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“, INTRODUCTION

. The Problem

Age-hardening is a term used to describe a metallurgical phe-

nomenon which is now recognized as being of quite common occurrence.

A large number of alloys exhibit the solid solubility-temperature

relationship necessary for age-hardening, namelv, an increasing

solubility of one phase in another with increasing temperature.

With these alloys there exists the possibility of quenching a solid

solution from an elevated temperature and retaining it in a super-

saturated condition at room temperature. Upon subsequent aging,

the alloy proceeds towards eouilibrium at a rate dependent upon the

aging temperature. If the temperature is sufficiently low, it is

possible by various measurements to follow the decomnosition of the

supersaturated solution and the ultimate attainment of the equilib-

rium state.

The problems associated with age-hardening are of universal in-

terest and importance. The large increase in hardness and strength

accompanying the aging of certain alloys first attracted the atten—

tion of metallurgists, and many alloys of commercial importance have

been developed. From a theoretical viewpoint, the ouestion of what

changes in structure occur during aging is among the most fundamental

in the field of physical metallurgy. The work to be reported here

was directed towards the solution of this problem.
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Many alloys and property changes have been studied in an attempt

to associate the hardening with some particular stage in the aging

process. This has led to investigations of the changes in the ar-

rangement of the solute atoms prior to their precipitation as dis-

crete particles. Other studies have been made concerning the nature

of the precipitation process and the location of the precipitated

phase. Although progress has been made, the great need at the pres-

ent time is for data of a fundamental nature that can be explained

by modern theories of the solid state. It was with this thought

in mind that the present investigation of the mechanism of age-

hardening was begun.

0 Plan of Attack

Among the physical phenomena best explained by our present knowl-

edge are those of the magnetic proverties of matter. The results

of meenetic measurements during aging might therefore lend themselves,

more reasdilv than others, to interpretation in terms of atomic ar-

rangement, and agerecation. To make full use of these advantages,

it was decided to study the age-hardeninc «7 :.1lloys in which a ferro-

magnetic phase would be precipitated f~m

tion. Thus, the maximum possible chsn= w~1ld be obtained. The

» naramagnetic solid solu-

magnetic proverties should provide a good criterion for the begin-

ning of precipitation and, if the aging process is sufficiently

uniform, it might be possible to follow changes in the supersaturated

solid solution prior to precipitation. Changes in hardness, electri-



cal resistance, lattice parameter and microstructure will be ob-

served to aid in the evaluation of the magnetic results.

II. SUMMARY

Binary alloys of copper with 3.2 percent cobalt and 2.4 per-

cent iron were quenched from 1040° C and aged at temperatures of

250°, 378°, 550° and 700° C for times ranging from 3 seconds. to a

thousand hours. The progress of aging was studied by following

the changes in hardness, electrical resistance, magnetic suscep-

tibility, remanence and microstructure. The results showed a strik-

ing similarity in the aging mechanism of the two alloys. Both

undergo a two-stage precipitation process, which is shown by micro-

scopic evidence to occur first at the grain boundaries and then

within the grains. The microstructure was examined on specimens

that were polished and etched electrolytically to avoid any disturb-

ances due to mechanical polishing.

Hardness increases slightly during the first stage and markedly

during the second. Resistance decreases considerably in the first

stage, but to an even greater extent at the start of general pre-



cipitation. The grain boundary precipitate is ferromagnetic in

both alloys. The general precipitate, which is probably a face-

centered cubic transition phase, is ferromagnetic in the copper-

cobalt alloy but paramagnetic in the copper-iron alloy. The para-

magnetic iron-rich phase transforms into a ferromagnetic form,

probably the stable body-centered cubic phase, after prolonged aging

at high temperatures. This change is clearly shown by the magnetic

measurements. The initial cobalt-rich precipitate may likewise

transform into its stable hexagonal close-packed phase, but the

magnetic change is small since both forms are ferromagnetic.

Although no pre-precipitation effects of the duralumin type

were found. the probable occurrence of face-centered transition

phases leads to the conclusion that such a stage is likely but is

masked by the non-uniformity of the aging process.



III. REVIEW OF LITERATURE

Le Choice of Alloys

A survey of the available binary equilibrium diagrams was made

to locate the most promising alloys for the present investigation.

The reaguirements were grouped under two headings (a) suitability

for magnetic work and (b) susceptibility to age-hardening. Under

the first category the most important cualificaticn was that the

alloy should containaferromagnetic phase in ecuilibrium with a

paramagnetic phase. The first recuirement for age-hardening was

that the ferromagnetic nhase be increasingly soluble in the other

with increasing temperature. Other considerations were the ability

to suppress the transformation during the auench and to age at a

suitable rate. These were important for a theoretical study of the

sging process and especially for the use of the magnetic measurements.

The magnetic requirements narrowed the search to those alloys

of iron, cobalt and nickel with other metals which consisted of two

nhases — one rich and one poor in the ferromagnetic element. Aside

from several alloys with previous metals, the only systems found

to satisfv this requirement were those of copver with cobalt and

iron. At room temperature these alloys consist of mixtures of the

two terminal solid solutions. The copper-rich solutions are para-

magnetic and the iron and cobalt-rich solutions are ferromagnetic.

The copper-rich alloys of these two systems also satisfied the prin-

cipal requirement for age-hardening, namely, a solid solubility



increasing with temperature. There was less certainty about the

ability to prevent completely the precipitation of the ferromagnetic

phase during quenching. The rates of aging remained to be deter-

mined.

After choosing the systems to be studied, the next step was the

selection of varticular compositions to work with. The aim was to

obtain the maximum degree of age-hardening and still be able to dis-

solve completely the ferromagnetic phase. In this wey it was thought

it would be easier to detect various stages in the hardening process

if any existed. From the previous work of other investigators.

which are reported later in this chapter, it was decided that these

reguirements were best met by binary alloys of copper with 3 percent

cobalt and with 2.5 percent iron.

2 Fouilibrium Diagrams

The best diagram for copper-iron alloys based on the review of

the existing literature by M. Hensenis given in Figure 1. The solid

solubility of iron in copper was determined microscopically by Hanson

and Ford” and magnetically by Tammann and Oelsen® with the results

ss shown in Figures 2(a) and 2(b). The microscopic results shown

by the scuares and triangles in Figure 2(a) agree rather well with

the curve determined magnetically.

The magnetic determination of solid solubility was made by

measuring the specific magnetization of a series of alloys cuenched

from various temperatures. The results, plotted in Figure 3, show
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a linear relation at every temperature between magnetization and

percent iron in the heterogeneous field. The extremely small mag-

netization of the saturated solid solution (0.002) could not be

shown on this scale and was neglected. The solubility at any temp-

srature was taken as the value at the intersection of the isothermal

magnetization curve with the concentration axis. The accuracy of

this magnetic work was claimed to be * 0.02 percent iron.
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The diagram for copper-cobalt alloys based on the literature

survey of Hensen™ is given in Figure 4. The solid solubility of

cobalt in copper was determined magnetically by Tammann and Oelsen’

in the manner described above. Their results are shown in Figure

5. From 700° to 1070° C the solubility of cobalt is about one ner-

cent greater than thst of iron in copper. Although it was not vos-

sible to determine the solubility of either cobalt or iron at low

temperatures, extravoletion showed it to be cuite small.
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Theories of Age-Hardening

The literature on the general subject of age-hardening is volumi-

nous and no attemnt will be made to give a complete review here. A

number of excellent reviews have appeared recently of which the lat-

. 4 . . .

est is that of Gayvlor . The first explanation of ase-hardenirg was

civen by the theory of Merica, Waltenburg and Scott” which attributed

the herdening to a critical dispersion of precipitated particles.

This simple precipitation theory adecuately explained the observed

changes in a number of alloys. Hoviever, other alloys showed harden-

ing before the occurrence of the changes in electrical resistance,

lattice parameter and dilation, usually associcted with precivnitation

This fact led Merica® to propose a new theory in which the hardening

was explained eas due to segregations or "knots" of solute atoms on the

solid solution lattice. Thus, certain alloys vere believed to harcen

by precipitation while others hardened by "knot" formation. iorking

with silver-copvrer alloys, olin’ was able to vroduce both tynmes of

hardening depending on the temperature of eging. He formulated a

tlieory that the mechanism of aging was the same at all temperatures

snd that hardening could be caused both by "knot" formsztion and by

precipitation. thus vroducing double peaks in the hardness curves.

At about the same time, Gavloro. working principally with sluminum

glloys, came to apvrroximately the same conclusions.

Nther investigators. notably Fink and Smith, have opoosed these

views and have attemnted to explain double-aging peaks and other

anomalies bv the simple precipitation theory. By using a snecial

stching technicue they were ble to show precipitation in the early
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stages of the aging of aluminum alloys. They found that cuenchirg

stresses caused localized precipitation to take place at grain bound-

aries and along slin planes. Hence thev ascribed the two hardness

peaks as due to a non-uniform precin®tation process, "n a recent

. 10 . IR . : 4 ; :

paper, Cohen Las found still e1 earlier stage in ‘he hardness which

can be attribnt~1 ty "knot" formation. The concensus of opinion at

the present time s-~=ms ’ be that prone—tv changes do occur prior to

precipitation. ~“w~r- we sre hamoered by the inability to predict

on theoretics" - +7: what the changes in physical proverties should

be during th: "kno’"

D D t —- t 13 3 Ei z3 . 1° 1 i ES Fy a ( 11 i a Y t T acing, much

progress has b--n mac

involving »re © °° tion, where “Tr-&gt; maximum property changes occur.

CL | 11 18

In line with "2 work in Germenv . T Dehlinger ? K8ster znd Dann8hl™"

os . 19d .

Volk, Danr* = = 1 Masin°°and others, age-hardening alloys may be

classifici . rd pr t+ +ha character of the precinitat‘on process as

follows

in a samml npecipnit :t vb » geme rate © I .tererenecus Or noh-

uniform precipita’ mm =o» nrec init +t on rte 1s accelerated in

~~ 'n boundaries and along slip planes.

In the first class. '™ = "“t'~e parameter shifts steadily from the

certain regions such az: °°

value corresponding *

stable solution. The microstructure sh-ws mm

tributed at rardom throughout the crains. In “he second class, two

1 precipitate dis-

sets of lines appear in the X- ~~ 7 vmattern. *r~ nositions of which re-

main unchanged during aging. One set, due to the supersaturated solu-
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tion, gradually decreases in intensity, while tne other, cue to the

stable solution, gradually increases. The microstructure shows a

heterogerieous mixture of precipitate and stable solution forming in

areas at the grain boundaries which gradually grow at the expense

of the unchanged supersaturated solution within the grains. Gold-

* 12 - &gt; - -* .

nickel alloys are examples of this kind of preciritation.

Another tvpe of heterogeneous precipitation occurs in bervllium-

coprer and in cobalt-nickel-copper alloyed where the grain boundary

reas grow to a certain extent and then stop, while the center of the

erain undergoes a uniform orecipitation. Dehlinger ascribes the

initistion of both types of heterogeneous processes to stresses at

the grain boundaries and the continuation to an "zutocatalytic" accel-

eration. In the gold-nickel alloys this scceleration may be the re-

sult of distortion due to a 12 percent change in lattice narameter

st the edre of the heterogeneous regions. But this hypotheds does

not account for the behavior of the cobalt-nickel-copper alloys.

Masingt? offers the following explanation: The supersaturated solu-

tion contains nuclei of molecular dimensions due to strong under-—

cooling. An increased molecular mobility produces larcer micleli at

the boundaries which have s&amp;s greater thermodynamic stability and hence

crow at the expense of those within the grain. These alloys have only

a 2 nercent change in lattice parameter so there is little distortion

to continue the growth of the precirvitated boundary areas. Precipi-

tation within the grain eventually reaches a point where the differ-

ence in stability is too small to promote further growth of the bound-

ary regions.
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Aging of Copper—Iron end Copper—Cobalt Alloys

The literature on the age-hardening of copper-rich copper-iron and

copper—cobalt alloys is extremely meager. Henson and Ford“ made a

few aging treatments on a 0.7 percent iron. They also studied the

effect of iron on the recrvstallization temperature of copper. Their

results are shown in Figure 6.
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. Corson studied the hardness and electrical resistance

changes after different thermal and mechanical treatments of some

copper—-cobalt alloys. He found that 2.5 percent cobalt gave maximum

hardening and that 67.000 pounds per square inch tensile strength

and 105 Brinell were obtainable. Over-aged s=mnles showed the maxi-

mum conductivity of 55 percent standard.

chill cast showed precipitated particle~ °

~&gt;»recent cobalt alloy

within the grains that Corson describ: andritTae “ter annealing

for 6 hours at 950° C and water auenc
-

¢ J 4 "vw showed

large twinned crystals with rounded b-

C. S. smi 18 reported the unusua’: +7

4

v4 nies.

"" ‘ned bv air

cooling « * FR percent cobalt alley fram © °° ¢ “1s1cooled from

900° tH 87 C in "70 seconds, this allev aged ty» “7 &gt; maximum hard-1

ness obtainable by guenching and temmerines. Thi was sttributed to

the low diffusion rate of cobalt in conver. This caused a very slow

rate of crystal growth which, combined with a high rate cf muclei

formation at elevated temperatures, resulted in a large number of

tiny varticles effective in producing hardening.

5 Magnetic Properties cf Copper-Iron Ailoys

Tammann and Oelaent determined the changes in hardness and in

magnetic proverties of a series of copper-rich copper4dron alloys after

various thermal and mechanical treatments. Referring to Figure 7.

where the dismeter of Brinell impression is plotted vs. percent iron,

alloys with less than 1.5 percent iron were paramagnetic after slow

cooling (curve B) but were more weakly paramagnetic and softer after
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tuenching from 1070° C (curve A). Alloys with from 1.5 to 3 percent

iron were weakly ferromagnetic after slow cooling (curve B) but were

paramagnetic and harder after cuenching (curve A). By cuenching from

1070° C and reheating 10 minutes at 650° C all the alloys exhibited

minimum paremagnetism and maximum hardness (curve C). By cold roll-

ing slowly cooled alloys and annealing at 450° C to remove the work

hardening, all were ferromagnetic and in the softest condition. (D)

A horizontal balance of the Weiss-Foex type was used to measure

magnetization and susceptibility. The force f on a small svecimen of

mass m placed in a field with a gradient £8 is given by the equation:

t= ms Lon (nd
vhere s = specific magnetization

X= mass susceptibility
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Both guantities can be converted to the corresponding cuantities

per unit volume by multiplying by the density of the alloy. The

authors did not state how they distinguished the paramagnetic state

from the ferromagnetic. Apvarently they merely used the absolute

value of susceptibility, as determined in a field of 8300 oersteds,

gs their criterion.

Tammann and Oelsen studied the effect of heating the naramagnetic

sllovs for 20 minutes at various temperatures and cuenching. The

susceptibility of alloys with less than 1.85 vercent iron, which cid

not become ferromagnetic after slow cooling, is shown in curves A,

B, C and D of Figure 8.
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The susceptibility decreased with temperature, confirming the fact that

no ferromagnetic phase was precipitating. Alloys with from 1.5 per-

cent to 3 percent iron were auenched to convert them to the paramagnetic

state, then reheated for 20 minutes and cuenched. The susceptibility

values are shown in curves E, F and G. All alloys showed a minimum

susceptibility at 650° C and this minimum became more pronounced with

increasing iron content.

The only data given by Tammann and Oelsen of a type similar to that

of the present work is shown in Figure 9.
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The hardness (diameter of Brinell impression) and susceptibility are

plotted vs. time for alloys with 1.0 and 1.5 percent iron quenched

and aged at 700° C. The hardness rose to a maximum and the suscepti-

bility fell to a minimum after 15 minutes. Then the hardness decreased

and the susceptibility rose. These alloys became ferromagnetic after

50 hours aging at 700° C when they were presumably completely softened.

Although the work of Tammann and QOelsen reported above has an im-

portant bearing on the age-hardening of copper-iron alloys, they made

no statements concerning this aspect of their work. However, in an-

other paper, Penman’ reviewed the data shown in Figures 6 and 7. He

stated that the asgsocicstion of maximum hardness and minimum paramagnetic

susceptibility was evidence that the hardening was due to changes tak-

ing place in the solid solution prior to precipitation. He thus as-

sumed that the absence of a ferromagnetic phase also meant the absence

of any precipitate. This important point will be discussed later after

ronsidering the results of the present investigation.

~

0) Summary

After a careful review of the literature, it was decided that

copper -rich-alloys centaining 3 percent cobalt and 2.5 percent iron

showed possibilities of having the most desirable combination of mag-

netic properties and age-hardenability. The copner-cobalt and the

copper-iron equilibrium diagrams are not known with any great degree

of accuracy but the solid solubilities of cobalt and iron in copper

have been determined magnetically by Tammann and Qelsen with consider-

able precision. The copper-rich endsof the diagrams are of primary
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importance to the present investigation but it is also of interest

that both iron and cobalt have allotropic modifications. At elevated

temperatures both are fece-centered cubic while at room temperature

iron is body-centered cubic and cobalt is hexagonal close-packed.

This fact may olay an important role in the precipitation of an iron-

rich or a cobalt-rich phase from the face-centered covper-rich solu-

tion.

There is general agreement among various investigators that the

mechanism of aging is the same at all temperatures. Uncertainty exists,

however, as to the actual effects of the pre-precinitation stage on

physical properties. Studies attempting to reach an answer to this

problem are complicated by the microscopic non-uniformity of aging in

most alloys. Hence the property changes occurring during aging are

the summation of the effects of several overlapping stages and they

may vary with every alloy studied.

There has been little published information on copper-iron or

copper—-cobalt alloys with a direct bearing on the present work except

for the magnetic investigations of Tammann and Oelsen. Their results

pointed out the possibility of iron precipitating in a paramagnetic

form when copper-iron alloys are cold rolled after cuenching from

above 850° C. Although the authors do not explain their aging results,

it is also possible to attribute this behavior to paramagnetic iron.
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[V. PREPARATION OF MATERIALS

Preparation of Alloys

The alloys were made by melting under charcoal in a clay-graphite

crucible and bottom-pouring into a chill mold. Cathode copper of

high commercial purity was cut into small pieces, pickled and care-

fully washed. The cobalt was in the form of commercial rondelles

with a stated purity of 98.47 percent cobalt. The iron was high

purity electrolytic iron in the form of thin sheet.

The melting furnace, shown in Figure 10, was designed by Prof.

C. R. Hayward. The steel shell was linedwith insulating brick inside

of which was placed the winding of Kanthal resistance wire. The

fig. 10. The Melting Furnace with Mold in Position
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crucible had a tapered hole in the bottom into which was fitted a

long graphite stopper rod that extended up through the top of the

furnace. Provision was made for insertion into the crucible of a

thermocouple in a silica protection tube and a graphite stirring rod.

A heavy split steel mold 1 1/2 inches square inside was clamped to-

gether and jacked up tight against the bottom of the furnace with an

asbestos gasket as a seal. When the melt was ready for pouring the

stopper rod was raised, allowing the metal to flow into the mold be-

neath.

The first copper-cobalt melt, with a nominal content of 3 percent

cobalt, was made by melting weighed amounts of copper and cobalt under

charcoal. The ingot was cast after holding the molten alloy at 1150° C

for one hour. Chemical analysis showed 2.29 percent cobalt &amp;t the

top and 2.00 percent cobalt at the bottom, indicating segregation and

incomplete solution of the cobalt in the melt. For this reason it

was decided to make a hardener alloy containing 15 percent cobalt.

This alloy was made by melting in a clay-graphite crucible in an

Arsem vacuum furnace under &amp; vacuum of 2 mm. mercury. When the copper

had melted, gas started to be evolved and continued to do so for a

period of 6 hours with the temperature between 1150° and 1200° C.

The gas was probably carbon monoxide from a reaction between graphite

and the oxygen in the cobalt. The furnace was shut off with the temp-

erature at 1250° C and the melt was allowed to solidify in the fur-

nace. The resultant ingot showed practically complete solution of

the cobalt. The microstructure consisted of blue dendrites of primary
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beta plus a uniform fine dispersion of beta particles precipitated

during the slow cooling.

The final copper—-cobalt alloy, with a nominal composition of 3

percent cobalt, was made by melting this hardener alloy of approxi-

mately 15 percent cobalt with cathode copper in the electric re-

sistance furnace under a cover of charcoal. The melt was held at

1200° C for 2 hours and stirred every 15 minutes with a graphite

rod. It was cooled to 1150° C, stirred vigorously and chill cast.

The resultant ingot weighed 3130 grams and had a pipe about 1 inch

deep which was cropped off. Radiographs were made in two directions

and they showed a very sound ingot with the exceotion of a large

blowhole near the bottom. The lower cuarter of the ingot was dis-

carded. leaving a 7 inch length of sound material weighing 2260 grams.

Ten gram samples were machined from the top and bottom surfaces

for chemical analysis. The top showed 3.18 and 3.21 percent cobalt

in two determinstions while the bottom showed 3.19 and 3.24 percent.

Thus if there was any segregation it was of the order of the exper-

imental error in analysis. The top also showed 0.03 percent carbon

0.02 percent iron and less than 0.01 percent nickel with 0.02 per-

cent carbon, 0.02 vercent iron and less than 0.Cl percent nickel

in the bottom. These impurities probably were introduced in the

cobalt and charcoal used.

The copper-iron alloy had a nominal composition of 2.85 percent

iron and a weight of 3500 grams. The iron was rolled up in sheet

copper to protect it during melting. The pieces of cathode were

then charged and covered with large lumps of charcoal. The charge
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was melted in 2% hours and was held at 1200° C for two hours. The

silica protection tube broke off at the liguid level and a small

amount of the chromel-alumel thermocouple was melted. The charge

was cooled to 1150° C and poured. The ingot had a blistered sur-

face and a small sinkhead, probebly due to the low pouring temper-

ature. The radiograph showed a sound ingot except for a thread-like

blowhole in the bottom center. The top and bottom were cropped

off to give a 7 inch length of sound material weighing 2180 grams.

Ten gram samples were machined from the bottom and tov surfaces

for chemical analysis. The top showed duplicate determinations of

&gt; 43 and 2.40 percent iron while the bottom showed 2.40 and 2.40

percent iron. Four determinations gave 0.0l percent nickel. From

the composition of the thermocouple and the weight melted, it was

astimated that the maximum possible contamination of the melt was

0.1 percent nickel and 0.01 percent chromium. The small amount of

nickel found in the analysis shows that only a small percentage of

the melted thermocouple went into the alloy. In fact, there may

have been no contamination since the coprer-cobalt alloy, which was

nelted without incident, also showed 0.01 percent nickel. The ner-

cent copper found in each sample made up the balance of 100 percent

sithin the experimental error.

D&gt; Preparation of Specimens

The copper-cobalt and the copper-iron ingots were milled to about

1 3/8 inches sauare to remove surface defects. They were then cut

into two pieces. One piece of each ingot was forged to a 3/4 inch



al

Re)

square while the other was forged to a strip 5/8 inches thick and

1% inches wide. The ingots were heated to 1500° F before, and were

reheated several times during, the forging. They forged very nicely

and no cracks were produced. The forgings were then pickled to re-

move the scale and the surface defects and seams were chipped and

filed out.

The forgings were given a homogenizing anneal in vacuo at 1600° i

for 12 hours. Theywere then hot rolled by the American Brass Co.

through the courtesy of Dr. C. S. Smith. The square forgings were

rolled to a rod i inches scuare with rounded edges. The rectangu-

lar forgings were hot rolled to strip 3/16 inches thick. The strips

were pickled and cold rolled to a thickness of 0.118 inches and a

width of 1% inches. Specimens 4+ inch wide were cut from these

strips for the hardness and microscopic work.

The + inch rods were annealed at 1800° F for 1 hour and then

cold swaged through 5 sets of dies in successive passes. The re-

duction in area from 0.250 inches to 0.079 inches (0.2 mm.) diameter

amounted to 90 percent and was accomplished without any difficulty.

These small rods were cut into 4 inch lengths which served as spe-

~imene for the electrical resistence and magnetic measurements.
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HEAT TREATMENT

Solution Treatment

Considerable difficulty was encountered in giving the alloys

a satisfactory solution heat treatment prior to aging. According

to the data of Tammann and pela’ , the solution temperature for

3.2 percent cobalt is 960° C (1760° F) and for 2.4 percent iron is

985° C¢ (1805° F). Due to the ‘extremely rapid transformation rate

in these alloys it was found necessary to cuench from much higher

temperatures in order to retain the supersaturated solid solution.

The great sensitivity of the magnetic measurements gave a very good

criterion for solution of the cobalt and iron, while electrical re-

sistance measurements indicated the successfulness of the cuench

in keeoing the cobalt and iron in solution.

One of the first problems was the prevention of oxidation of

the specimens since magnetic oxides of iron and cobalt might affect

the magnetic results. The first treatments of the copper-cobalt

alloy were made in an electric resistance furnace at temperatures

of 970° C (1780° F) to 1010° C (1850° F). An atmosphere of care-

fully purified nitrogen was used, but some oxidation of the speci-

mens always occurred, perhaps during the auenching operation. After

treatments of from 1 to 12 hours, some particles of undissolved co-

balt were still visible under the microscope. The specimens were

then treated in a furnace heated by Globar resistance elements to

temperatures up to 1070° C¢ (1958° F). At these higher temperatures,

treatments of 1 to 3 hours seemed to give complete solution as judged
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by microscopic evidence. A graphite-clay muffle protected the spe-

cimens from oxidation in the furnace, but again they had to be

quenched in air. Water and brine were first tried as the quenching

licuid but an 8 percent solution of sodium hydroxide was finally

chosen as giving the best results. Despite attempts to adhere to

a uniform quenching nrocedure, small variations in the rapidity

of the quench caused large changes in the as—quenched values of

electrical resistance and magnetic suscentibility.

The results of this nreliminary work pointed to the desirabil-

ity of designing a special furnace in which the specimens could be

heated and quenched in a non-oxidizing atmosphere and in which var-

jations in the auenching nrocedure would be reduced to &amp; minimum.

In accordance with these ideas the vertical tube furnace shown in

Ficure 11. was constructed.

The furnace was built inside f a long steel tube, 3 inches in

diameter, so that the resistance winding as well as the specimen

would be in a hydrogen atmosphere... In this way the furnace could

be operated at temperatures un to 107N° C with a chromel winding.

The tube was lined wi+™ insu’ *+ing brick which supported a winding,

uniformly spaced on an alundum muffle 1 inch in diameter and 2 feet

long. The furnace leads were taken nut throursh a nipe in the side

which served as the hydrogen inlet.  cnoling eoil around the tube

protected the rubber stoprner at the topo. The temperature variation

over a 4 inch length was about 10° C. The chromel-alumel couple

was protected by a fused quartz tube. However, at the temperature

used. the quartz apparently allowed some hydrogen to reach the couvle
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Fig. 11. Furnace for Solution Treatment and
Quench in Hydrogen Atmosphere



ZO)=

and affect its calibration. For this reason the couple was cali-

brated at the melting point of chemically pure sodium chloride

before each run. The lower end of the furnace tube was immersed

directly in the cuenching liouid and the hydrogen was taken out

through a small glass U-tube. The specimens were in a hydrogen at-

nosphere at all times including the quench and a perfectly bright

surfece was obtained.

A special method was used for holding and releasing the speci-

mens so that the ouench could be as nearly automatic as possible.

A fine iron wire holding the specimen was supported by another

fine wire connected to two leads nassing through the rubber stopper.

hen 220 volts were impressed across these leads, the connecting

wire burnt out and released the wire holding the specimen. The

specimen fell through a distance of about 3 feet into the cuench-

ing bath. A method of agitating the specimen or the licuid to in-

crease the cuenching rate would have been desirable but was diffi-

cult to accomplish without breaking the liguid seal of the furnzce.

As a substitute the cuenching bath was made 2 feet deep so that

the specimens were cooled to a considerable extent before reaching

the bottom.

This furnace solved the problem of heating the specimens at a

temperature hizh enough to dissolve the cobalt and iron without

oxidation of the surface. Specimens were heated at about 1040° ©

(1990° F) for 1 to 8 hours but the time at temperatures over 1 hour

nade no noticeable change in microstructure or properties. Desnite

forts to make the cuench as rapid as possible, considerable
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scatter was found in hardness, resistance and susceptibility. The

samples with low hardness or high resistance were assumed to have

received the best quench and were used for aging. This difficulty

in obtaining reproducible acuenched values is believed to be inher-

ent in these alloys due to their extremely high transformation rate.

2 Aging Treatments

The quenched specimens were aged at temperatures of 250°, 375°,

550° and 7°° C for periods ranging from a few seconds to a thousand

hours. Liouid baths were used in order to bring the specimens quickly

up to temperature and insure accuracy in timing the short intervals

of aging. A temperature of 250° C was obtained by boiling Dowtherm

A% in a small not ecuipped with a water-jacketed reflux condenser

open to the atmosphere. A temverature of 375° C was obtained by

boiling Dowtherm C¥* in a similar pot placed in an electric resistance

furnace. This material is solid below 100° C and care had to be

exercised to prevent the air cooled condenser from plugging up.

Both of these boiling liguids were very satisfactory in that they

gave constant temperatures and did not attack the specimens in any

noticeable way.

JE—

%* Dowtherm A is the eutectic mixture of diphenyl (Calc) and di-

phenyl oxide (CgH) 20+ Dowtherm C is a mixture of the approximate

composition (CH) z+ They may be obtained from the Dow Chemical

COo., Midland, Michigan.
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The higher aging temperatures of 550° and 700° C were obtained

with a salt bath which melted at about 500° C. The pot type fur-

nace was held by an automatic controller to + 5° C. The bath was

stirred to prevent the existence of a temperature gradient. After

periods of an hour or more the specimens began to show signs of

corrosion by the salt, so a method of protecting them had to be de-

vised. It was discovered that simply by wrapping several layers

of copper sheet around the specimens, they were practically unat-

tacked, even after long periods of time. The copper wrapping ap-

parently dissolved preferentially and although the specimens were

in contact with the salt it was possible to preserve a metallographic

volish for some time.

Since the measurements were all made at room temperature, the

aging treatments were interrupted at suitable intervals by cuench-

ing in water.
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TI. MEASUREMENTS

Hardness

In order to get a rapid quench the hardness specimens were made

as small as possible. Since the specimens were cuite soft after

quenching their thickness had to be great enough to avoid an anvil

effect on the hardness reading. The surface area had to be large

enough to enable a sufficient number of readings to be taken during

the aging runs. The size finally adopted was % inch by 1% inch and

0.118 inches thick. As a result of the high temperature of the solu-

tion treatment the specimens were very coarse grained. This caused

an unavoidable scatter in the hardness as cuenched and during the

early stages of aging. The hardness runs were made on two speci-

mens which had the same initial hardness. At suitable intervals

readings were taken, one on each side of both specimens, and the

average value was recorded. The Rockwell F scale with a 60 kilogram

major load and a 1/16 inch steel ball was used. The machine was

checked with a block of known hardness before each series of readings

on the specimens. The results were recorded to the nearest half

division but are not considered accurate to better than + 2 units.

2. Lattice Parameter

A few lattice parameter measurements were made on the hardness

specimens after various treatments. The back reflection method with

copper radiation from a HEgg tube was used. The apnaratus and method

have been described elsewhere by NortonrC. An annealed sample of



4

oxygen-free copper gave « lattice parameter of 3.6073 A. U. as com-

pared with the accepted value for pure copper of 3.6077 A. U., show-

ing that the apparatus was «~t vn accuratelv.

The copper-cobalt samnles rave lat+ic: parameters, varying from

3.6040 to 3.5108 A. U., which showed rn» regular change during aging

at 375° or 550° C. The lines were sharp but seemed to give values

of lattice parameter both above and below that for cooper. In Figure

12 err reproduced the patterns of a cuenched samnle and one sged 100

hours at 375° C in comnarison with one of annealed, pure copper.

Cv -Co AS QUENCHED

Cu-—- Co
100 h.— 375°C

PlLIRF Cu

Cu- Fe

Cu=Fe

ANNEALED

AS QUENCHED

4 h.-550°C

Fig. 12. Back Reflection Patterns of Alloys
Commared with That of Pure Copper
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Various copper—iron samples gave lattice parameters from 3.6031 to

2.6048 A, U. An aging run at 565° C showed no consistent changes.

The patterns of a quenched sample and one aged 4 hours at 550° C are

shovn in Figure 12.

Since the atomic radii of copper, iron and cobalt are nearly the

same, no large change in the parameter of these alloys is to be ex-

pected. However, one might expect precision measurements to show a

small reproducible change on aging. This was not found to be true.

The results show a wide degree of scatter which may perhaps be due

to varying amounts of auenching strains in the lattice. It might

be possible to measure and correct for these strains by taking meas-

urements with the specimen at different angles to the X-ray beam.

The coarse grain size would make this very difficult due to an in-

ability to rotate the specinen through an angle great enough to give

smooth lines on the X-ray nattern.

7 Electrical Resigtence

Flectrical resistance measurements were made on small rods 0.079

inches (0.2 mm.) in diameter end 4 inches long. The experimental set

up is shown in Figure 13. The goecimen was nl:red in a holder which

clamped it against two knife edres 3 inches - 3

leads were attached to the knife ed-=s ~~

attached to the ends of the rod. The rerigta-

“emt leads vere

* ""a rod between

the knife edges was measured bv a Kelvin deov\1« 1 rijze capable of an

absolute accuracy «f 0.1 nercent The specimen and holder were im-—

mersed in an oil bath which was enuioned w2'.1 a stirrer and a means

n.loFor mzintaininge the temperature at 25° 0 +
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Pig. 13. Apparatus for Measuring Electrical Resistance

Because . F the large changes occurring during aging the relative

accuracy of the measurements (about 0.1 percent) was more than suffi-

cient. Had it been possible to clamp the knife edges permanently on

the specimen and keep a fixed gauze length the relative accuracy might

have been increased to 0.01 percent. I" was not convenient to do this

because of the nigh aging temperatures and the necessity of using salt

beths. Furthermore, the same specimens were also used for the mag-

netic measurements and could not be encumbered with permanently at-

tached knife edges.
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Magnetic Measurements — General

Before discussing the actual magnetic measurements made in this

investigation, it will be desirable to review some of the fundamental

concepts involved. Magnetism is a universal property of matter and we

can distinguish two classes of substances: (a) those which are more

permeable than a vacuum and are attracted into a magnetic field are

called paramagnetic, (b) those which are less permeable and are re-

pulsed by a magnetic field are called diamagnetic. Ferromagnetism rep-

resents a special strong case of paramagnetism. All ferromagnetics be-

come parsmagnetic above a certain temperature known as tne Curie point.

Para- and ciamagnetic substances in general show an intensity of

magnetization I which is proportional to the field H. Ferromagnetics.

on the other hand. are distinguished not only by the high value of mag-

netization acouired in low fields but also by the non-linear relation

between I and H. Furthermore, ferromagnetics can be magnetized to a

saturation value with moderately high field strengths, while paramag-

netics cannot be saturated in the highest fields yet obtained.

In Figure 14 are plotted the magnetization curves of ferromagnetic alpha

1700 al

A Fe

’
3
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"
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-

-0 0/8 he

Fig. 14. Typical Magnetization Curves
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iron, paramagnetic gamma iron and diamagnetic copper. Notice especi-

ally the difference in scales used. Thus in a field of 20,000 oersteds

alpha iron shows a magnetization of 1700 gauss compared to 3.8 gauss

for gamma Svar and -0.01l5 gauss for —

The numerical data of weskly magnetic material is usually given

by the susceptibility. Volume susceptibility K is the ratio of I/H

or the slope of the magnetization curve. For example, the values of

K for gamma iron and copper are about 190 X 107° and -0.75 x 107° re-

spectively. Specific or mass susceptibility)Xequals K divided by the

density. For dia- and paramagnetics the susceptibility is constant

and independent of field strength. Vith ferromagnetics the suscepti-

bility varies with the field and cannot be given as a characteristic

of the material. The ferromagnetization also depends on previously

applied fields because of magnetic hysteresis. Thus, if a ferromag-

netic is magnetized to saturation and then removed from the field, it

will exhibit a remanent magnetization.

If an alloy contains two phases, one dia- or varamagnetic and the

other ferromagnetic, it is possible to separate their individual con-

tributions to the total magnetizationbymeasuringthe field dependence

of magnetization. However, this method will work only when the two

contributions are of the same order of magnitude. For illustration.

let us assume the case shown in Figure 15 where we have the varamag-

netism of phase A superimposed on the ferromagnetism of vhase B to

give the magnetization curve C found experimentally. Thus the true

saturation magnetization of phase B is 0.4 gauss. If we assume pure

B to have a saturation magnetization of 1000 gauss, then the percent
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Fig. 15. Composite Magnetization Curve

of B by volume = 0.4/1000 X 100 = 0.04 percent. Then the values

of curve A divided by 0.2996 represent the true naramagnetism of pure

A. If the percentage of the ferromagnetic constituent is very large

then the paramagnetism will be relatively too small to detect while

if it is extremely small it will be difficult to find the ferromag-—

netism. Quite high field strengths are necessary to attain the pre-

~ision necessary for cuantitative work of this kind.

In the present investigation a different method, desicned to give

a gnalitative picture of the structural changes during aging, has been

used. As auenched, the copver-cobalt and copper-iron alloys are largely

paramagnetic with only small traces of ferromagnetism due to imperfect

quenching. During aging a ferromagnetic phase precipitates from the

paramagnetic solid solution. Thus there are two changes to be distin-
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guished: (a) changes in the amount of the ferromagnetic precipitate

and (b) changes in paramagnetic susceptibilityofthecopper-rich

solution. In order to do this two different magnetic »roperties were

measured, apparent magnetic susceptibility and remanent magnetic mom-

ent. The first measures the over-all magnetization of the aggregate,

while the second measures the magnetization of the ferromagnetic phase

slone. By comparing these two properties it is possible to obtain a

cualitative interpretation of the magnetic results. %hat these cuan-

tities actually mean will be discussed in the section immediately

following.

a Magnetic Susceptibility

The volume susceptibility K was measured by the Gouy method which

is shown schematically in Figure 16.

AN
1. Balance

i - =Specimen

is Magnet
Fig. 18. The Gouy Method for Measuring Susceptibility
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4 cylindrical specimen, of uniform cross-sectional area A, is sus-

pended from one arm of a sensitive balance so that one end of the

specimen is in a homogeneous magnetic field H while the other is in

a region of negligible field. If we let I equal the intensity of

megnetization and let 41 equal the field gradient along the axis of

the specimen, then the force dF on any infinitesimal segment of

volume dv is:

p= 148re dvX
1d)

substituting Adx for dv dF = AIdH

The total force on the specimen

F=4af" IaH
For a paramagnetic substance XK is indevendent of H so one may write

r= A Jt KHAH

SAKH?
2F
LH2

d

Thus the susceptibility is directly proportional to the force on the

specimen. The force F = Wg where W is the change in weight when the

field is applied and g is the gravitational constant. So

_Wig
Je

The above derivation applies on” to paramagnetic substances. As

mentioned before, the copper-iron and copper-cobalt specimens always

contained varying amounts of a ferromagnetic phase. Hence the quantity

K calculated according to the formula given above will be called ap-

parent susceptibility. It is an over-all value which, at a given field

strength, will not yield a cuantitative determination of the phases
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present. However, by determining this quantity at different field

strengths it is possible to calculate both the true paramagnetic sus-

ceptibility of the copper-rich solution and the amount of the ferro-

magnetic nhase. In order to do this successfully it is necessary that

the specimen and the apparatus meet the recuirements as stated in the

previous section.

fig. 17. Apparatus for Measuring Susceptibility

A view of the apparatus is shown in Figure 17. The wooden enclos-

ure has been removed to show the specimen holder and part of the

specimen. The balance was a standard analytical type and could be read
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to O.1 milligrams which corresponded to about 0.1 percent of the

change in weight W actually measured in the paramegnetic samples.

The small cylindrical specimen was suspended from one arm of the

balance by a fine wire which passed through a hole drilled through

the bottom of the balance cabinet and the table supporting it.

The specimen was positioned so that the lower end was at the center

of the magnet. This was done by reading the deflecticn of the balance

pointer when the specimen end was slightly below center and bottoming

on a brass rod in the core of the magnet. The location of this rod

and the length of the suspension wire were adjusted so that when the

specimen was balanced it would be in the center and sufficiently above

the rod to allow a small amplitude of swing. The position of the spe-

cimen could thus be reproduced to a degree greater than necessary be-

cause the field was uniform over an appreciable distance.

The magnet was of the air core type, designed and developed by Dr.

Fe Bitter. It consisted essentially of a small coil of copper sheet

1 inch wide and 0.013 inches thick wound about a brass tube of * inch

inside diameter. The successive turns were insulated by layers of

Glyptal paint. The coil was surrounded by a water jacket on both ends

snd on the outer circumference except where the electrical contacts

were made. The other electrical connection was made on the brass tube

The power source was a direct current generator which suvplied 1000

amoeres at 25 volts.

The magnet was calibrated by a method due to Kaufmannst and a

linear relation between current and field strength was found as ex—

pected. A current of 740 amperes and a field of 15.000 oercteds was
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controlled by variable rheostats in the field circuit of the generator

The field current of the generator was read on a potentiometer across

a fixed resistance and adjustments were made during the course of tak-

ing measurements to keep this value constant. Despite this precaution

the magnetic field did fluctuate as shown by variations in the weight

of the specimen of the order of several milligrams. This may perhaps

be attributed to leakage currents through the insulation of the magnet

20il. Because of this varying field at constant current the repro-

ducibility of the susceptibility was reduced to about 1 or 2 percent.

fihen the specimens became strongly magnetic after aging at high temp-

eratures, they tended to stick to the sides of the magnet and accurate

weighines were impossible to obtain.

L1thouch the specimens were 4 inches long so that the uover end

would extend above the outer case of the magnet, probably less than

half of this length was actually in a field of any great strength.

The cuenched specimens showed different values for suscentibility

when they were turned end for end. Accordingly the specimens were

suitably marked and the susceptibility measurements during the aging

rine were all made with the same end in the magnet.

~

Sa Remsnent Magnetic Moment

The same specimens used for measuring resistance and suscepti-

bility were magnetized in a large, air core magnet at 10,000 oersteds

and then placed in an arparatus which measured the remanent magnet-

ization. The magnet is shown in Figure 18. It consisted of a coil

sf sheet copper 0.010 inches thick and 12 inches wide with a diameter
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Fig. 18. Magnet for Magnetizing Remanence Specimens

inside of 3/4 inches and outside of 10 inches. The turns were in-

sulated by fish paver. A current of 1000 amperes gave a field of

10,000 oersteds which was probably fairly uniform over a 4 inch length
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in the center. A temperature rise of 1° C per second was calculated

so that it was only possible to run the magnet for short periods with-

out burning cmt + » insulation. The specimens were placed in &amp; holder

so that they were slwevs in the same position in the magnet.

[+t was found that the specimens had to be magnetized very care-

fully in order t» obtain accurate results. After come preliminary work

the following standard procedure was adopted. The specimens were al-

ways magnetized in the same direction so that any effect of the pre-

vious magnetization during the susceptibility measurement would be

constant. The field was raised from zero to 10,000 oersteds and then

alternsted between 10,000 and 3,000 oersteds four times. This was

necessary to insure conolete magnetization. Apparently the shape or

size of the small ferromagnetic particles was such that they were not

easily magnetizable.

The method for measuring the remanent magnetic moments is illus-

trated schematically in Figure 19. A general view of the apnaratus

is shown in Figure 20 and a close-up of the magnetometer in Figure 21.

The magnetometer consisted of two Helmholtz coils and a specimen

holder on the end of a slender glass fiber. The coils were designed

end placed so that, when carrying the same current in the same direc-

tion, they produced a uniform magnetic field over a large space. The

specimen was suspended so as to be perpendicular to the direction of

the field and at a point midway between the coils and on their center

line. On the upper part of the specimen holder was a small mirror

which reflected the light from a lamp onto a glass scale at a fixed



17

= ~Glass Fiber

p~Mirror
~-Specimen

-

- §

all
ys

iy i AT
i '

\ Helmholtz Coils —I

Damping
Liquid 1,

Lamp and Scale

iy

Fig. 19. Method for Measuring Rem&amp;nence

distance. The lower part of the holder was immersed in a glass dish

of 0il of the correct viscosity for slightly under critical damping.

The specimen was placed in the holder by laying it across the glass

dish at its topmost position and then lowering the dish by a cam ar-

rangement until the specimen was carefully deposited on the holder.

inen the field was applied the specimen rotated throuch a small angle

which caused a deflection of the light beam on the glass scale. The

toraue exerted on the specimen and on the glass fiber is the same and

ve may eguate these two expressions:
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Fig. 20. Apparatus for Measuring Remanence
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Fig. £1. Close-Up of Magnetometer
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MHsin®=%
where M = remanent magnetic moment

H = field strength

8 = angle between specimen and field

C = torsional constant of fiber

$ = angle of twist

If we let H=ai nd

$= tan &gt; 2

vhere a = constant

i = current in Helmholtz coils

D = scale deflection

b = scale distance

then Mo. _sin@®=¢ tan" 2
Since 6 is nearly 90° and O is nearly 0° we may write es a close ap-

Mai-= tL

m= L0_- gD
ab 1 1

Thus the remanent magnetic moment is directly proportional to the

quantity D/i and with a constant current it is directly provortional

to the deflection.

The currents used in operation of the magnetometer varied from

0.005 to 5 amperes depending upon the condition of the specimen. The

object was to have the deflection great enough to measure cccurately

and still keep it on the scale. It was necessary always to place the

specimens in the same direction because of the torgue from the earth's

field. Since they were always magnetized the same this kept the de-
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flection on the same side of the zero point and the effect of the

earth's field was constant. In the early stages of «ging where the

remanent moment was small, the earth's field of about 0.5 oersteds

was negligable compared to the 100 oersteds produced by 5 amperes

through the Helmholtz coils. However, in later stages where there

was a considerable amount of ferromagnetic precipitate, the deflection

from the earth's field was freater than that produced by 0.005 amperes

in the coils Thus 1t was found necessarv t. line up the magnetometer

so that the specimen. in ts zero positien. wodd noint towards mag-

netic north. With these precautions the reoroducibility of the re-

sults was about 1 to 7 percent demending unon the condition of the

sample. This relctive accuracy was sufficient to follow the large

changes occurring during aging.

-

Microstructure — Tlectroly*ie Paletching

The microstructure was studied on samples that were polished

electrolytically bv the method originated by Jaouaebor and used on

conner by Lowerv. Wilkinson and Smare~s. After polishing, a slight

change in the wvoltaze 7 ""~ 77 prerduced an electr~” “nn etch. Hence

the term pol "hing » ¢ + lishing and et-~hing f a sample

in successive: ot nrraega. Th re rma dearriptions in

the literature c* +"
- LF Tw wAalishinT 07 &gt; number of pure metals

and solid solutinn= *-" thr  Mn rv rence + the successful polish-

ing of heterogeneous "1e-vg, The samples used in the "resent investi-

gation were homogeneous =s cguenched but beczme heterogeneous with the

precipitation of a second phase during aging. However, no cifficulty
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was encountered in poletching them satisfactorily, even when consider-

able amounts of precipitate were present. An example of what can be

done by this method of polishing and etchine is shown in Figure 22

anich is a photomicrogranh showing grain boundary precipitate in the

copner-iron alloy at 2500 diameters.

Fig. 2¢. Electrolytically Poletched Sample at 2500 Diameters

The avparatus recuired is surprisingly simple. I. is shown

schematically in Figure £3.

The hardness specimens were held in a fixture and given a rougl.

metallurgical polish on one end. Care was taken to produce a flat

surface but no special attention was given to the elimination of

scratches on the final velvet lap. The specimen was then mounted in
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Fig. R3. Apparatus for Electrolytic Poletching

the small piece of glass tubing with beeswax as shown in Figure 22.

The wax was kept as close to the polished surface as possible with-

out smearing it. Although the surface to be examined was about 1/8

by 1/2 inch, the area actually volished, and which determined the

current in the cell, wes the total surface area above the wax. This

sres varied from samnle to sample. The sides could have been nrotected

with a lacaouer but this was deemed to be unnecessary since the method

adopted was ranid and gave excellent results. The cathode was a small

sheet of cooner placed varallel to, and about a half inch above, the

specimen. The electrode distance was not critical. The electrolyte

was ortho-nhosvhoriec acid with a specific gravity of 1.30 to 1.40.

Above 1.40 the electrolyte was too viscous to allow gas bubbles to es-

cave and below 1.30 the voltage characteristics of the cell were dif-

ferent.
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In the operation of the cell, three definite stages are observed

while increasing the voltage with a rheostat. (a) Voltage and cur-

rent rise together, gas is evolved at the cathode, and the specimen

begins to etch. (1) At about 1.6 volts, the voltage jumps suddenly

to 1.8, followed a moment later by a steady droop in current from about

0.2 to 0.1 amperes. The specimen starts to polish and the etch from

(a) disappears rapidly. With the rheostat unchanged, the voltage rises

slowly to about 2.0 volts ana the current drops to about 0.07 amperes.

Polishing continues under these stable conditions. (ec) Further in-

crease in voltage with the rheostat causes a proportional increase in

current and gas is evolved at the anode as well as the cathode. Gus

H&gt;ubbles adhering to the polished surface cause uneven nolishing and

pittino

The technicue adopted was desiszned to polish the snecinen in stage

(b) and then etch it in stage (a). Hence the voltage was raised rapidly

from zero to 1.3 volts to diminish the etching and establish stable

conditions for nolishing. Polishing was continued for from 5 to 10

ninutes. Then the voltage was dropped to 0.5 and the srecimen alloivied

to etch to the desired extent, usually for two or three minutes. The

cell was disassembled and the specimen washed in water snd alcohol and

dried in a warm alr blaat.

Several precautions are necessary to insure the desired results.

The etching »nrior to polishing is harmless but apnarently necessary.

If the voltage is raised too rapidly at the start, both the etching

znd polishing stages are suppressed, and the first occurrence is that

»f gas evolution from the specimen. After onolishing is estsbliched.
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the voltage sometimes creeps high enough to introduce the third stage

Jecasionally the voltage drops to a point where etching occurs, but

this is rare because of the fact that polishing corditions may be car-

ried down to zbout 1.2 volts. So it is best to adjust the voltage

from time to time during polishing. The final etching may be done at

voltages as high as 1.0 volts but the rate is too rapid to control.

On the other hand, with voltages below 0.4 volts, the etching is very

a 10OW.

The formation of some pits and humps on the volished surface seems

to be unavoidable. The former are probably due to inhomogeneities in

the sample while the latter are cue to dirt or bubbles on the surface.

However, these disadvantages are greatly outweighed by the advantages

of electrolytic poletching. By this method, it is possible to vrenare

a flat, highly polished surface, free from scratches and the effect

of mechanical work. This is especially iaportant in following the

prosress of aging since the usual polishing operetion may cause pre-

cipitation on the surface. In the oresent investigation the speci-

mens vere cround and polished prior to the solution heat treatment.

They were then electrolytically poletched at suitable intervals dur-

ing the aging process and only recuired a light revolish on the velvet

lan from time to time. Thus it is believed that the changes observed

ire rezl and not influenced bv the polishing operation.
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VII. PRESENTATION OF RESULTS

l. General

The results of this investigation are given in Figures 24 to 3l.

The experimental data is included in the appendix. For each aging

temperature, the changes in hardness, electrical resistance, magnetic

susceptibility and remanence are plotted against aging time in hours.

A logarithmic time scale is used in order to compress the results of

the longer intervals and still show the changes during the short inter-

vals. The same scales are used for both alloys and the graphs are

arranged so that, at each aging temperature, a direct comparison can

be made between the copper—cobalt and the copper-iron alloy. This is

desirable because of the striking similarities in the hardness and re-

sistance changes of the two alloys. On account of this similarity

in the kinetics of the precipitation process, the marked differences

in the magnetic properties become even more interesting.

Hardness values are given as Rockwell F numbers, with the diameter

of the circles equal to one unit. Resistance is plotted as percent

of quenched value, since it is not the absolute values, but the direc-

tion and magnitude of the changes which are important for our purposes.

The diameter of the circles represents one percent change. Both mag-

netic properties are also given in relative units. Due to the large

changes in these properties and the importance of showing the early

stages, it was necessary to plot them on a logarithmic scale. Remanence

ig given as the logarithm of the ratio of D/i (see section VI - 6),

which is proportional to remanent magnetic moment. Susceptibility is
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given as the logarithm of percent of quenched value. Wherever, in

this discussion, the term susceptibility is used, it means apparent

susceptibility as defined in a previous section. As with electrical

resistance, the percent of quenched value was used to correct for

variations in the initial susceptibility of different specimens of

the same alloy and also to allow the use of the same scale for both

alloys. The plotting was facilitated by having the curves start at

the same value for all aging temperatures. The actual values of sus-

ceptibility and resistance are given in the data sheets.

In considering the results, it should be remembered that all

measurements at the same temperature, except hardness, were made on

a single specimen. Hardness values represent an average of several

specimens but they still show considerable scatter during the early

stages of aging. This is inherent in the behavior of these alloys.

On the other hand, resistance, susceptibility and remanence, being

volume properties, show consistent results. The values given are for

one specimen. Small differences were obtained from specimens aged

at the same temperature, but the results were not suited to averaging.

2. Aging at 250° C

The results presented in Figures 24 and 25 show, first of all,

that the property changes in both alloys at 250° C have the same di-

rection and magnitude. The hardness results show a scatter which, in

several cases, amounts to as much as 4 units. This is believed to

be due to the non-uniformity of the aging process, which is exaggerated

by the coarse grain size of the samples. For both alloys, straight
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lines have been faired through the points and they show a slight in-

crease over the thousand hours aging. In contrast to the hardness

results, the other properties show very consistent values. These

volume properties are not affected by grain size and microscopic non-

uniformity of the aging process.

Resistance decreases 20 to 30 percent, an smount which is large

for most age-hardenable alloys. However, when compared with the re-

sults at higher temperatures, this change appears rather small. No

increase in resistance is noted in the early stages of aging. How-

ever, both alloys show a slight, but reproducible break, after about

0.1 hours, that can be explained by assuming two overlapping processes.

A single resistance run at 100° C showed a drop of 2 percent after 100

hours. Susceptibility rises gradually in both alloys, with signs of

a more rapid increase in the copper-cobalt alloy towards the end. The

total increase of 15 percent for copper-iron and 40 percent for copper-

cobalt appears small on the full logarithmic scale. During the first

part of the increase in susceptibility, remanence remains constant.

It starts to rise in both alloys at about 0.1 hours. This is where the

break occurs in the resistance curves, but the connection, if any, is

nbsecure.

The decreasing resistance indicates precipitation from the solid

solution. The increasing susceptibility shows that the precipitate

is ferromagnetic in both alloys. This is confirmed by the increase

in remanence, since this property measures changes in the ferromagnetic

portion only. The delayed increase in remanence may perhaps be due

to the extremely small particle size of the first precipitate. Such
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small particles might be ferromagnetic while in a magnetic field and

yet fall to exhibit any remanent magnetization. An alternative pos-

sibility is that the first cobalt or iron-rich precipltate contains

considerable amounts of copper.

&gt;

»] Aging at 375° C

During aging at 3750 C, the changes observed at 250° C proceed

in the same direction until breaks occur, which mark the end of the

first stage in the precipitation process. As shown in Figures 26 and

27, this first stage is characterized by a large decrease in resistance

a slight increase in hardness, a pronounced increase in remanence and

a gradual increase in susceptibility. Identical changes are found in

both alloys. These results indicate a ferromagnetic precipitate, and

microscopic evidence, to be reported later, shows it is localized at

the grain boundaries. The beginning of the second stage - that of

general precipitation - occurs at about one hour. Hardness starts to

increase at a more rapid rate with log time. Reslstance shows an ac-

celerated rate of decrease with log time and then drops more gradually.

These breaks are sharper in the copper-cobalt slloy, due probably to

the combined effects of less boundary precipitate, as shown by a smaller

resistance drop, and less overlapping of the two stages.

Remanence shows a pronounced break in the copper-cobalt alloy at

this time. When D/i, instead of log D/i as in Figure 26, was plotted

against log time, the break at one hour was even sharper and accurately

reproducible in separate runs. Between 5 and 1000 hours, remanence

increases at a much slower rate. On the other hand, susceptibility,
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instead of slowing down, continues to rise in an uninterrupted, smooth

curve. This indicates that susceptibility, which 1s now largely de-

termined by the amount of the ferromagnetic precipitate, is not sen-

sitive to differences between the grain boundary and the general pre-

cipitate. Hence, at the field strength used, either the magnetization

of the two types of precipitate is the same or thelr amounts change

in the correct proportions to give the same effect. But remanence is

influenced by some difference between the two types such as size or

composition, and so provides a means of distinguishing them at the

start of general precipitation. The lag between susceptibility and

remanence at this time is similar to the initial delay of remanence

at 250° C and both phenomena may have the same origin.

In the copper-iron alloy, the changes in magnetic properties as-

sociated with the second stage depart widely from those of the copper-

cobalt alloy. Remanence reaches a at one hour and then re-

mains constant, indicating the completion of ferromagnetic precipita-

tion. But, from the continued drop in resistance, we infer that pre-

cipitation is still occurring and, from microscopic evidence at higher

temperatures, that it is of the general type. Therefore, this pre-

cipitate must be non-ferromaegnetic! Since the solution of 2.4 percent

of iron in copper has given it a high paramagnetic susceptibility (as

contrasted with its normal diamagnetism), precipitation of iron from

solution should cause the susceptibility of the copper-rich solution

to decrease.
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Our ability to detect this decrease by measurements at a single

field strength will depend upon the nature of the precipitate. Al-

though this change must actually be occurring in both alloys during

the first stage of precipitation, it is outweighed by the increase

due to the ferromagnetism of the precipitate itself, and suscepti-

bility rises. Howeve; if the precipitate is paramagnetic, then the

apparent susceptibility will be influenced chiefly by changes in the

copper-rich solution which comprises over 98 percent of the sample,

and it should decrease.

This decrease in susceptibility is shown in Figure 27 during the

same period, between 1 and 1000 hours, when the remanence is constant.

Thus, during the first stage, where the precipitate is ferromagnetic,

susceptibility and remanence rise together and both reach a maximum

at one hour. The general precipitation then commences and, since it

is paramagnetic, the susceptibility decreases. This accounts for the

great difference in the susceptibllity results of the two alloys dur-

ing the start of general precipitation. This difference will be dis-

cussed more fully later on, but it is important to note here that, de-

spite differences in the magnetic properties of the precipitates, the

basic aging process is aquite similar in the two alloys.

L Aging at 550° C

Figures 28 and 29 show that at 550° C the first stage in the aging

process is completed after the short period of 0.Cl hours. During

this interval the resistance of both alloys drops about 30 percent,

while the hardnegs is unchanged. This substantiates the results at



oR

lower temperatures which showed only slight hardening during the

boundary precipitation stage. However, simultaneously with the start

of general precipitation at 0.01 hours, the hardness rises sharply

and reaches a maximum in bothalloys at about 100 hours. Resistance

shows its maximum rate of decrease at 0.01 hours and then drops grad-

ually to an almost stable value after 100 hours.

The remanence changes in the copper-cobalt alloy duplicate those

found at 375° C, and then proceed to a period of rapid increase com-

mencing at one hour. This indicates that, after the general precipl-

tate reaches a certain particle size or composition, the remanence is

no longer influenced by these factors, but principally by its amount.

Unfortunately, the susceptibility measurements could not be made at

this temperature due to difficulties, inherent in the apparatus, in

weighing strongly magnetic samples. It is believed that the results

would show a continuation to higher values of the smooth curve found

at Z7E°C CO.

The magnetic properties of the copper-iron alloy undergo in 0.1

hours at 550° C the same changes as in 1000 hours at 375° C. Suscep-

tibility and remanence reach maximum values at about 0.01 hours. It

will be noticed that remanence increases slightly after susceptibility

starts to decrease. The probable explanation is that, in this sample,

the general and localized precipitation are slightly overlapped. This

causes the susceptibility maximum to be shifted to a lower value and

a shorter time than at 375° C.
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Upon further aging, susceptibility decreases due to the precipi-

tation of iron in a paramagnetic form, and a minimum value is reached

after 3 hours. Remanence also shows a slight drop during this period.

This effect, not found in all specimens may be due to changes in com-

position or shape of the constant amount of ferromagnetic boundary

precipitate. Susceptibility rises slowly at first and then rapidly

after 200 hours. Remanence increases even slower at first, but then

shows a decided jump at 200 hours. Since these changes occur at a

time when minimum resistance has been nearly attained, they cannot be

attributed to a new precipitate. Hence, they must be the result of

the transformation of the paramagnetic precipitate, already present,

to the ferromagnetic form. |

This magnetic transformation probably overlaps the stage of gen-

eral precipitation, a fact which, coupled with the absence of any notice-

seble effect on hardness or resistance, makes it difficult to determine

when it starts. From the susceptibility results, we may assume that

the process is continuous and progressing at a rate which increases,

even on a full logarithmic scele. While susceptibility gives a smooth

curve, remanence shows a decided break, that is even more pronounced

at 700° C. In this case, although the precipitate is still small, as

evidenced by maximum hardness, the particles have probably passed the

critical eize or composition which affected remanence on other occa-

sions. However, if we picture the magnetic transformation as the re-

sult of a change in crystal structure from face—centered to body-centered

cubic. we then have the formation of small particles of the new phase.
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Hence, the situation is similar to that obtaining during the start of

both stages of precipitation in the copper-cobalt alloy, and of the

first stage in the copper-iron alloy. In all these cases, the remanence

may be a sensitive indicator of the number of iron or cobalt atoms in

gn individual particle.

5. Aging at 700° C

The results of aging at 700° C were affected by the appreciable

s0lid solubility at this temperature of 1.0 percent cobalt and 0.8

percent iron in copper. By comparing Figures 30 and 31 with the cor-

responding ones for 550° C, it is seen that, at 700° C, the maximum

hardness is lower and the minimum resistance is higher. These dif-

ferences are undoubtedly due, in part, to the smaller amounts of cobalt

and iron available for precipitation. As the results show, at 700° C,

a scatter in the resistance and remanence values was obtained for the

first time. In order to explain this scatter, the following experiment

was verformed.

Copper-iron and copper-cobalt specimens, which had been furnace

cooled from the solution temperature, were aged at 700° C simultaneously

with the regular quenched specimens. During the short aging intervals

the specimens were all placed in the same holder and quenched together,

but they were not in contact with each other. After a total aging time

of 0.1 hours they were wrapped together in copper sheet for protection

against corrosion. This caused the quenching to be less uniform. When

the resistance results were plotted, they showed that all the specimens

deviated from a smooth curve at the same time. The conclusion was that
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these minor deviations were due to differences in the quench from the

aging bath. In outward appearances, the quenching procedure was the

same, and there was no way of predicting any deviations until the

measurements were made. It was felt, however, that the scatter was

satisfactorily explained and that a curve could be faired through the

points.

In both alloys the resistance drops at a very rapld rate and reaches

an almost stable value after one hour. Again we note that no harden-

ing occurs during the greater pert of this resistance drop. Some of

this lag in hardness may be due to the slower heating of the larger

specimen. Hardness rises sharply in both alloys at 0.01 hours and

reaches a maximum at about 0.5 hours. In the copper-cobalt alloy,

softening due to overaging takes place at a steady rate up to 300 hours.

In the copper-iron alloy, softening is more rapid and the hardness

levels off at 20 hours, while still considerably above its as-quenched

value.

The magnetic properties do not show the breaks associated with

the stage of grain boundary precipitation. Since this precipitate

appears in the microstructure, the property changes accompanying it

must occur in less than 3. seconds, which was the shortest aging time

used. In fact, after this short interval at 700° C, the specimens

are in the same state that they reached in about one hour at 550° C.

No susceptibility measurements could be made on the copper-cobalt al-

loy since, as shown by the rapid rise in remanence, the specimens be-~

come strongly magnetic after a very short aging time.
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The remanence results of the copper-cobalt alloy are interesting

but difficult to interpret. A sharp maximum is reached at 3 hours or

shortly after maximum hardness. Then, after decreasing smoothly, at

20 hours, the remanence suddenly levels off at a value of log D/i of

2.8. These surprising results have been checked very closely in two

independent runs. An annealed specimen aged for the same time at

700° C gives a log D/i of 1.95, which is considerably lower, but the

same resistance as the quenched and aged sample. According to the

resistance values the quenched sample has reached equilibrium but,

according to the remanence, it has not. Since the remanence is a more

complex property with respect to structural changes, it 1s probable

that the discrepancy 1s due to some difference in their past history.

In the copper-iron alloy, the magnetic results may be compared with

those for copper-cobalt by noting that the lag between the occurrence

of the general precipitate and its magnetic transformation serves merely

to delay the period when the magnetic properties reach high values.

For this reason it was still possible to measure susceptibility at 700° C

and the values were comparsble to those of copper-cobalt at 375° C,

The remanence values reach the period of linear rise found in copper-

cobalt at 550° C. Although the copper-iron alloy does not overtake

the copper—cobalt in the length of this run, it will of course do so

eventually. The break in the remanence curve, due to the magnetic trans-

formation, occurs in 3 hours, or at the same stage of hardness and re-

sistance as at 550° C. Although a very sharp break is observed, it is

sgain accompanied by a smooth susceptibility curve.
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3, Microstructure of Copper-Iron Alloy

The quenched structure is shown in Figure 32 (a). After 0.04 hours

aging at 375° C a precipitate, as in Figure 32 (b), appears at the

grain boundaries. These boundary areas, which consist of the stable

copper-rich solid solution plus an iron-rich precipitate, then gradu-

ally grow into the grains. Although these areas are structureless at

first because the precipitate is submicroscopic in size, they eventu-

ally show a sort of wave front like that of Figure 32 (c¢). The in-

dividual particles are still invisible but the effect of a large number

is to produce a darkened zone.

During aging at 550° C the first boundary precipitate is visible

after 0.02 hours and the structure is identical with that of Figure

52 (b). As this boundary fringe widens, a dark zone advances and leaves

structure-less areas behind as in Figure 35 (a). In one spot the

structure shown in Figure 33 (b) was observed at the advancing boundary.

No actual particles are seen, even at 2500 diameters. The dark areas

probably represent masses of tiny particles coming out of solution along

certain crystallographic planes. While these first areas are growlng,

new ones are continuously forming until, after one hour, they cover

about one-third of the total boundaries. At their greatest extent they

cover not over 1 or 2 percent of the whole sample. After 7 hours par-

ticles are visible in the boundary areas at high magnification. The

next appearance is that of resolvable particles of general precipitate

in certain preferred areas such as twins. Thig is shown in Figure

33 (c) after 17 hours. The general precipitate grows until after 3592
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hours it is visible at 250 diameters as in Figure 33 (d). At higher

magnification the whole surface is covered with precipitate but the

particles are larger at the boundaries. This is shown in Figures

33 (e) and (f).

At 700° C the first boundary precipitate occurs at 0.0025 hours.

These areas grow in the same manner, but more rapidly than at the

lower temperatures. The general precipitate is apparent by a darken-

ing of the grains after 0.04 hours as in Figure 34 (a). In some re-

gions this precipitate seems to form wavy lines as shown in Figure

34 (b), while in others it lines up in regular lines which may have

resulted from plastic deformation during the quench. New boundary

areas contimie to form up to 0.40 hours, at which time approximately

half of the total boundaries are covered. Fairly coarse particles

become visible in certain twin areas and, after 26 hours, even within

the grains. The three types of precipitate:boundary, preferred gen-

eral, and general, &amp;re clearly shown in Figure 34 (c).

Microstructure of Copper-Cobalt Alloy

Due to the extremely rapid transformation rate, all the quenched

copper—cobalt samples showed some evidence of grain boundary precipi-

tate. This generally takes the form of slightly widened and rounded

boundaries as shown in Figure 35 (a). During aging at 375° C, structure-

less grain boundary areas are formed and then grow into one of the ad-

jacent grains. In some cases the original boundaries begin to disap-

pear as shown in Figure 25 (b). No precipitated particles are visible.
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During aging at 550° C the same structureless boundary areas are

formed as at 375° C. As seen in Figure 36 (a), these areas show no

dark fringe like the copper-iron alloy. When general precipitation

occurs the boundary areas are merged indistinguishably into the rest

of the grain. The extent of their growth can be estimated by the size

of the irregular bumps on the rounded grains. After orehour a string

of tiny particles becomes visible along the grain boundaries. The

general precipitate appears first in certain twin areas as in the copper-

iron alloy and then at random throughout the grains. Figure 36 (b)

shows the boundary particles and the preferred general precipitate,

but the general precipitate is still too fine to resolve at 500 di-

smeters.

The early stages of aging at 700° C show the same changes in micro-

structure as at the lower temperatures. Patches of general precipi-

tate first appear after 0.04 hours. The boundary areas soon merge with

the rest of the grains giving the structure shown in Figure 37 (a).

After 6.4 hours particles appear in the bumps on the grain boundaries

as shown in Figure 37 (b). Figure 37 (c) shows a general view of these

dark patches at lower magnification. In addition to these globular

particles, another acicular, type of precipitate appears after 109

hours. Figure 37 (d) shows these needles arranged in a sort of Wid-

manstitten structure. The exact nature of this precipitate remains

to be determined, but it may be connected with the marked remanence

changes occurring at the same time.
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Fig. 32. Microstructure of Copper-Iron Alloy at 375° C

(a) As quenched 250X

(pb) Aged 0.04 Hours Jy) x
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Fig. 32 (¢). Aged 10 Hours 500X
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Fig. 33. Microstructure of Copper-Iron Alloy at 550° C

r

(8) Aged 40 Hours 500X

(b) Aged 0.68 Hours 1:HUY&gt;
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Fig. 33 (c). Aged 17.3 Hours 20G0X

Fig. 33 (d). Aged 392 Hours L&amp;UX
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Fig. 33 (e). Aged 817 Hours 1000X

Fig. 33 (f). Aged 817 Hours 2000X
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Fig. 34. Microstructure of Copper-Iron Alloy at 700° C

(a) Aged 0.04 Hours 500X

(b) Aged 0.10 Hours 2L 1X
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Fig. 34 (c¢). Aged 26 Hours 250X



31

Fig. 35. Microstructure of Copper-Cobalt Alloy at 375° C

L } As Quenched 150%

(b) Aged 10 Hours oN
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Fig. 36. Microstructure of Copper-Cobalt Alloy at 550° C

(a) Aged 0.16 Hours 1000X

(b) Aged 817 Hours 50NX
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Fig. 37. Microstructure of Copper-Cobalt Alloy at 700° C

(a) Aged 0.10 Hours

(b) Aged 8.4 Hours 5
3

250X

¥
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Fig. 37 (c). Aged 26 Hours 75%

-
Sr.ay 37 (d). Aged 212 Hours Sav  *~
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VIII. CORRELATION AND INTERPRETATION OF RESULTS

L Copper—Cobalt Alloy

The results of aging at four temperatures indicate that the copper-

cobalt alloy undergoes a two-stage precipitation process. The aging

curves at 250° C show only the first, while those at 700° C show only

the second stage. At the intermediate temperatures of 375° or 550° C,

the curves show both stages. Since the basic aging mechanism is the

same, each successively higher temperature repeats the property changes

of the lower temperatures and then adds further changes of its own.

Aging proceeds very slowly at 250° C and the first stage is not com-

pleted in 1000 hours. At 375° C, the completion of the first stage

and the start of the second are illustrated very clearly. During ag-

ing at 550° C, the first stage occurs rapidly, but the second is not

completed. At 700° C, all of the first stage occurs before 0.001 hours

and the second is virtually completed.

Remanence is the best indicator, among the properties measured, of

the two stages in the precipitation process. It rises sharply during

the first stage and levels off during the initiation of the second. It

then goes through a period of rapid increase during the second stage,

and finally reaches a maximum value at 700° C. Susceptibility is the

only property not showing a break between the two stages. It rises

smoothly at the two temperatures where it could be measured.

Hardness shows only a slight increase during the first stage, but

increases markedly beginning with the second stage. It reaches its
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maximum value after a long period at 550° C, when the resistance re-

sults indicate practically complete precipitation. This is interest-

ing because it illustrates the very slow rate of growth of the precip-

jtated particles.

Resistance decreases during both stages of precipitation. Only at

250° C is the aging process sufficiently slow so that the changes as-

sociated with the first stage may be studied. At this temperature a

slight break occurs that might perhaps be attributed to "knot" forma-

tion preceding the second stage. The levelling off appears small on

the scale used but is reproducible. It may be the result of two over-

lapping effects — one a decrease due to boundary precipitation and the

other an increase due to "knot" formation. At higher temperatures a

break occurs after the first three seconds, but it may only be the re-

sult of insufficient time for the specimens to reach the aging temper-

ature. Although a considerable decrease in resistance occurs during

the first stage, the maximum drop takes place at the start of the second

stage. During the remainder of the second stage, the resistance drops

gradually and approaches a stable value after long periods at 550° C.

Microscopic examination shows that the first stage is due to pre-

cipitation at the grain boundaries and that it occurs simultaneously

with the property changes described above. It shows, further, that

the second stage 1s one of general precipitation within the grains and

that, in this instance, there is a time lag between the property changes

end the appearance of the first signs of precipitation. In the first

stage, the boundary areas may be easily detected at an early time when
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they are still structureless due to the submicroscopic size of the

particles. In the case of general precipitation, the grains are

structureless originally, and no change is noticed until the particles

have grown beyond the size that produces the property changes. The

fact that new areas of boundary precipitate may still form after the

property changes associated with the start of general precipitation,

indicates that the two stages overlap to a certain extent.

The drop in resistance, during the period of grain boundary pre-

cipitation, is much greater than is to be expected from the amount

of the precipitate and the resulting impoverishment of the copper-

rich solid solution. However, the occurrence of this impoverished

solution in the form of a contimuous network at the grain boundaries,

would produce a sort of short-circuiting effect. Again, during the

beginning of general precipitation, a disproportionate drop in resis-

tance occurs. Since the other properties indicate that this precipi-

tation is probably fairly uniform, the conclusion is that the resis-

tance is not a good measure of the rate of precipitation.

The magnetic propertles show that both the grain boundary and the

general precipitate are ferromagnetic. In fact, the alloy becomes

so strongly ferromagnetic that it is impossible, in the apparatus used,

to measure susceptibility at the two higher temperatures. With ap-

preciable amounts of a ferromagnetic precipitate, the changes in the

paramagnetism of the copper-rich solution have a negligable effect.

Hence, the susceptibility value is determined by the amount of the pre-
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cipitate and its saturation magnetization. From the smooth, uninter-

rupted rise of susceptibility between the two stages, the conclusion

is either, that the magnetizations of the two types of precipitate are

the same, or that their smounts change in the right proportions to

produce the same effect.

While the resistance changes are due to the varying composition

of the copper-rich solution, the changes in magnetic properties are

caused by the cobalt-rich precipitate. As mentioned above, the sus-

ceptibility measures principally the amount of the precipitate. Ren-

anence, on the other hand, shows more complicated changes, whose ex-

planation must lie, not only in the amount of the precipitate, but &amp;lso

in its composition, size, shape and atomic arrangement. Changes in

the first three factors certainly occur and possibly in the last two

as well. Under equilibrium conditions, cobalt will dissolve about 10

percent copper, but the effects of temperature on this solubility are

unknown. Hence, we cannot predict changes in the composition of the

precipitate during aging. Above about 450° C, the cobalt-rich phase

is face-centered cubic, while, at room temperature, the stable phase

is hexagonal close-packed.

Entirely apart from equilibrium considerations, prior to precipi-

tation, the solute atoms are located on the face-centered cubic host

lattice and their most probable arrangement after precipitation would

likewise be face-centered. If such a precipitate is actually formed,

it should of course eventually transform into the stable hexagonal

phase. Since both forms of cobalt are ferromagnetic, the transforma-
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tion should cause only a small change in the magnetic properties.

There is no data which will enable us to predict what to expect, but

it may be that the unusual changes in remanence after long periods at

700° C are due, at least in part, to this transformation. These

changes might, however, be caused by other factors such as composition,

size, ete. The appearance of a new, acicular type of precipitate in

the microstructure at about this time is additional evidence of some

change in the precipitate.

No pre-precipitation effects of the type found in duralumin were

noticed at any aging temperature. Resistance shows a continuous de-

crease, with the exception of a slight break at 250° C. Hardness be~

gins to increase slightly with boundary precipitation and shows a large

increase during general precipitation. However, this evidence does

not necessarily support the simple precipitation theory, since it does

not exclude the possibility of a "knot" stage. Because of the rapid

transformation rate of this alloy, as shown by the appearance of grain

boundary precipitate in severely quenched samples, it is possible that

the pre-preciplitation stage occurs during the quench. Subsequent ag-

ing will then show only the precipitation stages. This idea would be

difficult to confirm experimentally. But even if a "knot" stage does

occur during aging, any possible increase in resistance will be masked

by the large decrease due to grain boundary precipitation.

If we can prove our postulate of a face-centered cubic transition

phase, the indirect evidence of a pre-precipitation stage will be quite

strong, since the formation of such a precipitate must be preceded by
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segregations of solute atoms along the solid solution lattice. The

experimental evidence for the copper-cobalt alloy is inconclusive.

However, strong evidence confirming this point will be presented in

the discussion of the copper-iron alloy immediately following.

Re Copper-Iron Alloy

The aging process in the copper-iron alloy is similar to that of

copper—-cobalt in that it involves a two-step precipitation process

which occurs first at the boundaries and then throughout the grains.

Moreover, the kinetics of the process is very nearly the same in both

slloys. At all aging temperatures, the direction and magnitude of the

changes in resistance and hardness are the same. Hence, the discussion

of these two properties in the preceding section for the copper-cobalt

alloy applies equally well here. The greater resistance drop in the

copper-iron alloy during the first stage is probably due to the greater

amount of boundary precipitate found under the microscope. However,

because the initial resistance of the copper-cobalt alloy is 50 per-

cent greater, it shows a greater total decrease during aging. The

slightly greater hardness increase in the copper-iron alloy may be

the result of a better quench, as evidenced by the absence of grain

boundary precipitate in the quenched samples.

The microstructure of the two alloys is similar in that both show

a. structureless boundary fringe at the start of the first stage. While

in the copper-cobalt alloy this fringe tends to merge into the body of

the grain with further aging, in the copper-iron alloy the boundary areas



3]

remain distinct during all stages. The amount of the boundary pre-

cipitate appears to be greater in the copper-iron alloy, although such

an estimate is necessarily difficult. Both alloys show the first micro-

scopically resolvable particles of general precipitate in certain pre-

ferred areas such as twins. In spite of minor differences it is prob-

able that the mechanism of precipitetion is guite similar in the two

alloys.

The magnetic results of the copper-iron alloy are complicated by

the initial appearance of the general precipitate in a paramagnetic

form and its ultimate transformation to the ferromagnetic state. The

grain boundary precipitate is ferromegnetic and the changes in suscep-

tibility and remanence during the first stage are identical with those

of the copper~cobelt alloy. However, after the beginning of general

precipitation, remanence remains constant for a long period and sus-

ceptibility decreases. These results, combined with those for resis-

tance, prove conclusively that the general precipitate is paramagnetic.

It is very likely that this paramagnetic iron-rich phase is face-centered

cubic gamma iron! Here is the evidence for a transition phase that

could not readily be shown in the copper-cobalt alloy. Because of the

close similarities of the two alloys in all other respects, it is reason-

able to presume that the face-centered transition phase appears in the

copprer—-cobalt alloy as well. We thus have an illustration of the fact

PE —

¥ This fact furnishes a satisfactory interpretation of the magnetic re-

sults of Tammann and Oelsen discussed in Section III - 5.
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that the first precipitate in an age-hardening alloy is not necessarily

the equilibrium phase.

Because the paramagnetic iron-rich phase is not stable either at

the aging temperatures or at room temperature, we should expect it to

transform ultimately into the stable ferromagnetic phase. This trans-

formation does not begin until long periods of aging at 550° C and is

not completed even after 300 hours at 700° C. This delay in the ap-

pearance of strong ferromagnetism enables measurement of susceptibility,

as well as remanence, to be made at the higher aging temperatures. When

the transformation does occur, the susceptibility rises rapidly, even

on &amp; full logarithmic scale, but it is the remanence which shows the

most abrupt change. This 1s one more example of the greater structural

sensitivity of remanence. It would be interesting to follow this change

from the face-centered to the body-centered lattice with X-ray diffrec-

tion but, unfortunately, the amount of the iron is too small to detect.

And even with large emounts of gamma iron, the lines in the X-ray pat-

tern would be almost identical with those of the copper-rich solution.

The question as to why, in the copper-iron alloy, the boundary pre-

cipitate is ferromagnetic and presumably alpha iron, while the general

precipitate is paramagnetic and presumably gamma iron, cannot be answered

here. But several possible explanations for this phenomenon may be of-

ferred. The first is that during the quench a paramagnetic boundary

precipitate forms and that it becomes ferromagnetic during subsequent

aging. This is very unlikely since the remanence rises gradually dur-

ing the first stage and simultaneously with a drop in resistance. In
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other words, although some submicroscopic boundary precipitate may form

during the quench, the property changes indicate that most of it occurs

during aging.

A more plausible explanation 1s that the nuclei formed at the bound-

aries are larger than those within the grains. Then, when the precip-

itate forms, it is large enough to break away completely from the face-

centered host lattice and assume its stable body-centered, ferromagnetic

form. Both of these occurrences would be logical results of the greater

mobility at the grain boundaries and they are in line withMesing'sl?

explanation for the behavior of cobalt-nickel-copper alloys (see Section

III - 3). Such a difference in particle size is actually observed micro-

scopically during the later stages of aging. It also supplies a logi-

cal reason for the growth of the boundary areas at the expense of the

rest of the grains. Of course, besides a difference in particle size,

there may be a difference in composition. Thus, the general precipitate

may be face-centered cubic because of the number of copper atoms in its

lattice and, when enough of this copper has been removed, it assumes

its normal body-centered form.

The above discussion may be applicable to the copper-cobalt alloy

but, due to the similar magnetic properties of the two cobalt-rich phases.

we have no proof that the boundary and general precipitates are differ-

ent. But the fact that precipitation occurs much earlier at the bound-

aries. indicates that the conditions there are different from those

within the grains.
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The occurrence of a transition phase during general precipitation

is quite probable in both alloys. Starting with this assumption, we can

make some interesting speculations on the mechanism of precipitation.

In the quenched condition, the supersaturated copper-rich solid solu-

tion will contain iron or cobalt atoms at random points on the face-

centered lattice. During aging, diffusion of the solute atoms results

in the formation of segregations or "knots" in the lattice where the

concentration of solute atoms is greater. Since all three kinds of

atoms have nearly the same size, we should not expect much additional

lattice distortion as a direct result of this "knot" formation. This

may explain why no increase in resistance is found as in duralumin,

where the atomic sizes are quite different. Due to the continuity of

the process depicted above, it is difficult to find a satisfactory cri-

terion for the start of precipitation. However, this minor point should

not concern us here, because of the non-uniformity of aging in the al-

loys studied. Eventually, there is enough difference in the lattice

spacings so that the precipitate does break away from the host lattice.

It is interesting to note that evidence of the general precipitate in

the copper-iron alloy was observed microscopically before its transforma-

tion to the ferromagnetic state, indicating the remarkable stability

of the transition phase. The final stage in the aging process involves

the formation of the equilibrium phases and it may tske a very long-

time for completion.
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IX. CONCLUSIONS

The following conclusions can be drawn from the results of this

investigation:

(1) The aging process in both the copper-cobalt and the copper-

iron alloy is one of two-stage precipitation.

(2) The first stage involves the precipitation, at the grain

boundaries, of a cobalt or an iron-rich phase, both of which are ferro-

magnetic. The heterogeneous boundary areas grow to a certain extent

into the adjacent grains and then stop.

(3) The second stage involves general precipitation within the

center of the grains. In both alloys, the initial precipitate is prob-

ebly a face-centered cubic transition phase. It is ferromagnetic in

the copper-cobalt alloy and paramagnetic in the copper-iron alloy.

(4) The paramagnetic iron-rich phase transforms into a ferromag-

netic form, probably body-centered cubic, after 200 hours at §50° C.

This change is very clearly shown in the magnetic results. The initial

cobalt-rich precipitate may likewise transform into its stable hexagonal

phase, but the magnetic change is small since both forms are ferromag-

netic.

(5) Hardness shows a slight rise during the first stage and a pro-

nounced increase starting with the second stage. Maximum hardness is

attained in both alloys after aging for 100 hours at 550° C.

(6) Resistance shows a continuous drop at all aging temperatures.

[t decreases markedly during the first stage and to an even greater



36

extent at the start of the second stage. Minimum resistance is virtu-

lly attained after 1000 hours at 550° C.

(7) Remanence is a sensitive indicator of the two-stage precipi-

tation process. It also shows marked changes during the magnetic trans-

formation in the copper-iron alloy and changes in the copper-cobalt

alloy which may denote the appearance of the hexagonal phase.

(8) Apparent susceptibility shows a contimuous increase in the

copper-cobalt alloy at the two temperatures where it could be measured.

In both cases its value 1s determined principally by the amount of the

ferromagnetic precipitate. In the copper-iron alloy it shows the de-

creasing paramagnetic susceptibility of the copper-rich solution dur-

ing the initial period of the general precipitation.

(9) The experimental results show none of the changes usually as-

soclated with a pre-precipitation stage. However, the probable occur-

rence of face-centered transition phases is indirect evidence in favor

of a "knot" stage. The failure to detect this stage is probably due

to the high transformation rate of these alloys during the quench and

also to the microscovic non-uniformity of the aging process.
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X. RECOMMENDATIONS FOR FURTHER WORK

The present investigation has opened up a very promising field

for further work. It is rather strange that the copper-cobalt and

copper-iron alloys have so long escaped the attention of metallurgists

for, as the results presented here have shown, these systems are ex-

tremely interesting from a theoretical standpoint. They are unique in

their adaptability for magnetic measurements and in the umusual oppor-

tunity they present for studying transition phases. The results ob-

tained so far indicate the importance of extending the work to include

the following:

(1) Determination of the equilibrium values of resistance and

susceptibility at different temperatures for varying concentrations

of the copper-rich solutions.

(2) Determination of the magnetic properties of the cobalt and

iron-rich phases with varying concentrations of copper.

(3) Measurement of the field dependence of susceptibility during

aging to enable quantitative calculation cf the paramagnetic and ferro-

magnetic components.

(4) Use of alloys with lower iron and cobalt contents in an at-

tempt to obtain a more successful quench.

(5) Study of alloys made from powders to determine effect of

size and shave of ferromagnetic particles on the magnetic properties.

(8) Continuation of aging at temperatures of 700° C or higher

until the properties reach their equilibrium values.
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(7) Additional microscopic work, using colloidal iron to show

the ferromagnetic precipitate.

3} Further work on X-ray diffraction.



39

¥T

BIBLIOGRAPHY

l. M. Hansen - "Der Aufbau der Zweistofflegierungen", Springer,

Berlin, 1936

~~ Hanson and Ford — "Investigation of the Effects of Impurities on

Copper, Part II —- The Effect of Iron on Copper", J. Inst. Met.

Vv. 32 (1924) pp. 335-361

Tammann and Oelsen - "Die Abhingigkeit der Konzentration gesfttigter

Mischkristalle von der Temperatur®. Z. Anorg. Chem. V. 186 (1930)

pp. 267-77

i. M. L. V. Gaylor - "Aging", Metallurgist Oct. 1938, p. 166, and

Dec. 1938, p. 181

 nN Merica, Waltenberg and Scott — "Heat Treatment of Duralumin®,

U0. S. Bur. Std. Sci. Paper V. 15 (1919), p. 271

5. P. D. Merica - "The Age-Hardening of Metals", Treons. A. I. M. E.

Vv. 99 (1932), pp. 13-54

7. M. Cohen —- "Aging Phenomena in a Silver-Rich Copper Alloy",

Trans. A. I. ¥. E., V. 124 (1937), p. 138

3. M. L. V. Gaylor - "The Theory of Age-Hardening". J. Inst. Met.,

V. 60 (1937), p. 249

9. Fink and Smith - "Age-Hardening of Aluminum Alloys, III - Double

Aging Peaks", Trans. A. I. M. E., V. 128 (1938), p. 223

10. M. Cohen - "Age-Hardening of Duralumin®" - Metals Technology, Oct.

1938, T. P. No. 978



100

1

11. Dehlinger - "Uber den Verlauf von Ausscheldungen", Zeit f. Metallkde.

V. 27 (1935), p. 209-12

see algo: Zeit f. Metallkde, V. 29 (1937), p. 401

12. K8ster and Dann8hl - "Die Aushirtung der Gold-Nickel-Legierungen®,

Zeit f. Metallkde, V. 28 (1936), pp. 248-253

13. Volk, Dann8hl and Masing —- "Die Entmischungsvorgfinge in Co-Cu-Ni-

Legierungen im festen Zustand", Zeit f. Metallkde, V. 30 (1938)

pp. 113-122

VMasing — "Der Zerfall der Mischkritalle in den Co-Ni-Cu-Leglerungen

im festen Zustand", Probleme Der Technischen Magnetisierungskurve,

pp. 129-140, Springer, Berlin, 1938

15. M. G. Corson - "Copper Alloy Systems with Variable Alpha Range and

Their Use in the Hardening of Copper", A. I. M. E. Proc. Inst. Met.

Div., 1927, pp. 435-450

Corson —- "Systeme d'alliages de cuivre avec phase alpha et a limites

variables et leur emplol pour le durcissement du cuivre", Rev.

de Met., Ve. 7 (1930), PP. 83-101

16. C. S. Smith - "An Air-Hardening Copper-Cobalt Alloy", Min. and

¥Met., V. 11 (1930), pp. 213-215

17. G. Tammann - "Die Vorgfnge bei der Verglitung", Zeit f. Metallkde,

Vv. 22 (1930), pp. 365-368

18. J. T. Norton - "Simplified Technique for Lattice Parameter Meas-

urements", Met. and All. V. 6 (1935), p. 342

19. T. Ishiwara — "On the Magnetic Investigation of A, and A, Trans-

formations in Pure Iron", Sci. Rep. Toh. Imp. Univ., V. 6 (1917),

pp. 133-138



101 ~-

20. E. C. Stoner - "Magnetism and Matter", p. 508, Methuen, London,

1924

21. A. R. Kaufmann - "Current Balance for Measuring Magnetic Fields

and Susceptibilities", Rev. Sci. Inst., V. 9 (1938), pp. 369-71

22. P. Jacquet - "Sur une nouvelle method d'obtention de surfaces

metalliques parfaitement polies", Comp. Rend., V. 201 (1935),

pp. 1473-1475

23. Lowery, Wilkinson and Smare - "Influence of the Polished Surface

on the Optical Constants of Copper", Phil. Mag., V. 22 (1936)

pp. 769-790



102 —~

XII. BIOGRAPHICAL NOTE

Robert Bruce Gordon was born in Rochester, New York,

on May 26, 1915. Attended the public schools of Irondequoit,

New York. Entered the University of Rochester in 1931 and

was graduated in 1935, receiving the degree of Bachelor of

Science in Mechanical Engineering with High Distinction.

Flected to membership in Phi Beta Kappa.

Entered the Graduate School of the Massachusetts In-

stitute of Technology in 1935 to pursue a course of study

leading to the degree of Doctor of Science in Metallurgy,

with a minor in Mechanical Engineering. Appointed Assistant

in the Department of Metallurgy 1936 - 1939.

Presented to the Faculty of the Massachusetts Institute

of Technology in May, 1939, a thesis entitled, "Age-Hardening

of a Copper-Cobalt and a Copper-Iron Alloy".



— 103 -

XIII. APPENDIX

The following symbols and abbreviations have been used

in the accompanying data sheets.

= Electrical resistance in ohms

ZR = Percent of quenched resistance

K15,000 = Apparent volume susceptibility in a field

of 15,000 oersteds

% K, = Percent of quenched susceptibility

Log % K, = Logarithm of percent of quenched susceptibility

D/1 = Arbitrary units proportional to remanent mag-

netic moment

_

 -— Rockwell F Hardness
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DATA FOR COPPER-COBALT ALLOY AT 250° C

(Figure 24)

Hours RX 10° % R_ K14,%00 % K
 xX 10

Log D
$K 1

.3345 100 65.1 100.0 2.000 ~ 54

0025  .3305 98.7 66.2 101.7 2.007

.005 3297 98.6 65.0 100.0 2.000

OL 3278 98.0 67.0 102.8 2.012

5258 97.4 68.3 104.8 2.020

,5245 97.0 69.1 106.1 2.026

.3222 96.3 69.7 107.0 2.029

.3188 95.3 71.0 109.0 2.037

3172 94.8 71.9 110.3 2.043

64 3157 94.4 72.9 111.9 2,049

1.28 3132 93.6 74.0 113.6 2.055

2.56 .3105 92.8 75.7 116.2 2.065

5.0 3067 91.7 75.3 115.5 2.063

3030 90.6" 77.0 118.1 2.072

,2987 89.3 78.7 120.9 2.083 0.90 ~.046

2937 87.8 80.1 123.0 2.090 0.97 ~.013

.2872 85.9 85.5 128.1 2.108 1.09 +.037

.2785 83.3 130.7 2.118 1.22 .086

530 2710 81.0 2 99.1

0

i.S—

141.5 2.151 1.34 +127
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DATA FOR COPPER-IRON ALLOY AT 250° C

(Figure 25)

K
Hours R X 10° 4% R_ 14,600 %K

X 10

Log D
% K, i

D
Log §

oh

wn

58.4 100.0

0026  .2200 97.8 56.1 96.0

005 «2175 96.5 56.1

01 «&lt;150 95.5 58.2

02 .c113 93.8 58.7 100.4

+2070 92.0 57.9 99.1

2025 90.0 58.8 100.6 2.003

18 -1997 88.6 59.8 102.3

32 »1870 875 60.5 103.8 2.014

84 .1943 86.3 60.1 102.9 c.012

1.28 .1914 85.0 61.5 105.2 2.022

2.56 »1874 83.8 62.1 106.2 R.0R6

5.0 »1822 81.0 62.1 106.2 2.026

14 .1768 78.4 63.4 108.7 2.036

1704 75.6 64.6 110.6 2.044 1.40 «146

.1645 75. 65.6 112.2 2.060 1.56 .190

+1593 70.7 66.5 1135.8 2.056 1.85 «267

68.% 68.2 116.2 2.068 2.10 «32%

530 .1500 66.5 67.1

, 250 1CV 2.000 0.60 —e 228

acob,
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HARDNESS DATA AT 250° AND 375° C

250° C

Hours Cu - Co Cu —- Fe
(Fig. 24) (Fig. 25)

J J

,00&amp;5 HA 44.5

005 4 1Z 5

Jl 7
"D
y

Ne
yw

Oy

4 51.5 15.5

8 ol 45.5

16 81.5 1-5

58

64

-

4 1

30) A7 =

1.28 31 14

2.56 50.5 1.3

3.0 52 47.5

4 55 48.5

20 59 48.5

47,530 al)
ny

L32
wv: Nn 18.5

P95 42.3JCS
a 7

+O

220) 82 20

375° C

Cu - Co Cu - Fe

Hours (pio, 26) HOW'S (pig. 27)

39

 005
~

| ,001 40

O15 E0.3 Ns 10

J3 48 11 4]

Ng £3 12 42

2 9 D4 4Z5

NE|
+ kt i) 38 42

48 eC 16 46

ty 'Q 39 45

2.0 50 B64 45

0 31 . JE 48

~~

ea rt? 5ry 5.0 48.5

37 -5 ~ 5™:a 20.5

161 532 12 59

253 5% DE 51.5

876 60.5

1308 6l1l.E

58 4

129 EG.5

no 58.5

300 50
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DATA FOR COPPER-COBALT ALLOY AT 378° C

(Figure 26)

Hours RX 10° 4 R "15,000
° x10

qr Log D D
%K_ 1 o8y

) ron 100 52.1 100.0 2.000 0.25

94.6 55.1 105.7 2.024 0.28 -.585

94.2 57.0 109.3 2.039 0.33 -.481

92.8 59.5 114.1 2.057 0.44 -.357

90.9 66.0 126.7 2.103 0.71 -.149

88.1 74.6 143.2 2.156 1.10 +.041

84.2 86.1 165.1 2.218 1.65 «R17

79.0 100.2 192.0 2.283 R45 «389

71.3 3.00 «477

£4 4.00 .602

4.25

001 «3415

,0C5 «3400

«3350

«3292

»3180

.S039

28852

2572 a

4,0 e R43

LO «191. 53.C

4725 -
Bo | 4.55

- 759 4,75

.658

30 2187. 43,4 E77

151

290

1403 39.0 5.00 .699

«1226 33.G

390 .1063 29.2 1260 2420 2.284 8.50 +813
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DATA FOR COPPER-IRON ALLOY AT 375° C

(Figure 27)

2 K18,00Hours RX 10° %R_ 30098 %K_ Log
of v~

2
i Log 4

) » 2408 100 53.5

001 «2038 84.6 61.3

005 «2010 83.6 62.8

.1964 8l.6 67.0

+1856 77.1 83.2

«1712 71.1 93.2

«1562 64.2 88.5

«1434 59.6 ~~ 95.5

13520 54.8 87.6

«1177 48.8 77.2

»1033 42.8 70.1

26.8 64.3%

100.0 &lt;.000 0.48

114.6 2.059 0.70

117.4 2.070 1.15 +.061

126.2 2.101 1.58 «199

155.3 2.191 1.94 «288

174.0 2.241 2.08 «518

186.0 2.270 2.14

178.4 2.251 2.14

163.7 2.214 2.12

145.4 2.163 2.06

131.0 2.117 2.10

120.0 2 _079 2.00 +Z01
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DATA FOR COPPER-COBALT ALLOY AT 550° C

(Figure 28)

Hours

C8

J)

001

, 0025

,0058

010

02

04

NK

16

392

.64

1.28

D_586

5.15

ro»

Fe

=)

200

R X 10°

,2525

. 3248

+3110

» 2910

, 2295

1917

, 1697

.1534

, 1364

1264

,1203

, 1103

. 1058

0990

0230

0DLa98

D880

% R
oO

100

92.15

88.23

82.57

65.14

55.40

48.10

43.50

28.70

35.86

34.13

21.30

30.0

28.06

26.35

05 37

24 AD

D
i

0.30

9.55

1.80

1.40

2.60

3.70

4.70

5.80

7.10

8.80

11.75

17.05

25

pi. J)

-

_J

Log z

, 523

280

097

}- , 146

418

,568

B72

768%

881

,944

1.070

1.232

1.398

1.567

2.114

2.60
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DATA FOR COPPER-IRON ALLOY AT 550° C

(Figure 29)

2 K15,000
Hours R X 10 % R x 10°

100 59.5

85.0 71.2

0025  .CR33 83.8 73.0

005 «alld 80.0 79.5

01 «1943 73.5 76.5

02 .1604 60.6 67.2

04 «1424 53.8 58.4

08 «1226 46.3 49.1

16 «1123 42.5 47.6

88 «1050 39.6 46.2

64 -0997 37.6 47.3

1.50 C922 54.8 48.5

5.0 .C870 32.8 51.4

Be7 .0826 31.2 56.0

14.7 .0795 50.0 62.1

50.4 0776 29.3 68.1

70.4 0759 28.6 74.3

190 C782 7.3 99.0

405 .0706 26.7 123.2

~Q9 072 orn Z 171

ZK
OD

Log D D
ZK EE )

100.0 2.000 0.70

120.1 2.080 0.99 -.004

123.2 2,091 1.52 +.182

134.0 2.127 2.02  .305

129.0 2.111 2.38 «377

113.2 2.054 2.54

98.3 1.993 2.63

82.8 1.918 2.58  .412

80.2 1.904 2.50  .398

78.2 1.897 2.43  .386

79.6 1.901 2.37  .375

8l.7 1.912 2.45

86.7 1.938 2.60

94.4 1.875 2.70

108.5 2.035 2.94

114.8 2,060 3.33

125.1 2,097 4.00

166.8 2.222 6.25

207.6 2.317 15.75

288 2.459 20. 1.312
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HARDNESS DATA AT §50° C AND 700° C

550° C

HAPS Cu - Co Cu —- Fe

(Fig. 28) (Fig. 29)

001 1

NO25

,005 40.9 410.5

0 492 )
np

Ne 43.5 3

04 50.5 53.5

18 51 58.5

16 37 36

2 20 RG .5K

06 63.5 73

1 32 87.5 78.5

3,07 72.5 BO.S

7.3 en 84.5

17.3 77 RR _E

10 79.5 31

30 8l.5 31

194 B.S 89.5

292 s30N 86.5

317 8FE «Fas

700° C

Hours Cu - Co Cu - Fe
(Fig. 30) (Fig. 31)

14,5 XY)

N01 46.5 10

0025 468.5 49

005 i8 47.5

1 47.5 50

Ne 56.5 84

04 37 78.5

D6 0 78.5

10 72.5 84

20 768.5 87.5

10 18.5 38

20 70 87

L.6 77.5 85.5

81.5 Zz 9 76.5

3.4 73.5 75.E

16 70 33

26 38 32

31 AF 59

109 32 59

012 S38 57

210)  5H3~ 24).
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DATA FOR COPPER-COBALT ALLOY AT 700° C

(Figure 30)

Hours

)

,001

0025

0058

Ol

2

04

08

20

 0)

30

L.6

~~ -

J

a

~y

19

ou

0

31

tle

R X 10°

» 3394

» 2200

«2060

.1920

.1810

.1680

, 1683

1810

,15486

1587

1574

J1570

1577

,1560

.1500

1470

, 1462

1452

 1442

% R
0

100

64.8

80.7

568.5

53.3

49.5

49.6

47.4

45.6

46.8

46.4

16.92

46.4

15.9

44,1

43.3

43.1

42.8

42.5

D
i

oily

0.45

2.65

2.80

5.40

9.40

17.55

3S

81.0

230.5

778

1960

2870

5240

2870

1080

398

T41l

“6

21

Log z

- 247

+ 4923

.580

3

L973

1.244

1.512

1.908

2.363

© _83G1

2.292

5.458

3.511

3.458

2.297

2.959

2.870

o_849

2.800
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DATA FOR COPPER-IRON ALLOY AT 700° C

(Figure 31)

K

Hours Rx 10° #R 000
x 10

ZK
0

Log D D
%K_ ; Log

 J) 100 45.1 100 2.000 0.55 —.260

001  .1540 64.0 28.1 62.3 1.795 1.72  +.236

0025 1450 59.6 28.8 63.5 1.805 1.98  .297

005  .1460 60.9 30.0 66.7 1.824 1.72  .236

Ol .1343 56.0 27.8 61.7 1.790 1.51  .179

1240 51.6 29.8 66.0 1.820 1.79  .253

1203 50.1 30.8 68.5 1.836 1.90  .279

1225 51.0 35.2 73.8 1.868 1.98 2.97

1160 48.3 35.8 79.6 1.201 1.70  .250

1157 48.2 40.7 90.4 1.956 1.86  .270

80 1147 47.3 46.4 103.1 2.013 1.76  .246

1.60  .1150 47.2 56.7 126.0 2.100 2.08  .514

5.20 .1120 46.7 70.6 156.8 2.195 3.07  .487

7.0  .1110 46.2 93.4 207. 2.316 17.85 1.259

A122 46.7 136 302. 2.480 33.0

1125 46.9 2.645 74.0

1.518

1.869

2.170100 1180 48.% — 148

150 £78

£860

1070 3.029 186

1910 5,81 —

1310 2900 2.462 438

2 209

208
-

 o&gt; Ex  1) AT.:5

204 ——_ 2.641



ABSTRACT

The object of this investigation was to study the mechanism of

age-hardening in two alloys that were uniquely adapted for the use of

magnetic measurements. These binary alloys of copper with 3.2 percent

cobalt and 2.4 percent iron were in the form of paramagnetic solid

solutions after drastically quenching from the solution temperature.

Upon subsequent aging at suitable lower temperatures, a precipitate

formed that was ferromagnetic in the copper-cobelt alloy and either

ferromagnetic or paramagnetic, depending upon its location, in the

copper-iron alloy. The accompanying changes in magnetic susceptibility

and remanence were so marked that the precipitation process could be

followed very nicely. From the changes in these properties and the

more common ones of hardness, resistance and microstructure, a satis-

factory qualitative picture of the aging mechanism has been obtained.

Before presenting the results it will be desirable to discuss briefly

the experimental details.

The alloys were made by melting in a clay-graphite crucible under

a cover of charcoal and bottom-pouring into a chill mould. The raw

materials were cathode copper of high commercial purity, electrolytic

iron and commercial cobalt rondelles. Chemical analyses showed no seg-

regation of cobalt or iron. The principal impurities were 0.02 percent

carbon and 0.01 percent nickel. The copper-cobalt alloy contained 0.02

percent iron. The ingots were forged, hot rolled, then cold rolled to

a strip 0.118 inches thick for hardness samples, and cold swaged to a
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0.079 inch diameter rod for magnetic and resistance samples.

The specimens were given a solution treatment of several hours at

1040° C (1900° F) in a specially-built vertical tube furnace. This

furnace was so constructed that the specimens could be heated and

quenched in a hydrogen atmosphere in order to avoid oxidation of the

surface. The specimens were suspended from a fine wire that was

burned out by an electric current at the time of the quench. The

specimens then fell by gravity into a bath of sodium hydroxide solu-

tion. Despite these efforts to avoid the effects of a high transfor-

mation rate, the alloys could not be given an entirely satisfactory

quench, as was shown by a scatter in the properties of the as-—quenched

samples. The aging treatments were conducted in liquid baths at temp-

eratures of 250°, 375°, 550° and 700° C. The specimens were quenched

in water at suitable intervals and measurements made at room temperature.

Hardness measurements were made on the Rockwell F scale and were

reproducible to + 2 units. Electrical resistance was measured on a

Kelvin double bridge and the resulls had a relative accuracy of about

0.1 percent. Magnetic susceptibility was measured by the Gouy method

at a field strength of 15,000 ocersteds. This property measured the

magnetization of both the paramagnetic copper-rich solution and the

ferromagnetic precipitate. In order to separate these two effects

another property, remanence, dependent only on the ferromagnetic por-

tion, was measured. The specimens were magnetized to saturation and

then suspended by a glass fiber so as to be at right angles to the di-

rection of a uniform magnetic field. The deflection of the specimen
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when the field was applied was proportional to the remanent magnetic

moment.

From the property changes at four temperatures the aging process

in both alloys was found to involve two stages of precipitation. Aging

at 250° C showed only the first stage, while 700° C showed only the

second. The intermediate temperatures of 375° and 550° C showed both

stages. During the first stage, hardness showed a slight increase,

resistance a marked decrease, remanence a pronounced increase and sus-

ceptibility a gradual increase. The drop in resistance indicated pre-

cipitation and the increase in the magnetic properties showed that it

was ferromagnetic. Microscopic examination of samples, polished and

etched electrolytically to avoid extraneous effects, showed these changes

were associated with precipitation at the grain boundaries.

During the second stage, where precipitation occurred generally

within the grains, the hardness and resistance changes were similar in

both alloys. Hardness increased about 50 Rockwell F units to a maximum

after 100 hours at 550° C, while resistance, at the same time, nearly

reached a minimum of about 30 percent of its initial value. The mag-

netic properties, on the other hand, showed striking changes between

the two alloys. This was due to the fact that the general precipitate

was ferromagnetic in the copper-cobalt alloy and paramagnetic in copper-

iron. Thus, in the copper-cobalt alloy, susceptibility continued to

increase strongly and remanence, after a delay in the early stages, did

likewise. But in the copper-iron alloy, the remanence remained constant

while susceptibility decreased as a result of the precipitation of iron

from solution in a paramagnetic form.



These results indicated that both the cobalt and iron-rich pre-

cipitates were probably face-centered cubic transition phases. If

this was true, their eventual transformation to stable forms was to

be expected. Such a transformation was found in the copper-iron alloy

after 200 hours aging at 550° C. The susceptibility and remanence

showed marked increases due to the formation of a ferromagnetic phase,

presumably body-centered iron. The susceptibility could not be measured

at the two higher temperatures in the copper-cobalt alloy because of

its strong ferromagnetism, but the remanence changes were very striking.

The remanence reached a sharp maximum after 3 hours at 700° C, decreased

to 20 hours and then levelled off suddenly. These changes might have

been due to a transformation in the cobalt-rich phase similar to that

nf iron.

A correlation of the results showed that the aging mechanism was

the same at all temperatures. Each successively higher temperature

repeated the earlier changes and then carried them to a more advanced

stage. No pre-precipitation effects of the type found in duralumin

were observed. However, the probable occurrence of transition phases

gave indirect evidence favoring a "knot" stage. The property changes

due to "knot" formation may have been absent because of the rapid trans-

formation during the quench or because of the non-uniformity of the

aging process.
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