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avout a year wud o roll oo, Le vritert's iinterccst
was Iirst fixed on the _ezculiar pronerties that sore of
trhe light motal clloys disiplay vhen prorerly loot trocted,
Tlhe property tiat sre of the cluninun ddloys ~ossess, of
ase Lhardening after belng cu.nched freor just velowr the
eutectic point, is well lmmovn., “he -lhenomenon veas “irst
observed by iln of “eommeany in ris voris in 1203-11,

Tor scveral yewrs thils wos unzaiploined, tnda it remdncd
so until the wvorlt of Z, D, Ic¢rica ¢nd his co-"oriecrs in
10191, it thet time, trxe idea of tie kering cffcet cf
tliie hord Cualy particles in the groundriaes of «luminw: vies
advarced, +lis conclusion wvas vassd upon the thernal crrosts
that were ovscrved o rohedtin: a cuenched unaged specina o
Gurclunin. It vas bulieved that these arrests were cvid:s.ces
of a precipitation of the particles of Cualy of « very
dispersed ncture snd of colloidal :ize, Iurthermcre, tle
moxinunm hardness that could be produced vas dezperncont on
aver-ge critical sizeef the precipitated porticles, Luter,
(10£1-23) ilunsen =nd Zuwller, worikins et the nLationul Thyzicul

3

Luboratory, subnitted tlic theory that Iig.il wos @ much nore

1

Do)
inmpertant influence in the agze hard.nins then Cualll ., ov-

ever, we huve alloys such as "gOs™ viiich «re Iree from o 01

and hardened by Cuslg zlone, Converscly, alloys :cuch as “Sls"



contain 13201 @lone ¢s the nhardenins constituent, e con-
ciderebdly at roon tomn ruture, It iz notevorthy thot tie

for:er coecs not ace eprreclavly at room timrerature, but

@)
kY

rin~ ebout this 1€CTe

o’

rejuires <levated tomeratures to

e thooriecs uavenced by tlese wvorlers, linizs well
vith the slip interfercnce theory adivanced vy CJeffries mnd
.rcher (1921)5. althouch the proof suvmitted in faver of
the precipitation thecory 1s largzgely of an indirect nature,
it has been gersrully accepted by rrecent day metellurcists,
Perhaps tihe mein objection to the theory of precipitation
as aprlied to the age hardening of duralumin is the epparant
anomaly of electrical resistance changes during age harden-
ing*.

Yhen a specimen is given the solution treatment i.e,
quenched from just below the eutectic temperatureX the re-
sistance shows a decided incrcase which conforms to the
idea given belowt, However, on ageing the alloy its resist-
ivity continues to increase slightly,

With these facts in mind, the following work was under-

taken to discover, if possible, this apparent exception to an

otherwise plausible theory,

+ It has been considered that in general the resistivity of
an alloy is increased when an acgregate is changed to a solid
solution, and conversely that the resistivity is decreased
when a solid solution decomposes into an aggrecate.



The suthor wishes to express his indebtedness to
4. He Dix, Jr., of the sluminum Cormpany of smcrica for
the suggestion of the problem, and to I, Z. Tublow,
Instructor and friend, under vhose direction tiis work
Les been carriced out.

l’any thanks are due to R. o5, archer of the ~luminum

Comnany of amcrica for ris kindly aavice and assistante,

June 1929, JM%W
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“hen th e work was rirst started in Jurclunin,
there wis no fcbricated stock of knowvn comrosition at
hand, accordingly, the several mctals recuircd vere
collected together «nd sixty (60) test bars ver. cast
and rachined for the study. The custing end study of
the cats alloys consiituted the first cipcrinent of this
TOYT Ke

Later, by surgestion of -, II, Uik, Jr., the invest-
ication of electrical resistivity of ro-l-d curclurin on
eocing vias wn ertelen,  “te 17s retocl selocted veas Lindly
subpplied by the Lluminuw: cor. wny of «=zrica, Llhis in-
vestigaetion of the .lectriccl resistivity chanses curing
the process of «ge hardenin. after the sclution tr atient,
cnd vhe acconpunying lordness, constituted the second
experinent,

“he norii of 7, U, licrica cnd his ussociates on the
thermel arrests in the hieating of uncegzed crecimens, indicatced
thet ther: wis rocrnt Tor Ifurther iivestigetion zlo: Uills line,
Cince duraluain is rather complex in its constitution, it wos
considered trhat inhis study night vetter bte carricd out with
er-cluminun «lloy., -+lLis study of the thcrmncl

critical points in a pure corser-aluminum alloy rmade up the

third ciperimcnt,
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This ciperinent was devoted tc tlie cost 1llorys of
the comrccition iven i Zubole I, Sixty of itlrece bars

-

e v - ol vee T A 5 + - - Tes K 3 - T .
vere node un oad rmaciined Ior llhe tesits desceribed orein:

Tuole I

Allov To,1 L1lln

Aluninun 9544, $4 e85, C8423,5
coprer 440 4,0 - -
Lalisol.ese 0.0 C.6 Uu0
asnesiun - - 0.3 0.8

Zilicon - - 0425 0,29

o
ok

PO

“lhe ulloy adaditiois were node as follcowss:  Lors

vas acaded vy .irst raliing a 50-30 col_cr-oluminun 2l loy

and wdding this to the wolten «luninws To ot the dezired
-ercentuge of cop . cr in the melt, I thic comectvion, the

00=-00 coer-alunminum alley, ws ces, tus touid to ve very
rard nd orittle, Its Tructure vias brillivet i lad tle
characteristic «luminun color, Tle clloy vas rnwde Y o=

ing molten colrer to supcriieated noiton wluminuer «rnd a very

unifom nixiture obicined,

.

tlasresiwt rivvon vies added Circetly to the riclt vefore

4

costing. vore wine tdlien to keen tThe tarnezium wider the

7Y

surfuce of the milt uiiitil the 21lloy vus forrned,

oy}

Towdered rmalsaiese was awded to a molted vath ol wlunin-
unn aving cbout 20,5 of zuperteat, Lhus an elloy of 1C,) nien-
gcanese and 9C,, alunminun was olLtained. This &lloy ves used

to malic rangacese additions to the melts, -iis zlloy sccrned



to be nuch tougher and harder than pure aluminumn,
but not &s hard es the coprer alloy.

Towdered silicon was added directly to the nelt
before casting., <The melt was superheated about 103
before these additions were made,

The test bars were sand cast on end, four in a
mold from a sprue in the center, &£fter several unsuccess-
ful attempts, it was found that the gates must be cut
very heavy., Another item to which little attention was
paid at the time of casting, is the casting temperature.
This should be just above the melting point, Otherwise,
the metal is very porous, Many of the fractures of the
bars obtained show porosity, shrink holes, brown oxide,
or chalky surfaces. Hence, the physical tests as given
here are inferior to the intrinsic qualities of the metals,
Meny of the test bars broke in the head, due to shrink-
age in the top end of the cast bar,

The bars were machined to the standard test size and
soaked in a furnace at 9459F for three hours, After that
time they were quenched in water and started to age, Half
of them agéd at 105°C and the other half at room temperature,
A48 the ageing progressed, tensile tests were made. The re-

sults of these tests are given in Tables II, III and IV,
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The princry effzet of copner iz 1o 1 rocuce rdre s
in cluninun,

JTe porivary cClcet ol rvoanece is oo orroduee foush-
ress in the cast 'otal,

~1 10lains wrocetice fo vutehod carciully cro tiv vt
is roured atv tl 2 correcct tenerature, .ouwld cistinss <11l

recult, ecpeeciclly in the 15-2i-.1 alloy,



iis cimmerinent doezlt wviti Yo ol cetricel rocich-

soluticn “r.oatiiont, “lLe chenicel wnclysis of the strip
uscd vas s Jcllevs:

Copper 4,0,

bgoned un S,

s ese eB,5

cilicon 0O,

Iron 0D,

sluminwa 94,055

(L ciffercacee)

5

The structure ol ithe cnuecled Let;l'is crovin in i, I
cnd Ia, Tvo strips, /8" x 14" were cut frou a slvet of
rolled stock ,L,000" tiick., “he cpparatus for reating tlece
mecsuram.nts is chown in Zig. II. & current cf 6 - 10 mrs.,
supplied by a direct currcnt generator, was passed thru toe
strip. -lie drop in potential across the strip was measured
by a potecntiometer set-up as shown., The resistance of tle
strip was computed from these data, using Ohm's law,

~fter the solution treatment vas given, one of the strips
aged at room temperature, wvhile the other was aged in a dry-
ing oven at 1059C. The resistivity changes are tabulated in
Table V and expressed graphically in fig, III,

In conjunction with the resistance measurements, t:e

hardness was observed, The changes in hardness are tabula ted

in Table V and plotted in Fig., V.
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G- Gal/vanometer P - Potenltiometer
K- Key R - Resistance Box
L,- 7o Battery S - Standard Cel/l
Ly~ To Strip St- Strip Tested
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+xcozuren-nt disresarded

Table V

Tine 2800 105°¢

Aged Resistance Ilardness .eclstance lardre ss
Annealed «001370 chms S8 0014035 ckms
tuenched «001920 78 «C01955 78
30 min «001960 ,0020C8

1l Ir ,C01593 ,002058

2 " ,002C25 85 »002C60 90

3 " ,00:034 &9 .C019€e3 92

4 .005087 930 .C01SEs o2

5 " «0CZ 045 90 .001979 on
10 » W00 TEC 92 L0CLLU75 04

1l say «C02130 93 SUULlI7D 9545

2 Days 2002848 0% +UCL260 05

3 " LC0uCLO 93 L0127 0 96

4 " .00::C50 S3 .Colesa <7

5 n .002070 94 .001878 99
10 " LU0LC52 94 L0C1lERT 101
15 v +,00.100 94 «COL773 102
ORI +C0LC50 g4 ,001758 101
0 M ,005040 94 LUCL752 106G
45 «000LH 9445 +C017C0 10C
go " +,00:493 94 +,001C:0 100
120 " «00:C90 g5 001775 *95
150 LOLLCL5 o5 .00171C 101



_izcucsior of ‘ecults of porinont IIIX

Lot us corsider wiatlt Lipreus lo til reciz tivity tien
en annealed ztrip of duralumin is iven itkhe colutvicn trcat-

rnent ond subscouently ered et roon toiolrature,

JLe oll idca thatv Lio resiziivity of w22 dlloy is in-
VoA fa ey e 3 a \ KRN P I T e
creascd Llhen an cogregsate is chaned into @ ogclid colut -

ion «nl decrcosed tooen the reve-rse clanye tuliis rlice nay
not ve ciricily trus, & runawnental corceriion of r slist-

cnee ustv ve toilon to elplain tie e chunges, LLC reslsidc.ce

of a counductor is iven vy theformulas

in wkich T is the recictunce; 1 is tie l.uazth of tro con-
ductor4 a is tih: cross sccetioral crea; «n il is tie ooceli'l
rezistance., In this woriy, 1 «nd a ~wro not ciwrocd dicc

noats were w.de ot tir scaae t i erature, LCcre-

&)
}_J
',_J
o
g \
%)
£

fore, ti.e resistonice changes nol ¢d rust be due to a chunge
in the value of ., ~ince tle vilues of II for rure clwiiiws,
15l1,0wil,, ord relid solutions of tlecse conpourds in dlum-

inun are wicely wiffer:zsnt, we nust talze coch one into accoutt

v
(©]

to ecxnlain % corvired or "effec.ive specific resic toce™,

@]
o]

sy exylwction ol the cruies tihiut occur wmust e rwae on tle

tacis c¢f chon_ing velues of tidis - I ective zrocific rocict-

!-

Lnce,

Iin tke Uirst place, the recictivity ol [ure cluninw:
ie ruech lovier than that ol «ith .» the netddlic coriyoul. 2s? or
B

of =co0lid solutiocis cf tlie:c conpoulds i clwiinuw®, ceeondily,



the resistivity of cual: is less than l:¢.Si*., “he fact that
a greater increase in resistivity is observed on the strip
aged at room tcmperature, during which only MgeSi is pre-
cipitated seems proof enough for this,

Referring to Flg, IVa, there exists in the annealed
state large particles of intermetallic compounds surrouﬁded
by a matrix of nearly pure aluminum, A cross section of
a bar os such a material could be represented as shown in
the figure., Although much of the area 1s teken up by inter-
metallic compounds which have a comparatively high resist-
ance, the matrix is of nearly pure aluminum which makes the
effective specifiec resistance quite low,

When the alloy is given the solution treatment, these
intermetallic compounds are held in a supsrsaturated sclu -
ion of a complex nature and a cross sectional view wuld be
homogenewous as in Fig. IVb, TVork on several metals® show
that the resistance of a solid solution is higher than its
component metals, Very little, if any, work has beem dome
in comparison of the resistivity of interme tallic compounds
and solid solutions, however, The facts presented in this

wrk show that the resistivity of these compounds are greater

+ It has been shown that in general intermatallic compourd s
made up of two elements which occur in the samre ar adjacent
groups of the periodic table (as magnesium and silicon)
have a high electrical resistivity., Conversely, two elements
widely separated in the periodiec table (as Copper and Aluminum)
produce a compound of low electrical resistivity,
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than their solid solutions, 8ince pure aluminum has a
lower conductivity than its solid solutions, the solution
treatment would be expected to markedly increase the resist-
ance, This is found to be true (Iig. III),

or a chort time at room tcnperature, the egeing pre-
cipitates lLigeS1l from solution but Cuals is retained leargely.
“hiis Tact is evidcenced by elloys such as "Sls™ vhich Lurden
readily at room temperature and contain lig.5i alore as the
crdening egent, Zuch alloys as "Zos™ vith no ligeSi, ctut
containing Cuil., do not harden cpnrecicbly ot room trmnerct-
ure, but re-uire somevhet iisher ¢geing tomierature, “len
the cuenched picce starts 2o age &t room tennervature, we hove
I.c.Zi coning out of rsolution (¥ig. IVe) which, ¢s erpluincd

avove, his a hich resistivity. The Cual. remains in -olution

:nd ~ives the matrixz a hish resictivity a«lce, Ilinco, oz tie
plece cres Tor o short time ot room torerature, ther: is &

further incroase in resistunce, -5 tho «oivg cortinues, nore

—

lze51 end zone of the Cualy coies out of soluticn, 'is hos

Q@

a cucl effect, “drct, Lh. com

so theot its reesisvivity is lovercd il secord, Cualg is re-

cipitated, ~hiich has o louwer resisiivity ‘ioin tho formpr .olid
colution,  Lkercfore, areing v room .1y srature _or cicut tvo

e resistivity sturts to aecr.ise, .Itoer tiils orflcet

o
e
eA4
1
2
-
-
:

is conpleted (in ahout 4 Cars) o ort of cn ecuilivriun is

rcached ond no “urther cicnre in resistunce is roticed,
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.+ 2indilcor J2f7ct 1z ricouucen 0 oo otk ot il ols

coed et 1CTOC,  In tiis cuse, the uonched strip cleovs th. ~wre
inercase in veciziivity over e woedled, ws il v vious
one, -.ovever, ab viils too_crdluire, Lotl corstitucnts pre-
cipitate. ..ftcr the Jirst few dgys ia viich ve reich a rws-

irum, ve live w sradual decline in tic curve, s Dbzfore,
w2 get a continued increcse in tre resistivity ws lowg e tle

rnietrix hos e nigh resistonce, icon tle coimosition of tie

matrix a:proaches pure wlw:inun, cue to rreociritation, so thot

v beolns o decline renicly clons the invorted

'—l
ct
n
ks
M
[}
e
@]
ct
=
<
-
«t

U cuxve, we pass thra a rmanimuanr nolnt o tlie wolins curve,

“len tre curve cdeclines slaryly w.til Gnoe wilibriun is roach &
betwveen the resistivity ol fthe rrecisitatod compounds cin the
solid .oluvion of tic rotrix, "he =li - nt cecline in the curve
after that, is due to srafual
Cual, ~ich supposcdly lhos a cov aratively lov recic tivity,

1

as a natter of foct, vien Lo colution trewtront is given -1
&lloy of this iyje, wec do not love comirlets =olution of tle
constitucnts ¢s cshcvn in J'is. Vie :oucver, li's exccss is
the zwie In «ll conditions of tihwe metul, crpd th: chirges ob-
served are cue to the constitunnts thet do diszolve wwocn tile
solution trcatment is given,

'"he obsirved hardncess chuwages chowa in Jige W So o
i:c¢lined fTo -ollovw the resistivity curve., Lo rerdress of
the cuenched nicce stows cn incroasc over that of the wr.o.czlicd
strip. o noodmun is roeccehed in © to o days tnd coes not chungze

zfter trhat time, Tre =l.ilcrity c
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Tn 101G, I, —. ioricu® Ll his co-rorizrs cb-
scrved tnerrel corests o rolatics freshly ~uncled
zluninu.: olloys. This was very logically oiploinod by
assuniing that the cozorption ol Lutt vwos cavsed by Sudlly
preéipitating from the supcrcaturat:d solution. Iow-
ever, incy verc not cwle to find ary <ilfercrnces in the
riicrostructure of a niece ovefore and after releatirg
subsegquent to the solution trcatmernt, CZince the material
ucsed for treir work conteaincd other elements in apyureciable
percentages as vwiell as copier, it may be that their results
were influenced by the presence of these other elements,

%ith this in mind the third experiment of the series
was made to check the previous wofk and to supplement it
with a mierographic analysis,

A copper;aluminum alloy was used which was very pure,
The percentage of copper was about 5,3% with le ss than
+05% of other impurities, The alloy was held at 1005°F
for 72 hours and quenched in water to get complete solution
(Fige VIII), The thermal samples were carefully reheated
on a double sand bath, The temperature was taken at equal
intervals of time by a mercury thermometer inserted in
a hole drilled into the piece for the purposes (Fig. VII),

This alloy was studied with a Leeds Northrup critical
point recorder in an endeavor to determine the thermal
arrests, 7This was unsuccessful however, as the points are

masked in such a way that this instrument will not detect

then,
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Discussion of Hesults of w=xperiment III

The amount of copper in the alloy used in this
experiment seems to be near the limit wiich 1s soluble
in aluminum at 1005°C, In fact, several authors have
given the limit somewhat lower than this, However, the
picture shows the complete solution has been made (Fig,
VIII). The inverse rate curve is plotted for the re-
heating and is given in Fig, IX. The sp cimen was
covered with water glass before reheating so that a
sharp arrest is made at the boiling point of water., 4
slicht break is noiviced at 3500F vhich 1s not accouit ed
for except by inequalities in the heatinz rate, -t
5500F a sharp break is encountercd and cnother aprears ct
BOOCF, This double arrest has beexn checlied ty running
another cample and is confirmed vy it,.

Tigse i, I, LII, chow the crangus trut takze plioce

F'S

-

when this &lloy is reheated =t 54000, 57097 wund 6G0°F
respcetively, The first terercture (040°0) is just

L ITC=

below the Jirst critical poimt and shovs «lmost no .
cipitation of wun.lye, Iico inter:edicte tomicratuze (07091)

o IO

is vetween ithe tuo tiherncl ariests winl

(G}

Lors _r.cipita

-

vithin th. crrestals. “hic toarauney ol Cusl. to rroct

ct the croin boundrices is not gppai.rnt in “his mioce,

~—

Lo ovicture in Tis, CIIT sliows tiis wino closcly oz o1l les

the structure o the :nnciled ¢ cinen (Zi-, JJIIT i JIV
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INVERSE RATE CURVE
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