quenching medium for the transformation
study at fifty and one-hundred degrees centigrade presented
little difficulty. Water was easily heated to fifty degrees;
and boiling water was reasonably close to one hundred de-
grees at the existing barometric pressure. However, the
choice of a gquenching medium for temperatures above one-
hundred degrees presented quite & problem. Many different
liquids were considered before a choice was made. It was
found that Crisco, the commercial animal and vegetable fat
shortening material, was the most suitable medium for this
type of study. It was finally used a8 a quenching medium for
all studies above one-hundred degrees, including the high-
est temperature employed, that of two-hundred fifty degrees.

Furnace temperatures were measured by means of a standard



mercury thermometer. The temperature of the furnace used
for these studies was controlled by adjusting the current
flow in the furnace resistors by means of a carbon-pile
variable resistor and a powerstat variable voltage regula-
tor all connected in series with the furnace. (8See Figure
6.) Acocuracy of temperature control was considered to be
of the order of about plus or minus five degrees centigrade
for all runs.

The time-temperature graphs for each individual test
run are to be found in Figures 7 to 23, inclusive. A
summary of the onset and completion of transformation data
is tabulated in Table III. Experimental averages were taken
from individual test data, and the mean beginning and end of
transformation calculated for each temperature investigated.
This information was then utilized for the construction of
the Time-Temperature-~Transformation diagram indicated in

Figure 24.

METALLOGRAPHIC INVESTIGATION

An attempt has been made to record the structural
changes which take place during the progress of the trans-
formation of the beta-prime constituent. This attempt is by
no means the first which has been made with this objeet in
mind. However, the author was curious to know whether or
not the transformation as reported by other investigators

could be dﬁplioated, and if so, if it were possible to record
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the decomposition at intervals closer to zero time. The
following is a detailed account of the techniénea employed
for the metallography and the results obtained.

In order to gain some information as to the structural
appearance of the eutectoid alloy in the "as chill cast"™
cqndition. metallographic samples were taken from the crop-
ped portion of the original ingots. (See FPigures 25 and 26.)

Samples8 were also taken from each of the alloy bars
which had been swaged in the "as chill cast" condition.
Examination indicated no visible change in fha microstructure
except that the size of the dendritic matrix was smaller.
This observation was. to be expected since no intermediate
heat-treatment was employed. Im view of this, no photo-
micrographs were taken. _

No further attempt was made at microscopic examination
until after oompletiop of the thermal atudy of the alloy.

Bach of the three thermal study specimens was sectioned
for metallographic samples and subjected to an annealing
treatment at three-hundred and forty to three-hundred and
sixty degrees centigrade for omne-hundred and five hours.

The furnace temperature was then reduced to two-hundred and
ten degrees centigrade for a period of fifteen hours, after
which the specimens were furnace cooled to room temperature.
It was hoped that the above heat~treatment would yield a
representative equilibrium structure of the alloy in the

annealed condition. (8ee Figures 27 and 28.) The same



samples8 were later used for transformation studies.

Considerable difficulty was encountered in the prepara-
tion of suitable specimen surfaces for metallographic exam-
ination. Because of the softne;a of the alloy a rather deep
layer of disturbed metal was formed at the specimen surface
during polishing. Consegquently, the following polishing
technique was developed, and the procedure was followed for
preparation of all samples examined:

1. Careful hand grinding on #0 through #0000 emery
papere lubricated with a solution of fifteen grams of par-
affin in one liter of kerosens;

2. Hand grinding on the #0000 grit was followed by
etching for about three minutes in three per cent Nital
solutioen;

3. Followed by polishing on a canvas lap rotating at
250 rpm for & period of about one minute. Buehler Extra-
Fine Bmery in water suspension was used as the abrasive
agent;

4. The samples were then washed in hot water, etched
for about one minute in three per cent Nital and polished
for about one minute on & Selvt lap, rotating at 250 rpm.

Buehler Alumina Micropolish in water suspension was used as

abrasive.
6. At this point the specimen was re-etched with three
per cent Nital for about fifteen seconds, then hand-polished

on & piece of silk eloth stretched over 8 plane glass back-
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ing. Polishing was continued until no evidence of etching
was apparent. The silk cloth was lubricated with the par-
affin-kerosene solution and a very slight amount of Buehler
Alumins Micropolish powdered into the silk cloth was used
a8 the abrasive.

6. Final etching was accomplished as soon as the last
evidenca of surface etehing had disappeared. All polishing
was8 kept at & minimum to insure as little disturbed surface
metal as possible. PFinal etching, by immersion, was of 30
seconds duration in three per cent Nital.

The‘metallographic samples employed to_fo}low the course
of transformation were heat-treated at three~hundred and
forty to three~hundred and sixty degrees centigrade for a
period of twelve to eighteen hours prior to quenching. These
samples were prepared as indicated above, except that the
final etech was omitted. After polishing, the samples were
heat-treated, quenched, given a rapid repolish and etched at
the time intervals indieated under the individual photo-
micrographs. (See Figures 29 to 36, inclusive.)
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TABLE III
THERMAL ANALYSIS DATA

Figure Grapn Quenching Transremmation Transtormmatien Transtermation Tetal Required

Number Number Medium Temperature Start Finish Time

7 1 Water 0° 4450 min. 10,00 min. 5.50 min.

[ 2 % " l.50 ® 8.00 " 6.50 "

& 3 " . 3.50 " 8.00 " L.50 "

8 4 s " 2.50 " 9.50 7.00 ®

9 La e . 35" 10.50 " 6.75 "

9 4b " " 125" 5.25 " 4.00 "
Average 2.83 min. .54 min, 5.74 min,

10 5 Water 26°C 0.5 min, 4,00 min, 3.25 min.

10 6 " " L.00 " 4.0V * 3.00 *

1L 7 " " 1,00 " 4,00 " 3.00 n

1L 8 " " 0.75 " 4,00 " 3.25 8

12 9 " " 0.50 3.7 3425 1

12 10 " " 0.75 " L.75 " 4,00 "
Average "0.79L min. "4.08 min. 73.29 min,

€s



TABIE III (CONTINUED)

Figure Graph Quenching Transtematien Transtemmatien Transtermatien Tetal Time

Number Number Medium Temperature Start Finish Required
13 L Water 50°C 0.5 min, 3,00 min, 2,50 min.
43 12 . " 0.5 3.75 " 3.25 "
14 J.ﬁ o " 05" 3.75 " 3.25 0

Average 0.5 min. "3.33 min.  3.00 min,
1 14 Water 100°C 0.5 min, 3.50 min, 3.00 min,
15 15 . " 0.5 ® Le25 " 3.75 "
15 16 N " 0.5 " 4L.50 " 4.00 ™
1o Ly " .. 0.5 ® 5.00 " L.50 "

Average 0.5 min, %3l min.  3.6L min.
L 18 Crisce 150% 0.75 min. 3.75 min, 3.00 min,
L 19 . o 0.75 " 2.75 " 2,00 "
18 20 " " 0.75 " 3.75" 3.00 "

Average ~0.75 min. “3.42 min, 2,66 min.

ws



Figure Graph
Number Number

1
19
19

20

21

23

2
2

23

2L
25

21

Quenching Transtematien Transtormatien Transtermatien
Finish

Medium

Crisce

Crisce

TABLE III (CONTINUED)

Temperature

200°C

Average

235°C

Average

250°C

Start

0,50 min,
0.50 "

0.50 "

0.50 min,

1.00 min,
07 ©

0.7 "

0.835 min,

1.0U min.

5,00 min,
5.00 "
4.00 *

4,67 min,

14.00 min.
12.00 n

14.00 "

13.35 min.

Unknown

(See Discussion)

Tetal Time
Required
4.50 min.
450 M
3,50 "

4.1’/ min,

13.00 min,
11,25 %

13,25

12,50 min,

19
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Figure 26

Al-Zn Butectoid Alloy in the "As Chill
Cast" Condition. RBtched with 3 % Nital
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Pigure 26

Al-Zn Rutectoid Alloy in the "As Chill
Cast™ Condition. Rtched with 3 % Nital
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Figure 27

Al-Zn Butectoid Alloy Annsaled 106
hours at 360°C, then 210°C for 16
hours, then furnace cooled to room-
temperature. Dark etching constituent
is the umresolved "pearlitie"” structure.

Etohed with 3 % Nital.
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Figure 28 200 x

Al-Zn Butectoid Alloy Annealed 105 hours at 360°C,
then 210°C for 15 hours, then furnace cooled teo
room-temperature. Dark eteching constituent is the
unresolved "pearlitie" structure. Btched with

3 % Nital. |



Figure 29

Beta-prime solid solution thirty-
seconds after quenching in ice-water.
Btched with 3 % Nital 30 seconds
after quenching.

o
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Figure 30 200 x

Al-Zn eutectoid alloy one minute after quenching
in ice-water. ©Single phase beta-prime structure
beginning to decompose into duplex structure of

alpha plus beta. Etched with 3 % Nital.
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Figure 31 500 x

Al-Zn eutectoid alloy one minute after quenching
in ice-water. Single phase beta-prime structure
beginning to decompose into duplex structure of

alpha plus beta. Btched with 3 % Nital.



Pigure 32

Al-Zn eutecteoid alloy two and one-half minutes
after quenching in ice-water. White areas
designate unchanged beta-prime solid solution.
Dark areas designate fine mixture of alpha and
beta phases. Ebtched with 3 % Nital.
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Pigure 33 500 x

Al-Zn eutectoid alloy two and one-half minutes
after quenching in ice-water. White areas
designate unchanged beta-prime solid solution.
Dark areas designate fine mixture of alpha and
beta phases. BEtched with 3 % Nital.



Figure 34

200 x

Al~-Zn eutectoid alloy eight and one-half minutes

after quenching in ice~water. White
designate unchanged beta-prime solid
Dark areas designate fine mixture of

beta phases. Etched with 3 % Nital.

areas
solution.

alpha and
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Al-Zn eutectold alloy eight and one-half minutes
after guenching in ice-water. White areas
deaignate unchanged beta-prime s0lid solution.
Dq.rk areas designate fine mixture of alpha and

beta phases. Etched with 3 % Nital.



Pigure 36 760 x

Al-Zn eutectoid alloy eight and one~half minutes
after quenching in ice-water. The structure
indicates the variation in the rate of transform-

ation from grain to grain in the specimen.

68
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THEORETICAL CONSIDERATION

The author believes that a detailed discussion of
the theories of eutectoid transformation is beyond the
8cope of this investigation. However, it would seem
appropriate to review a few of the characteristics of
eutectoids as applicable to this research and to indieate
the latest theory under consideration regarding the mode
of transformation in these alloys.

The equilibrium diagram of a eutectoid alloy indieates
& s01id phase, which is stable only at high temperatures,
and which on cooling converts itself into a heterogeneous
mass of both neighboring solid phases. The eutectoid con-
struction in the equilibrium diasgram is denoéﬁd by the
underlined "V" form similar to that construction found in
the case of eutectics. '

(62 )
Doig » in his review of fundamental research,

(62 ) Doig, J. R., "Crystal Structure and Phase Transforma-
tions", Metals Review, Vol. 22, No. 12, December, 19&9.

summarizes the latest accepted theories regarding transfor-
mation in the solid state. He treats the nucleation of
phase transformations as follows: "A theory of transient
nuecleation, which appeared about 18 months ago, now makes it
poesible to explain all types of transformation in terms of
nuecleation and growth. %This theory, first proposed by
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(83) -
Tarnbull also explains why an incubation period is

(63) Turnbull, D., Metals Technology, Vol 15, June, 1948.

observed in such transformations a8 that from austenite to
pearlite or bainite, while no incubation period is necessary
for martensitic transformations.

"Over the past ten years or so, the isothermal trans-
formation studies of Mehl and his co-workers established
that pearlite forms by & process of nucleation and subsequent
growth of the nuclei in the austenite matrix. They measured
the rate of nucleation as a function of time. After the in-
cubation period, during which no nueclei were detected, nucle-
ation began at a low rate and gradually inereased until it
reached a steady - state rate.

"The theory of transient nueleation, a3 proposed by
furnbull, is an extension of the Volmer-Becker theory which
had satisfactorily explained the rate of nucleation of
droplets from condensed vapor but had failed to prediet the
incubation period for transformation in solids until it was
revised by Turnbull. In this theory, it is assumed that
there is & certain.minimum or oritieal size of nucleus of a
stable phase thaet is able to grow spontaneously in an un-
stable matrix phase. Nuolei of aiie smaller than this are
always present because of chance arrangement of atoms, bdbut

they suffer eontinual fluctuation in size by gaining or



i 8

losing atoms through thermal motion. Hence, they are called
embryos.

"For every temperature, there is a definite equili-
brium size of embryo. Futhermore, the theory predicts that
the rate of nucleation is proportional to the number of
those embryos whose size is just smaller than the critical
8ize. At this point, Turnbull injected his important re-
vision that explained the incubation period. He pointed out
that when the alloy is cooled from above the transformation
temperature to a temperature not far below it, the equili-
brium distribution of embryos does not take place immediately
but requires time because the rate of growth of embryos by
addition of atoms is limited by diffusion. Hence, the rate
of nucleation is negligibly small at first and does not
become appreciable until the concentration of embfyos of
near-critical size has been built up. As the distribution
of embryo sizes approaches equilibrium, the nucleation rate
increases until it, too, reaches a steady state.

"In a more quantitative study of transient nucleation,

: (64)
Hobstetter considered that the chemical composition of

(64) Hobgtetter. J. N., Metals Technology, Yol 15, Oct.
. 1948.

the embryos is important as well as their size, and was

able to explain the shape of the C-curves in isothermal
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transformation diagrams. In his ocalculations, he assumed
a definite embryo shape and a decomposition within the
8olubility gap in an equilibrium diagram.”

Fom what has been quoted above, it can readily be
deduced that the transformation products of a eutectoid
decomposition whould be dependent upon the rate at which
the phase which i1s stable at high temperatures is cooled.
This point is besat illustrated by the effect of increase
in eooling rate on the decomposition products of austenite.
When austenite 18 cooled at a very slow rate, but faster
than the equilibrium cooling rate, the product of trans-
formation will be caorse pearlite. As the cooling rate 18
increased, the structure o: the pearlite changes. That is
to say, the distance between the alternate plates of ferrite
and carbide is reduced and causes the atrueture to aﬁpaar
finer. This process of tranafdrmation involves both time
and diffusion. When however, the rate of cooling is in-
ereased considerably, so that it exceeds a certain "eritical
co0ling rate", it is found that the transformation no longer
is dependent wholly upon time and diffusion but also upon
mechanical shear within the grains themselves. The product
of transformation is then termed "martensite™ and the rate
of cooling necessary for its cooling is, of course, depen-

dant upon the composition of the austenite. Attention must

be ealled to the fact that intermediate transformation

gtructures are to be found between coarse pearlite and
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martensite and that the character and appearance of these
structures a;gfalso dependent upon the rate of cooling and
upon the time and diffusion factors.

Evidence indicates that this dependence of strueture
on cooling rate could eaaily be carried over from one
eutectoid alloy in a given system and be made to_apply, at
least gqualitatively, to o?@er such alloy systems. This is
borne out by tha similarity between the transformation
products of the copper-aluminum and the iron-carbon euteectoid
alloys.

It would seem logical to assume that if the rate of
transformation tends to exert such & strong influence on the
structure and properties of the transformation products in
one or two alloy systems, that the methods of study which
are applicable to these two systems could be made to apply
to a third, or even possibly to all eutectoid alloys.
Previous investigation has shown that the study of the time-
temperature relationship with regard to transformation have
contributed much toward an insight econcerning strucetural
changes which take place during cooling at a variety of
different rates. From this insight, much needed physical
information has evolved._

At this point in the discussion, 1t seems appropriate
to review some of the fundamental information regarding the
eutectoid transformation a8 applied to a time-temperaturse-

transformation study. TFor an alloy of eutectoid composition
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there is a characteristic temperature found on the alloy
equilibrium disgram which may be referred to as the "eutec-
toid temperature”. Above this temperature the single solid
phase will remain stable for an indefinite time. When,
however, the temperature is lowered below this critical tem-
perature and 1s held constant, the transformation of the single
s50l1id solution phase is not instantaneous, but requires for
its onset and for 1ts completion definite periods of time
which should be characteristic of the temperature level at
which the alloy is being held. The most convenient method
of representing this phenomenon is by means of a time-tempera-
ture~-transformation diagram. The time axis may be made
logarithmic or straight time as best suits the rates of alloy
transformation in question, the logarithmic scale being the
most suitable for decompositions requiring excessively long
periods of time. memperature is usually plotted as the
ordinate. |

Past experience has shown that the time-temperature-
transformation curves plotted for steels of various compo-
sitions and for the decomposition of the "beta" copper-
aluminum alloy assume the shape of a "@" or "intefgral sign".
Uau#lly. the diagrams sre, at any temperature level below
the "éutectoid temperature™, divided into three time zones:
1) that in which the high temperature phase, though unstable,
has not yet begun to transform (this sone lies to the left
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on the diagrem); 2) that in which the transformation proceeds
to completion at constant temperature; and 3) that in which
the transformation is complete. It must be understood that
these zZones indicate the rate of transformation at tempera-
tures where time and diffusion are the predominant faot;ra in
the transformation and do not constitute divisions in the
diagram below the tempsrature at which martensite is formed.
Eyqre would seem to be little doubt as to the existence
of a proper theory to explain the shape taken by these time-
temperature~transformation curves, provided the exact mech-
anism of transformation is known. The concept of incubation

(66 )
and formation of embryos, as proposed by Turnbull i

(55] Tfarnbull, D., 22- Qit-. Pe ?0

apparently is a recent step toward the understanding of the
time required for the onset of nucleation. When this recent
research is considered along with the voluminous work which
has been completed in the past it can be seen that the pro-
per answers to the mysteries involved in the phenomena of
eutectoid transformation lie in the not too distant future.
However, it must be kept in mind that the present knowledge
of this mechanism has resulted from detailed study of only
a small percentage of all possible eutectoid alloys, so that
no hard and fast rules for the mechanism, as & whole, can

be expected at this time. Complete knowledge and under-
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standing could not be anticipated until all such systems
were studied in detail and the similarities between indi-

vidual alloys catalogued and explained.
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DISCUSSION OF EXPERIMENTAL DATA

Examination of the experimental thermal analysis
time-temperature graphs, which were established during
transformation of the aluminum-zinc eutectoid alloy at
suberitical temperatures, indicates certain changes in
8lope which require detailed consideration. For the pur-
pose of discussion the individual curves may be divided
into definite portions which are: 1) & flat zone, located
at the left of the graph, which shows that the specimen
temperature remained constant until the onset of transfor-
mation; 2 ) @ rapid change in slope denoting & steep rise in
temperature caused by & rapid generation of heat within the
specimen and indicating the onset of transformation; 3) a
second flat portion, or "plateau”, indicating that the
specimen temperature remained constant due to & balance in
the rate of heating and rate of cooling of the test piecs
within the calorimeter or furnace; and 4) & portion showing
the gradual cooling of the specimen as it approached the
temperature of the calorimeter or furnace. (See Figure 7
to 26, inclusive.)

Time-temperature curves established in earlier pub-
lished research do not contain the flat "plateau” regions
found in this investigation. This variation ih curve shape
is due, no doubt, to the testing conditions set mp for this
experimentation. That is, the progress of allpy transfor-
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mation had not been followed while the teat piece was
maintained at & constant temperature in an air-filled
container. OQUtha contrary, transformation data of this
type had bheen recorded while the specimen was wrapped in

(68,56,67)
a cloth and held at room temperature + Or while

(66 ) Hanson, D. and Gayler, M. L. V., op. oit., p. 14

(66 ] Tanabe, T., J. Inst. Metals, op. cit., p. 16

(b7) Kennedy, R. G., Metals and Alloys, op. cit., p. 18

the speo%gg?lwaa surrounded by some insulating material other
than air « Since the testing conditions vary from those

(68] Fuller, M. L. and Wilcox, R. L., op. eit., p. 18

reported in the literature, the time-temperature curves
shown in this investigation could not be expected to agree
in shape. Curves published earlier have shown no indica-
tion as to the formation of "plateaus”, but rather, have
gshown & rapid increase in temperature to a rounded maximum
with & subsequent rapid drop-off in temperature. The
author believes that this shape is due to the rapid dissi-
pation of heat from the specimen.

In the published work cited above, it has been the
acaepted policy to designate the onset of transformation
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as the time at which a rapid change in slope of the curve
took place and to designate the completion of transforma-
tion as the time at which the temperature reached a maximum.
Owing to the different character of the curves plotted in
this research, the author was forced to investigate the
application of this accepted policy to the experimental
graphs. It was found that the onset of transformation was
indicated as the time of rapid rise in specimen temperature
a8 shown by rapid change in slope. In order to determine
when transforqgtion was completed, the author first made a
test run to détgrmine the length of the "platlsﬁ' on the
time-temperature curve for an individual specimen. The
specimen was then re~heat-treated and time-temperature data
collected a second time, but instead of allowing the reaction
to go to completion, the specimen was quenched from the
"plateau”" temperature at some intermediate time. If the
transformation had been completed at the time of this
quenching, no subsequent heat generation or temperature rise
from the specimen could have been expected. However, it was
found that a temperature rise did take place, thus indica-
ting that the "beta™ decomposition had not gone to completion
at the time of gquenching. The possibility of some reaction
remaining after the curve showed temperature drop-off from
the ”pltt.cu"ltemperl#nre (due to cooling of specimen toward
the temperature of the air container) was then considered.

Phis test was conducted in the same manner as the preceeding
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test and the results proved negative. This indicated that
the decomposition had gone to completion in this range, so
it was coneluded that transformation ended when the tempera~
ture readings began to decrease from the "plateau” portion
of the curve. This general procedure was repeated for each
of the suboritical temperatures under consideration in this
1nv§atigatian and the results were identical in all cases.
The writer then adopted the policy that the onset of trans-
formation was indicated by & rapid rise in temperature or
change in slope of the curve, and that the completion of
transformation was indicated by the last time-temperature
reading recorded in the "plateau" region of the ocurve.
Figure 23 requires explanation because the transform-
ation at this temperature was not allowed to go to comple-
tion. ¥Phis was done for the following reasons: when the
air furnace was held at two hundred and fifty degrees
centigrade and the test piece allowed to decompose at this
temperature, the heat generation caused the temperatures of
the specimen to rise above the "eutectoid temperature"™ of
the alloy. Theoretically, all things being equal the alloy
would remain as single phase beta~prime under these ocondi-
tions. However, thie was not the case. The temperature of
the piece dropped after twenty-nine minutes, thus indicating
that transformation hes gone to eompletion. The test plece
was then quenched into water at twenty-eight degrees at

forty minutes and almost immediately a heat generation
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resulted. This showed that the transformation had not been
completed at this time ahd that the time-temperature curve
was of no valus. The curve is included only to indicate
the alloy behavior under these circumstances.

The reader's attention is called to Figures 15 and 16,
Graphs 15, 16 and 17. It will be noted that the left
portion of these curves is unigue in that the excepted
plateau is replaced by & sharp drop in temperature to &
minimum and then & sharp rise to the "plateau". This con-
struction on each curve resembles in sppearance the construc-
tion found in cooling curves of pure metals where a super-
ecooling effeet is present. The aunthor can offer no explan-
ation as the the meaning of this construction om the graphs.

Attention is called to those time-temperature curves
which show no flat portion to the left of the graph. In
cases such a8 these, there was an immediate rise in tempera-
ture following the first time-temperature reading. This
indicates that transformation began immediately after
quenching.

The Time-Temperature-Transformation curve aslggﬁablish-
ed from the fime-temperature graphs is shown in Figure 24.
It will be noted that the curve assumes essentially the
same shape as curves established for the iron-carbon and
sopper-aluminum eutectoid alloys. Examination of the points
plotted on this "a" gurve appesr to follow fairly well,
with the exception of the point which indicates completion



of transformation at dna hundred degrees centigrade. This
particular point, it will be noticed, appears too far to
the right. The antho: believes that this is due to the
fact that the quenching medium was changed just above this
temperature, that is to say, that the ability to extract
heat from the alloy specimen varied in the water and in the
Crisco. The change in quenching rate may possibly have
some bearing on the time required for transformation.

Bxamination of the photomicrographs (Figure 29 to 36,
inclusive) indicates the structural changes which take place
during transformation. It must be noted that the included
micrographs should not be correlated with the Time-Temperature-
Pransformation curve, Figure 24, because the treatment of
the metallographic speoimens did not correspond to that of
the thermal analysis speoimens. The metallographic speeimens
were quenched from the heat-treatment temperature of three
hundred and fifty degrees into ice-water and then allowed to
transform at room temperature. This lce-water quench vari-
ation was performed in order that the transformation might
be delayed long enough for necessary polishing and other
manipulation of the sample to be accomplished.

Figure 29 shows the homogeneous structure of the beta-
prime constituent thirty seconds after quenching. Figures
30 and 31 show this structure of the alloy one minute after
quenching. It will be noted that the single phase structuras
i8 breaking down again into & duplex structure and that
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tranaformation is beginning“both_at the grain boundaries
and within the grains themselves. The darkgning at the
grain boundariea'doea not appear to be uniform_evan in an
individual grain. Transformation appears to be taking
place at the grain boundary on one portion of a single
grain while no transformation has progressed in an adjacent
portion of the same grain. Figures 32 and 33 show that
transfgrmat;on has progressed throughout the sample. It
will again be noted that the transformation rafe varies
from grain to grain. The dark etching portions indicate &n
extremqu fine mixture of thn alpha and beta particles
produced as a reault of the beta-prime decomposition.
FPigures 34 and 35 represent the structure eight and one-
half minutes after quenching. It oan be seen that the de-
composition or transformation has proceeded much farther
and that almost all portions of the specimen have been
affected. The white areas represent the beta-p:ime phase
yet unchanged.

Figure 36 indicates the alloy structure eight ahd one-
half minutes after quenching and shows the extent to which
transformation at this time varies from grain to grain in
the alloy.

‘The author wishes to call the reader's attention to
the blurring which appears in many of the photomicrographs.
This blurring is due to the uneven specimen surface which

is caused by shrinkage of the alloy during transformation.



This shrinkage varies in magnitude from grain to grain
and renders impoasible the focusing of all portions of

the mieroscope field at one time.
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SUGGESTED FURTHER STUDY

The author realizes the improvement which could be
mede on this research, primarily, from the standpoint of
method_og measurement oflthe onset of the transformation
at several subcritical temperatures. ‘Tsmperature measure-
ments are always accompanied by appreciable time lags, and
& method of measurement which would eliminate the possi-
bility of this source of error is to be recommended. The
author feels that measurecment of the rate of transformation
of beta-prime by means of dilatometry, electrical resistivi-
ty or conductivity changes, etc. might eliminate this source
of error.

The correlation of isothermal hardness changes at many
subcritical temperatures with this thermal analysis study
would probably shed much light on the mechanism of the trans-
formation. Just such & study is now in progress in these
laboratories under the direction of Dr. D. S. ngelaheimer.

An extension of the research of Eﬁmunds(ag on the

(59’ mmundﬂ, G‘o, _0'2- cit. P 17

gtudy of beta-prime single crystals using the Laue method
may perhaps shed much light on the mechanism of transfor-
mation and possibly explain the variation of the rate of

transformation which appears to exist in each grain of a
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polycrystalline mass of the beta-prime phase.

An extension of the research which has been done
concerning the effeet of additional elements on the rate of
beta-prime transformation would be very interesting and
also a consideration of the effeet, if any, of grain size

on the transformation.
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CONCLUSIONS

The study of the rate of transformation of the aluminum-
gine eutectoid alloy by means of metallography and thermal
analysis indicates the following conclusions:,

l. There appears to be some relation in the appearanace
or shape of the Time-Temperature-Transformation curve of
this alloy and the eutectoid iron-carbon and copper-aluminum
alloys.

2. The portion of the Time-Temperature-Transformation
diagram of this alloy between zero and two hundred and
seventy-five degrees centigrade resembles the portion of the
"C~ourve™ of the iron-carbon eutectoid alloy between four
hundreﬁ and fifty degrees centigrade and the Ae} femperature.
That is, the portion between the temperature range where
upper bainite is formed and where coarse pearlite is formed.

3. The pearlitic or lamellar structure apparently is
produced only when the alloy is slowly cooled. Rapid cool-
ing by quenching produces & finely divided duplex structure
composed of the alpha and beta solid solutions. This
structure appeare to resemble troostite or sorbite of steels.

4. Metallographic study shows considerable variation

in the transformation rate from grain to grain in each

sample examined.
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APPENDIX
PROCEDURE FOR DETERMINATION OF ZINC IN

ALUMINUM-ZINC ALLOY

Five grams of alloy sample dissolved in hot dilute

HC1.

Diluted to exactly 600 c.c.
26 C.C. taken for titration

25 5 = 0.2082 gm. allo
oo g y

Diguted the 25 q.c; sample to about 175 c.c. in a
260 c.c. beaker.

Added 7 c.c. HC1l; heated to about 90°C in preparation
for titration.

Prepared a 6 % Uranium nitrate solution for outside
1ndicator. and placed nnmerouqrg;obules of this
indicator on a sheet of white paper.l

Filled buret to zero with KyFe (QI);

(L cec. = 0.00624 gm. Zn approx.)

Approximately one-half of hot solution to be titrated
was poured into a spare 250 c.c. beaker.
Perrocyanide solution was run slowly into the hot
aolutibn with frequent testing on spot paper indicator.
Observed & change from greenish to & white cloudiness
in beaker. (Sometimes this white color is not pro-
nounéé&]

Bnd point in titration is encountered when faintest
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brownish coloration is observed in the indicator
globule.
Spare solution was then mixed with that in the beaker
under the buret; apd about 50 c¢.c. of solution poured
back into the spare besaker. _
Titration resumed until end-point reached
Solutions mixnd and 50 c.c. again poured back into
spare besker.
Titration resﬁmed. but more slowly than before. When
brownish coloration appeared the solutions were again
mixed.
Solutions then poured back and forth twice from beaker
to beaker to rinse out any incompletely titrated
solution which may have adhered to spare beaker.
Pitration then resumed using 1/2 c.c. at a time and
testing on spot paper after each addition.
The end point appears after 2-5 seconds and the color
should be :aintly brown.
0.6 c.c then deducted from the total volume titrated
from the buret for a blank.
If 30.6 c.c. of K4 Fe (CN g were titrated, then:

30.6 - 0.5 = 30 c.c K, Pe (CN)g

30 ce (Valye/cc -
' 0.0 % in
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