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By B. S. Berry and A. S. Nowick
SUMMARY

A study hss been made, by means of low-frequency internal-friction
measurements in both torsional and flexural vibration, of aluminum (Al)
alloy containing 4 weight percent copper (Cu) during aging. Both
polyerystalline and single-crystal specimens exhibit an initial internal-
friction peak at 173° C (for a frequency of 1 cps) after solution treat-
ment and quenching. This peak shows all the characteristics of a Zener
relaxatlon, including strong anisotropy. It falls on aging in a manner
simply related to the decrease in the copper concentration of the matrix.

The pesk is also sensitive to the reversion of Guinier-Preston (¢.2.) [A]
zones.

The precipitation of the phase 6' is marked by the appearance of a
second pesk at 135° C (for a frequency of 1 ecps) and by a rise in the high-
temperature background internal friction. Both these contributions grow
with kinetics similar to those for the precipitation of ©'. The second
peak is associated specifically with the presence of the nonequilibrium
phase 6'; it is reduced by the transformation from 6' to © and is
absent in specimens containing only the © phase. The high-temperature
background, however, is increased further by this transformation. Possible
causes of the second peak and the background changes are discussed.

INTRODUCTION

Internal Friction and Anelssticity

Internal friction is often loosely described as the ability of a
solid to damp out vibrations. More strictly, it 1s a measure of the
vibrational energy dissipated by the operation of specific mechanisms
within the solid. Internsl friction arises even at the smallest stress
levels if Hooke's law does not properly describe the static stress-strain
curve of the material. The nonelastic behavior which Zener (ref. 1) has
caglled anelastlicity arises when the strain in the material is dependent on
varisbles other than stress. A material showing the simplest kind of
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anelasticity responds to a suddenly applied stress with an elastic strain
followed by an anelastic strain which increasses exponentially with time

to a limiting value proportional to the applied stress. The rate at which'
the enelastic strein increases with time (a process called a relaxastion)

is measured convenlently by the time T required for the completion of

the fraction 1 - e~* (about 63 percent) of the total anelastic strain.
The magnitude of the anelastic behavior 1s measured by a quantity called
the relaxatlon strength A which i€ defined as the ratio of the total
anelastic strain to the elastic strain.

Important relaxations are produced in many alloys by atom movements
vhich are induced by an applled stress, a process kpown as stress-induced
ordering. Here the relaxation time T 1is related intimately toc the mean
Jump time of the affected atoms, and thus T follows an equation of the
form :

T = T, exp(H/RT) (1)

where T, eand H are constants and R and T are, respectively, the gas

constant and the absolute temperature. In some cases the enthalpy (heat)
of activation H can be identifled directly with an activation energy for
diffusion, and the constant T, can be related to the preexponential

constant D, in the Arrhenius expression for the diffusion coefficient D.

For a glven frequency of vibration f +the temperature dependence of
the internal friction of a material showing simple anelasticity may be
predicted from formel theory (ref. 1) in terms of the peremeters A and T

8/t = A —L — 2
/= Al+(wr)2 (2)

where & i1s the logarithmic decrement, defined subsequently, and w = 2xf.
When the internal friction (measured, e.g., by the rate of decay of free
vibrations) is plotted against l/T ag &bscigsa, a symmetrical bell-shaped
curve is obtained which is referred to as an internsal-friction peak. '
Inspection of equation (2) shows that the peak occurs at the tempera-

ture Ty, for which aﬂ(Tp) is unity. Experimental measurement of the

peak at one frequency enables numericel values to be obtained for A and
T at the temperature of the peak. If, in addition, a second different
frequency is used, H and T, msy also be obtained by calculation.
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Two examples of anelasticity arising from stress-induced ordering are
now presented, The first, which may be called the Snoek relaxation, is
found in body-centered cublc metals containing interstitial soclute atoms.
The best known exemple is that of a-iron containing carbon. The carbon (C)
atoms lie at the midpoints of the cube edges of the iron (Fe) lattice and
cause g local distortion which 1s most severe along the cube edge Joining
the two nearest iron atoms. If the cube edges are taken as a set of axes X,
Y, and Z, a given site for a carbon atom belongs to one of three groups, the
X-, ¥-, or Z-sites, according to which direction ie that of greatest distor-
tion when that site is occupied. Because of the very small solid solubility
of carbon in a~iron, very few of the total possible sites can be occupied.
Under zero stress the carbon atoms are randomly distributed and the total
distortion along each of the X-, Y-, and Z-directions is the same. However,
if, for example, the X-sites were occupied preferentially, an elongation
would occur in the X-direction. Hence, from the thermodynsmic reciprocity
relations, application of & stress in the X-direction will cause the
X-sites to become preferentially occupied through stress-~induced movement
of same of the carbon atoms. A detailed theory of this relaxation has
been worked out in reference 2. The relaxation time is related simply to
the mean atomic' Jump time of carbon atoms, the activation energy of the
relaxation is that for the diffusion of carbon in a~lron, and the relaxa-
tion strength is directly proportionel to the number of carbon atoms in
solution, as shown experimentally by Dijkstra (ref. 3). The unique
relationshlp between the concentration of interstitiasl atoms in solution
and the relexation strength made possible an lmportant study of precipita-
tion which will be mentioned later,

The second exemple of anelasticity caused by stress-induced ordering
is Tound in several face-centered cubic substitutional solid solutions and
is known often as the Zener relaxation. The atamic rearrangement which is
responsible for this relaxation is not known fully. IeClalire and Lomer
(ref. 4) have treated the relaxation in terms of & stress-induced change
of short-range order in different nearest neighbor dlrections; this treat-
ment eppears to be an advance over the original hypothesis of Zener
(ref. 5) in which the process was regarded as & stress-induced reorienta-
tion of nearest neighbor pairs of solute atoms. The experimentel evidence
concerning the relaxation is summarized as follows:

(a) There is at present no method for predicting definitely which
alloys should show the Zener relaxstion. An earlier suggestion of a
correlgtion between the relexation strength and the size difference of
the solvent and solute atoms has not been substantiated.

(b) The relsxation strength is strongly dependent on the composition
of the alloy. The experiments of Childs and IeClaire (ref. 6) on
a-brasses indiceated that the relaxation strength is proportional to the
square of the concentration of zinc, while work on silver-zinc (Ag—Zn)
alloys (ref. 7) led to the same conclusion.
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(c) As & result of the strong concentration dependence, measurements
have been made meinly on alloys containing in excess of 10 atomic percent
solute,

(@) The half-peaek width is generally only a little greater (3 to
20 percent) than that predicted for a relaxation having a single relaxa-
tion time (eqs. (1) and (2)).

(e) In the single instance where accurate measurements exist (ref. 8)
the activation energy of the relaxation is close but not equel to that for
lattice diffusion of either the solvent or solute atoms. Nowick's analysis
(ref. 7) shows that differences are to be expected but does not explain the
direction of the deviation observed.

(f) Following the procedure suggested by Wert and Marx (ref. 9) it is
found for a standard frequency, usually chosen as 1 cps, that the absolute
temperature of a Zener peak 1s directly proportional to the asctivation
energy for the relaxation. The implication of this relationship is that
the value of T, 1s very nearly the same for all Zener relaxations.

Experimentally determined values of log To Trange from -1&.0 to =15.2
(T in seconds), with most values between -1%.5 and -15.0. In the

absence of a specific model from the relexetion, a relationship between
To and the appropriate D, for diffusion cannot be calculated. However,

accurate diffusion measurements in face-centered cubic substitutional
solid solutions indicate a fairly constant value of D, of about

0.3 cmg/sec. This value of Do, combined with the values of To given

above, indicates that the Zener relexation is accomplished by relatively
few atamlc Jumps, with one to three atomic Jumpe as & reasonable estimate.

(g) Nowick and Sladek (ref. 10) observed that the relaxation time
for a silver-zinc alloy is decreased greatly by quenching from elevated
temperatures. The same behavior was found also by Ii (ref. 11) in a
copper-aluminum alloy. An explanation has been advanced (ref, 10) in
terms of the freezing-in of an excess of lattice defects (most likely
single vacancies) which increase the mean stomic Jump rate and hence
cause the relaxation to occur more repldly. During a low-temperature
snneal the relexstion time of & quenched speclmen incresses, and measure-
ments of this kind have been used to study the decay of the excess of
lattice defects (ref. 12). The decay takes place in two stages, the first
being much more rapid and having & slightly different activatlon energy
than the second stage. Possible explanstions of this behavior have been
advanced in references 12 and 13.
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Anelasticity of Precipitation Alloys

Both Dijkstra (ref. 14) and Wert (refs. 15 and 16) heve made
internal-friction studies of the precipitation of carbon and nitrogen
from supersaturated solid solution in a-iron. Usling the height of the
Snoek internsl-friction pesk as a direct measure of the concentration
of interstitlial atoms in solution, quenched specimens were step
annealed at one of a series of temperatures, and the height of the
peaek after each anneal was used to obtain the concentration remaining
in solution. Dijkstra's work, dealing principally with the precipitation
of nitrogen (N), revealed that certain aging temperatures and degrees of
supersaturation led to the precipitation of two phases, one of which was
Fe)N. The other, called N phase 1, was not identified. The kinetics of
the precipitation were explained qualitatively by the theory of nucleation
and growth. Wert extended further the study of the precipitation of
nitrogen and also made a more detalled study of the precipitation of
carbon. No indication was obtained in this case of a precipitate other
than Fe5C. The activation energles obtained by plotting the time for a

given fractional decrease in initisl concentration against l/T gave for
both carbon and nitrogen values markedly lower than the precisely Known
activation energies for diffusion. Wert predicted and showed experimen-
tally that the difference arose because the number of growing particles
is not the same at different temperatures. Hardy and Heal (ref. 17) have
emphaesized the danger of ignoring this fact in calculating activation
energies., Wert analyzed his results on the kinetics of precipitation
with the semiempirical equation

c -C,

U= —2_ =1 - exp(-t'/x)m' (3)

Coy = Cu

where u 1s the fractional decrease in supersaturation, c¢ is the
concentration of solute remsining in solution after a growth time ',
eand c, and c, are, respectively, the initial and equilibrium solute

concentrations. Both A and m are constants. It may be noted that
when %' = A the precipitation is 63 percent complete regardiess of the
velue of m. When +%'/A << 1 (the range in which the equaticn is most
strictly followed because of the absence of interference between neigh-
boring particles), equation (3) becomes

u = (/A" (t' << ) (3a)

Zener (ref. 18) has shown for the diffusion controlled growth of a pre-
clpitate particle in an infinite matrix that the exponent m is related



6 NACA TN 4225

to the shepe of the particle. This analysis can be applied also to a
collection of widely dispersed (noninterfering) particles which are
nucleated at the same instant. For precipitates in the form of flat
disks, cylinders, and spheres, the value of the growth exponent m 1s,
respectively, 5/2, 2, and 3/2. It should be noted, however, that if
nucleation and growth are occurring simultaneously the value of m 1is
increased by unity. Thus, for example, the simultaneous nucleatlon and
growth of spheres could be confused with the simple growth of flat disks.
Microscoplc observations are clearly desirable to avold possible
confusion.

The result of Wert's analysis was that m = 5/2 for the precipi-
tation of FeEC and 5/2 for N phase 1. No incubation period was detected

in these experiments, so the growth time +t' was set equal to the aging
time, and the shepes of the particles were therefore taken as spheres for
Fe3C and, in sgreement with the microscoplc observations of Dijkstra,

(ref. 14) as disks for N phase 1.

The depletion of both carbon and nitrogen from cold-worked a-iron has
been investigated by Harper (ref. 19) who found that for both elements the
growth exponent m was changed to 2/3. This provided striking support
for a theory of Cottrell (ref. 20) and Bilby (ref. 21) which predicted
this exponent on the baslis that depletion would occur by the formation of
atmospheres of interstitial atoms around dislocations. Dijkstra (ref. 14)
had noted earlier that a sample of cold-worked a-iron containing nitrogen
showed no microscopically observable preciplitate even when the nitrogen
internal -friction peak had fallen to the equilibrium value.

Other investigations of precipitation by anelastic methods have been
confined so far to aluminum-bassed alloys, with the exception of the work
of Ang, Sivertsen, and Wert (ref. 22) on gold-nickel (Au-Ni) alloys. The
equilibrium diasgram of this system shows complete solid solubility at high
temperatures. At lower temperatures a miscibllity gap exists across
virtually the whole of the diagram and s high-temperature face-centered
cubic solid solution bresks down on slow cooling into two other face-
centered cuble solid solutions of different lattice parameters, one rich
in gold, the other rich in nickel. Two unstable internal-friction pesks
were observed in solution-treated and quenched alloys of several different
compositions. For the Au alloy contalning 30 atomic percent of Ni the
peaks occurred at 250° C and 400° C at & frequency of approximately 1 cps.
The pesk at 400° C was ildentified tentatively as a Zener peak and was
found to decresse on aging with the kinetics of the decomposition of the
quenched phase. In contrast to the high-temperature peak, the height and
position of the low-temperature peak were found to be dependent on the
guenching tempersture, and the peak was not found in specimens quenched
from just inside the misecibility gep. Further, this peak annesled out
much more rapidly than the 400° C pesk and diseppeared completely before
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resistivity measurements or microscopic examination revealed the start of
precipitation. While no explanation for the origin of this peak was
edvanced, it provides another illustration of the sensitivity of internal
friction to the condition of an aging alloy.

In the field of sluminum-based alloys, an investigation (ref. 23)
was carried out on Al alloy containing 39 weight percent of Zn. No
internal-friction peak was observed in this alloy. Precipitation occurs
in a discontinuous manner, and the anelastic behavior was explained in
terms of coupled relaxations (ref. 2) across the new interfaces produced
by precipitation. Deamask and Nowick (ref. 24) did find a peak in the
Al alloy containing 20 weight percent of Ag. During aging following
solution treatment and quenching the peak underwent four successive
changes as follows:

Stage 1.~ The relexation time T increased rapldly without =&
detectable change in the peak height. A signiflcant change in T was
detected after 1.5 hours aging at 26° C. This stage was attributed to
the annealing out of quenched-in vacancies.

Stage 2.- Stage 2 followed the completion of stage 1 and persisted
up to about 2 hours at 165° C. During this stage no change occurred in
the pesk, and the structure of the alloy consists of clusters of silver
atoms in g considersbly depleted matrix.

Stage 3.- Stage 3 appears to be assoclated with the reversion of
the silver clusters. The peak increased in height by about 50 percent
ags the peak migrated to slightly higher temperatures, and a hysteresis
was observed between measurements after heating and cooling. This
stage is complete after about 2 hours at 2050 C.

Stage k.- Stage LI commences at sbout the same time as the inter-
mediate precipitate ¢' is detected by X-rays and consists of a fall
in the peak height and a slight decrease in the pesk temperature.

After rejecting the Zener relaxation as the origin of the peak, a
new mechanism was proposed, based on the interaction of an applied stress
with the local internal stresses around a precipitate particle. A dis-
cussion of this mechenism will be given subsequently, but in passing it
may be remerked that some difficulties are encountered in describing the
behavior of Al alloy containing 20 weilght percent of Ag in terms of this
mechanism.

Entwistle (ref. 25) hes studled the early stages of aging in a
variety of aluminum alloys, using apparatus with a very low level of
external energy loss. Two small relaxations were detected after low-
temperature (20° to 60° C) aging in the commercial alloy Duralumin, but
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these were not found in the pure binary Al alloy containing 4 weight

percent of Cu nor in several other binary alloys examined. The simplest 13
alloy showing a relsxstion akin to the major one found in Duralumin was a
quaternary alloy of aluminum, copper, magnesium, and silicon. While g
calculation shows that log To has 8 value associated with a relsxation

by single atomic Jumps (Log Tg = -15.0), the activation energy has the
strikingly low value of 13 kcal/mole, which is far too low for normal

atom jumps in the substitutional solid sclution, end is even lower than

might be reasonably expected for diffusion down dislocations. No satig-
factory interpretation of thlsg value has yet been offered.

A preliminary study hes been made by K& on the alloys Al containing
0.5 weight percent of Cu (ref. 26) and Al containing 4 weight percent of
Cu (ref. 27) using a torsion pendulum. A strongly amplitude-dependent
"anomalous" peak was claimed to exist near room temperature in cold-worked
Al alloy containing 0.5 weight percent of Cu after cooling from & recovery
anneal of 1 hour at 300° C. (The soclubility of copper in aluminum at
300° C is 0.45 percént weight.) It has been shown (ref. 2), however, that
the effect is difficult to reproduce and that prior cold-working does not
seem necessary.

In solution-treated and quenched Al alloy containing & weight percent
of Cu, K& obtained evidence for the existence of a pesk at 200° C. This
peak was not present after the specimen ‘had been furnece cooled from
525° C. K& concluded that the peak arose from viscous slip along grain
bounderies, a phenomenon which he had previously studied extensively “
(refs. 28 to 30). The disappearance of the peak caused by precipitation '
during furnece cooling seemed resdily explicable on the grounds that
precipitation at the boundary prevents slip from occurring, a phenomenon v
agein suggested from K&'s earlier work (ref. 30). In his last known
publication on the subject (ref. 31) K€ claimed that upon isothermal
aging at 200° C the pesk first decreased, then increased, and finally
(after about 10 days) fell agein. An attempt was made to correlate this
behavior with the microscopically observed condltion of the grein
bounderies. The present work shows that the peek does not originate
from grain-boundary slip and hence invalidates the interpretation given
to these results by K& and later by Geisler (ref. 32).

More recently Maringer, Marsh, and Manning (ref. 33) have reported
results on the internsl friction of Al alloy containing 4.82 weight
percent of Cu. Two maximums were found below 200° C in the internal-
friction curve obtained on heating the solution-treated and gquenched
elloy, and both were interpreted as anelasstlc pesks arising from the
stress-induced diffusion of copper atoms in solid solution. Maringer,
Marsh, and Manning reported further that after aging a relatively fine-
grained specimen of Al alloy containing 4.82 weight percent of Cu at
300° C for 17 hours the curve on heating showed a maximum at 400° C.
This meximum was interpreted as the grain-boundary pesk.
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The present work is concerned with an investigation of the anelastic
behavior of the Al alloy containing 4 weight percent of Cu. Since this
work is far more extensive than that of previous workers, it is possible
to obtaln a clearer picture of the various phencmens that teke place and
to establish their origins. In particular, single crystals as well as
polycrystalline specimens were used in order to show which, if eny, of the
effects observed were duvue to grain boundaries.

Struetural Changes During Aging of Al Alloy
Containing 4 Weight Percent of Cu

The purpose of this section is to bring together those findings of
other workers on the structural changes during aging of Al alloy con-
taining 4 weight percent of Cu which are of importance in the interpre-
tation of the present results.

The phase in equilibrium with the terminsl aluminum-rich solid
solution is the intermetallic compound CuAlz(B phase). The structure

of CuAl, was found by Friauf (ref. 34) to be of tetragonal symmetry with
the parameters a = 6.04A and c = 4.86A and with four copper and eight
gluminum atoms per unit cell. Bradley and Jones (ref. 35) confirmed
these conclusions and gave more precise values of the lattice param-
eters for Culls containing b7 weight percent of Al. When Al alloy

containing 4 weight percent of Cu is aged at temperatures below 200° C
simple precipitation of the 6 phase does not occur. Instead, one or
more of three other structures may be produced, depending on the aging

temperature.l Current knowledge of these structures (ref. 17) is
summarized as follows: ’

(1) The G.P. [1] zones: It was discovered independently by Guinier
and Preston in 1938 that room-temperature aging of single crystals causes
the appearance of scattering stresks (non-Braggisn reflections) on Laue
transmission photographs. The cause of the stresks was given as the
modulation in interplsnar spacing and scattering power arising from a
local enrichment in copper of emall areas distributed on the 100} planes
of the matrix. These areas are now called G.P. [1] zones. At room tem-
perature the zones are detected after 5 hours of aging end reach a constant
condition in a few days, after which né further change has been detected.
The thicknese of the zones was estimated to be about 2 atom distances (84)
and the dismeter after room-temperature aging to be somewhat less than 50A

IThe views presented here are principally those of Guinler, Preston,
Silcock, Heal, and Hardy. However, Geisler's opinion (ref. 36) is that
G.P. [Lj zones are structurally perfect 6' plates which are too thin to
cause normal diffraction.
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(ref. 37), although the zones attain larger diameters at higher aging
temperatures. Using these figures and the further estimate that 10 per-
cent of the total avallable copper segregates in zones having one copper
atom to four aluminum atoms, Preston (ref. 38) concluded that the fully
formed zones were scattered about 200A apart in the matrix. The
insensitivity of the lattice parameter to the formation of G.P. [l] zones
is the basis for the suggestion that the fraction of the total available
copper atoms which segregate to the zones is failrly small.

Use of the more recent X-ray technique of small-angle scattering has
supported the general picture given above. Gerold (ref. 39) has made
guantatative comparisons of the measured Intensity of smell-angle
scattering with that predicted from a variety of possible models. He
concluded that the most satisfactory agreement was obtained with a model
containing & single plane of exclusively copper atoms with neighboring
closeZy spaced planes of gluminum atoms and in successive planes a
decreesing disturbance of the normal interplanar spacling extending to the
16th plane on either side of the plane of copper atoms.

(2) The G.P. [2] or 8" structure: This structure was first dis-
covered by Guinier (ref. 40) in specimens which had been aged at room
temperd.ure and then heated for several days at 100° C or for some hours
at 150° C. Guinier found that the G.P. [l] streaks developed intensity
meximums alcng thelr length and resolved ultimately into four diffuse
spots. The structure responsible for these spots was termed 6" by
Guinier and later G.P. [2] by Hardy. The appeerance of the spots suggests
that ‘he G.P. [2] structure forms in thin plates parallel to the {100}
planes of the matrix. Guinier suggested that the G.P. [2] structure
consists of copper-enriched regions where ordering has occurred, in the
gsense that copper-enriched planes alternated with lmpoverished planes in
a regular or orderly sequence, the-repetition occurring after every fourth
plane.

The spacings between successive lOO} planes in the c¢ direction of
the G.P. [2] unit cell have been given by Gerold (ref. 39) as 1.82A, 2.024,
2.02A, and 1.82A, the smaller of the two spacings being the distance between
a copper-rich plane and a neighboring plene. The sum of these spacings
gives the ¢ parameter of G.P. [2% as 7.68A, in agreement with that
found by Silcock, Heal, and Hardy (ref. 41) for aging at 165° or 190° C,
where G.P. [2] was the first structure detected. On aging at 130° C
., Silcock, Heal, and Hardy noticed, however, that the c¢ parameter changed
progressively on aging, from 8.08A to 7.68A, a result which led them to
observe that since G.P. [1] preceded G.P. [2] in the aging sequence,
G.P. [1] mey serve as a nucleus for G.P. [2]. The question of whether the
G.P. [2] structure is simply a more staeble ordered array of G.P. [1] zones
has apparently not been dlscussed. Silcock, Heal, and Hardy argue that
G.P. [1] is essentially different from G.P. [2] on the grounds of the
behavior of the ¢ parameter mentioned above and also because of the

L]
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marked difference in the growth characteristics of the two structures
(ref. 41).

(3) The ©6' phase: The structure of this phase was subject to
structure analysis by Preston (ref. 42) after its discovery in 1935 by
Wassermenn and Weerts (ref. 43). Preston concluded that the structure
is slightly tetragonal but otherwise of the calcium fluoride (CaFg) type,
containing aluminum and copper in the proportion 2 to 1. The planes
{100}g: match the planes {100}, with <(100)g: parallel to (110),;;

the boundery across these plenes is therefore coherent. Same loss of
coherency must occur along the c axis of the 6' structure because of

a difference in the interplanar spacing of ©6' and the aluminum matrix

in this direction. The precipitation of 8' phase in the form of plate-
lets on the {100} matrix planes is shown well in the photographs of Calvet,
Jacquet, and Guinier (ref. 37).

Preston checked his proposed structure by comparison of the calcu-
lated and observed intensities of the diffrasction spots and found good
though not perfect agreement. Silcock, Heal, and Hardy (ref. 41) pointed
out that the intensity discrepancies which do exist, together with the
frequent sppearance of an unexplained diffraction spot, reduce Preston's
proposal to "a very good approximation" of the 6' structure on which
they were unable to improve.

The work of Silcock, Heal, and Hardy (ref. 41) has established the
genersl sequence of structures during aging as G.P. [1], G.P. [2], o',
and 6. No more than two neighbors in this sequence are known to coexist,
and as the tempersture of aging is incredsed progressively fewer of the
structures are detected. Below roughly 165° C, G.P. [1] is the first
structure detected, between 165° and 220° C it is G.P. [2], and above
220° C, the phase ©6'. The temperature above which 6 preclpitates
directly is probably in the range 350° to 400° C. It has been mentioned
earlier that present evidence indicates that G.P. [2] is nuclested
directly at temperatures above 165° C. At lower temperatures, where
G.P. [1] is formed first, nucleation of G.P. [2] from G.P. [1] appears
probable.

With regard to the possibility of the transformation of G.P. [2] to
0', Silcock, Heal, and Hardy have shown that ©6' platelets, when formed
subsequently to G.P. [?], have an initial thickness greater than that of
G.P. [2], a fact suggesting that 6' can be formed by transformetion of
G.P. [2]. Guinier (ref. 44) has published results which bear on this
point. For the three aging temperstures 1500, 1800, and 190° C he has
glven curves showing the variation in the amount of G.P. [2] and 6' as
a function of aging time. The curves show that the amount of G.P. [Z2]
first increases, reaching a maximum with the detection of 6', and then
falls steadily as the amount of ©' increases. If the G.P. [2] structure
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is not itself transforming to 6', these results require a gradusl
re-solution of G.P. [2] and a diffusion of copper atoms to other regions
where the @' phase is nucleated. Possibly caelorimetric measurements
would be of help in settling this question.

The kinetics of the precipitation of the ©6' phase are known at
verious temperstures from (a) the X-ray work of Guinier (ref. 44) and of
Silcock, Heal, and Hardy (ref. 41) who measured quantitatively the inten-
sities of ©' spote during aging and (b) from the dilatometric studies
of Lankes and Wassermann (ref. 45). A small contraction 1s associated
with the development of the G.P. [1] and G.P. [2] structures, while a
much grester expansion accompanies the precipitation of 8'.2 (An
expansion occurs because the predominant effect is the increase in
lattice parameter of the matrix as copper is removed from solution.)
Where comparison was possible between the X-ray and dilatometric methods,
good sgreement was obtained (ref. L4k).

Guinier has produced convincing evidence that the 6' phase trans-
forms allotropically to the 6 phase (ref. 40). When precipitated
directly at high temperatures, the crystallographic orientations of the
8 particles are random. However, the 6 particles produced by high-
temperature annealing of the 6' phase show definite orilentation rela-
tionships to the matrix, which Guinier haes shown to be those expected
from an sllotropic transformastion of the oriented ©' phase. There is
little Information on the kinetics of this transformation. For an aging
temperature of 300° C, Calvet, Jacquet, and Guinier (ref. 37) detected
8' phase after 30 seconds, and later the spots became more intense. The
0 ophase was detected after 1 hour. On further aging the intensity of
the ©' spote decreased, being just visible after 8 days and undetectable
after 16 days, by which time the 6 spots were well defined.

The only other topic requiring mention here is the phenomenon of
revergion. As an exsmple of reversion, a specimen aged to an increased
hardness at room temperature reverts to the as-quenched hardness if 1t is
ennealed for a few minutes at 200° C. The X-ray photographs of Preston
(ref. 46) show clearly that, after the anneal, the G.P. [1] zones formed
during room-temperature sging have dissppeared. The energy required to
disperse the G.P. [1] zones has been obtained from specific-heat measure-
ments, by Suzuki, for example (ref. 47). Reversion is expected when the
temperature is reised either to a value above that at which particles
that have formed become of subcritical size for stability or sbove
that at which the structure 1ls no longer even metastable (ref. 17).

This investigetion was conducted at Yale University under the spon-
sorship and with the financial assistance of the National Advisory
Committee for Aercnautics.

2Tt is difficult to reconcile these results with Geisler's opinion
that G.P. zones are small platelets of 6f.
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SYMBOIS

constants
smplitude of oscillation after n cycles

initial emplitude of oscillation

(100) [010] shear modulus

relaxstion strength of the C modulus
(llO)[ild] shear modulus

relaxation strength of the C' modulus
concentration of copper in solution
diffusion coefficient

preexponentisl constant for D
Young's modulus

relaxation strength of Young's modulus
frequency of vibration

shear modulus of the specimen

shear relaxation strength

enthalpy of activation

bulk modulus

bulk relexation strength

growth exponent

number of cycles

ges constant
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8115510584y elastic constants of a cubic crystal

T absolute temperature

t time

! growth time

Ug strain energy

UT total energy

Uy potential energy of a weight

u fractional decrease in supersaturation

o,B,” angles between axis of a single-crystal specimen and the
three cube axes

A relexatlion strength

o logarithmic decrement

A constant

o Polsson's ratio

T relaxation time

To preexponential constant for T

1) orientation function

o circular frequency of vibration

Subscripts:

£ final

o initial

P peak

R relaxed

S specimen

o
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t after aging time t
U unrelaxed
0 equilibrium
APPARATUS

Torsion Pendulum

With the exception of a few experiments conducted in transverse
(flexural) vibration, all the internal-friction results have been
obtained with the torsion pendulum. This spparatus came into prominence
through the researches of K€ and is the simplest and yet the most use-
ful internal-friction apparatus which has been devised. Though various
design modifications have been published (refs. 48 and 49), the present
pendulum follows closely the description of K& (refs. 28 and 50), with
the additional feature of permitting tests in a vacuum.

The torsion pendulum requires specimens in the form of wires, usually
8 to 12 inches long and of approximately 0.030-inch diameter. The top end
of the wire is clasmped by a pin vise fastened rigidly to the top cap of a
vertical tube furnace. A steel extension rod projecting from the bottom
end of the furnace 1s fastened to the lower end of the wire by a second
pin vise. The specimen, pin vises, and extension rod are located cen-
trally down the vertical furnace tube. A steel crossbar and a concave
mirror ere attached to the projecting end of the extension rod. The
moment of inertis of the crossbar (which may be varied by the addition of
suitable weights) i1s chosen to give natural free torsional oscillations
in the easily observable frequency range (i.e., 0.2 to 2.5 cps). Osecil-
lations are excited or stopped by manusl operation of a tapping key which
mskes and breasks the current energizing a pair of electromagnets
appropriately placed to attract the ends of the magnetically soft cross-
bar. The amplitude of oscillation is observed on a galvenometer scale
placed several meters from the specimen by means of & beam of light
reflected from the concave mirror.

The measure of internal friction used in this report is the loga-
rithmic decrement & defined as

5 = % loge — (&)
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where A, 1s the amplitude of oscillation observed on the scale n
cycles after the amplitude Ay. A strain smplitude of 10-D in the
specimen corresponds to the A, value of 4 centimeters usually used.

The frequency of oscillation f was determined with each internsl-
friction measurement by timing the period required for the execution of
the n cycles. ' :

To reduce the air-damping energy loss in the apparatus, tests were
conducted in an atmosphere of helium at 10 millimeters pressure. The
pressure dependence of internal friction, both in air and helium, is
shown in figure 1 for a specimen of Al alloy containing 4 weight percent
Cu vibrating at 1.95 cps at room temperature. The internal friction in
helium is appreciably lower then that in air for pressures above 1 milli-
meter. The use of a high vacuum was found to be undesirable because of
the lerge lag in the thermal response of the specimen upon changing the
temperature of the furnace wall. The use of & 10-millimeter pressure
of hellum proved most effective in elimineting this lag while reducing
the internal friction to one-third that observed at atmospheric pressure
in air.

Because speed of operation is essentisl in studies of an aging
alloy, the furnace was bullt with the minimum thermal capacity consistent
with & maximum operating temperature of 520° C (i.e., a temperature in
the o phase field of Al alloy containing 4 weight percent Cu). Heating
rates of 30° C per minute were readily obtainable, and the cooling rate
of the furnace was comparably high above roughly 120° C. Despite the
fast heating rates used, trouble due to overshooting the temperature
desired was avoided by the excellent performance of an electronic tem-
perature controller of the proportioning type working from a control
thermocouple placed very close to the noninductive furnace winding.

The temperature of the specimen was measured by a second thermocouple
placed within the furnace tube and close to the specimen. During the
majority of measurements, the total temperature variation of the speci-
men did not exceed 0.5° C.

The temperature distribution within the furnace was investigated at
at a series of temperatures, with the results shown in the following
table:

Meximum temperature difference, °C, for -
Tempersature,

oc

Specimen 8 in. long | Specimen 12 in. long

150
205
265
367

WMo H
NP W O
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Plexure Pendulum

In the course of thls work it became desirable to test some of the
torsion-pendulum specimens in flexursl vibration and at approximstely
the same gstrain amplitude and frequency which were used in torsion. A
search of the literature revealed nothing sulted to this purpose, so a
new apperatus, called the flexure pendulum, was designed and built.
This apparestus was produced by simple modification of the standard
torsion pendulum.

The important factors which must be considered in the design of a
flexure pendulum will now be discussed. Observation of the tip of a
transversely vibrating wire revesls that the vibration is nonpleanar.

The wire vibrates 1n an ellipse which undergoes an alternating change in
eccentricity as the major axis of the ellipse alternates between two
perpendicular planes. This complicated behavior arises even in an
elestically isotroplc wire if the speclmen has a nearly but not exactly
symuetrical cross section. The practicel result of present importance is
that a nonplanar vibration makes an internal-friction meagurement
extremely difficult. The easiest method of avoiding this behavior is by
the use of a specimen which has considerable asymmetry of cross section,
for example, & reed with a large width-to-thickness ratic. However, this
solution was of no use in the present case where the object was To test
in flexure the wire specimens used in the torsion pendulum.

The most sulteble choice of the mode of transverse vibration
appeared to be that in which the specimen is clamped at one end as &
cantilever. The fundasmental frequency of vibration in this mode is the
lowest natural frequency attainable in any transverse mode. Even so,
the wire specimens to be tested hed frequencies too high to be measured
visually, and it was therefore necessary to weight the end of the speci-
men to lower the frequency to the desired value. With the wire held
horizontally, the addition of this weight caused an elarmingly large sag
in the wire. Holding the wire wvertically would, of course, remove the
static bending strains imposed by the welght, but at the same time
enother very serious factor is introduced. For, when vibrsting about
a vertical axis, the total energy Up in a position of maximum deflec-

tion is the sum of the straln energy Ug stored in the deflected
specimen and the potential energy gained by weight Uy (assume a
specimen of negligible mass). If NJjg 1is the energy lost during the
next cycle of vibration, the observed decrement &,,; 18 given by

Alg

Sobe = 3 Ty Gy ®)
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However, the decrement of the specimen itself &g (as would be measured

if gravity were zero) is

AU,
_1%s
® =3 U (6)
Hence,
U
S

Calculatlon shows that Uy >> Uy, and hence vibration about a vertical

axis leads to an observed decrement much lower than that of the specimen
1ltself. Measurement of the correct decrement can be obtalned if the
specimen is held horizontally.

The way in which a planar vibration and a restricted static sag
were obtained in horizontally mounted specimens is shown in the diagrem
of the flexure pendulum (fig. 2). Following the notation of figure 2,
two identicel specimens H are used. These are parasllel and mounted in
horizontal pin vises F, one above the other and separated by about
0.75 inch. The loading weight J is constructed of sluminum in two
equal parts, and each part has a gripping flange of 2 millimeters width
projecting from the inner side. The welght J is secured to the speci-
mens by sandwiching the ends of the specimens between the flanges and
tightening up the steel screws Joining the two halves together. When
viewed end on, there 1s a slit down the middle of J the width of which
is equal to the diameter of the specimens. The static seg of this
arrangement is acceptably small because of the much greater verticsl
bending stiffness of this system compared with that of & single speci-
men. A planar vibration is obtalned in the direction shown because the
bending stiffness in the horizontal plane is appreciasbly lower than
thet in the vertical plane.

The general form of the apparatus 1s shown in the lower drawing
of figure 2. The torsion pendulum furnsce G is mounted horizontally
and the pin vises F join a hollow steel tube E which may be secured
rigidly to the end of the furnace. The furnace is made vacuum tight by
the cover D. The shaded aress are flat rubber gaskets. Windows at C
and K permit light from the lamp A to shine through the tube E, the slit
in the loading weight J, and the lens L. The low-power microscope N,
fitted with a graduated eyepiece, is focused on the real image of the
s8lit formed at M by the lens L. A green filter B reduces the light
intensity to a comfortable level and removes chromatic aberrstion from
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the image. Traunsverse vibrastions are excited by means of an electro-
magnet acting on the steel screws in the loading welght J. This magnet
(not shown in f£ig. 2) was located inside the furnace and was wound with
glass-covered silver wire to withstand elevated temperatures. The hot
Junction of the measurement thermocouple weas located between the two
speclmens.

Logarithmic decrement measurements were made in the same manner as
that described for the torsion pendulum by observing one edge of the
image of the slit vibrating across the scale of the graduated eyepiece.

To minimize the sag in the specimens, the welght J was reduced to
the minimum value consistent with visual determination of the frequency.
The particular conditions used are summarized in the following table:

Length of specimens, in. . . . . . e e e e e e e e e e e e 8.0
Approximate dismeter of specimens, in. c s 4 s e 4 e e 4 s s . . 0,03
Toading welght, 8 .« « ¢ ¢ ¢ ¢ ¢ ¢ o o o e o o s o s « o s o » o s 3.00
Approximate freguency, cps . . s s e e e a b s 4 4 s e e 3.0

Meximum strain emplitude at start of measurement e o o s s e o 10-2
Atmosphere
Helium at pressure, mm, of . . & ¢ « &« & ¢ o o o s o o & o & o 10

Compared with the torsion pendulum, the flexure pendulum has several
disadvantages. Twin speclimens are required instead of a single specimen,
and the error of measurement is larger (t5 percent for the mean of five
readings). Eye fatigue became considersble when many measurements were
taken, as was done to compensate partlally for the poorer precision of a
single measurement. The room-temperasture damping of solution-treated and
quenched Al alloy containing L4 weight percent of Cu (a measure essentially
of external energy losses) was considerably higher in the flexure pendu-

Lum (al = 1.8 x lo-5> then in the torsion pendulum (52 = 0.h x 10'5) .
However, as tests showed that the value of 5; was reproducible, the

results obtained from the flexure pendulum were considered to be ready
for comparison with those from the torsion pendulum after subtraction

of Bp, & - 8y = L.k x 1073,

Heat-Treatment (Quenching) Furnace

A well-insulated electric tube furnace with a 36-inch winding was
built for the heat treatment of specimens. The furnace was mounted
vertically and directly above a quenching bath, so that upon release a
specimen dropped freely from the furnace into the bath.
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A desired temperature could be msintained to within 1° C over several,
weeks by an electronic controller of the proportioning type. The maximm
temperature difference over a 12-inch zone in the furnace was 30 C

10
(123° o

Vacuum Furnace for Alloy Preparation

To insure freedom from gas porosity in the ingots and to help in
maintaining the purity of the starting materiasls, a small furnece was
built for melting, alloying, stirring, and casting aluminum alloys in
a vacuum.

A steel channel, carrying an Alundum nielting crucible and a split
steel mold with its top normalily downward facing the mouth of the
crucible, was mounted vertically inside a stainless-gteel furnace tube.
The part of this tube containing the crucible was covered on the outside
by a demountable electric furnace capable of rasising the crucible to
850° C maximum temperature. The cool end of the tube remote from the
furnace carried a simple rotary vacuum seal through which passed a steel
shaft terminating in s graphite blade which could be lowered into the
crucible and revolved to stir the melt. A delivery rod, extending from
the cool end of the furnace tube to the mouth of the crucible, enabled
a cold addition to be made to the melt. Upon releasing a catch from the
outside of the furnace, the addition slid down the delivery rod into the
crucible.

Casting was performed by inverting the furnace tube, which was
rivoted in a frame. This caused the alloy to pour from the crucible over
& graphite-lined rumner into the preheated mold. After casting, the
furnace was removed from the tube to allow more rapid cooling.

The furnace tube was evacuated by a rotary oil pump, and the pres-

sure attained with the furnace in operation was 0.02 millimeter of
mercury.

PREPARATION OF SPECIMENS

Materials

The purity of the starting materials 1s shown in the following table:



[ ]

NACA TN 4225 21

Metal Purity, Source
percent
Al 99.99% Aluminum Co. of Am.

(Anslysis, percent: Cu, 0.002; Fe, 0.001
Si, 0.002; Mg, 0.000

Na, 0.000; Ca, 0.000)

Cu 99.999 Am. Smelting & Refining Co.

Preparation and Composition of Polycrystalline Wire

The Al alloy containing 4 weight percent Cu was made in the vacuum
furnace described previously. The metals were melted together in a new
Alundum crucible at a pressure of 0.02 millimeter of mercury, and after
thorough. stirring the melt was cast into a steel mold yielding an ingot
5 inches long and 5/16 inch in diameter. Ingots were machined to
0.25-inch diameter and then homogenized at 450° C for one day. This
treatment and later recrystallization anneals were carried out with the
alloy wrapped in aluminum foil.

The ingots were cold-rolled and cold-drawn to wire of 0.062-inch
and 0.033-inch diameter. An smneal of 1 hour at 40O° C was given each
time the cold~working amounted to roughly 50-percent reduction in area.
The 0.033-inch-diameter wire was cut into 12-inch lengths for use in
the torsion pendulum. The grain size of this wire after the final
drawing was approximately O.l millimeter, but rapld and considerable
grain growth occurred after recrystallization during the first solution
treatment of several hours at 5250 C. After this solution treatment
the grains were larger than the wire dismeter (i.e., about 1 millimeter),
and the boundaries extended normelly across the wire to form a bamboo
structure.

A random sample of wire was submitted for chemical analysis, and
the report gave the copper content of the wire as 4.08 welght percent.
Preparation of Single Crystals
After seversgl fallures, attempts were abandoned to grow long single-

crystal wires by the strain-ammesl technique. The first attempte to grow
single crystals from the melt were also unsatisfactory because of the
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porosity caused by gas pickup through the wall of the graphite mold.
The more refined technique described below eliminated this trouble
and several sound single crystals were obtained.

The molds used consisted of a 0.5-inch-diameter baked graphite rod
13 inches long with a central hole 0.064 inch in diameter drilled to a
depth of 12.5 inches from one end. A length of 0.062-inch-dlemeter .
polyerystalline wire of Al containing I percent Cu was pushed down this
hole, and the mold inserted into a long Pyrex tube closed at one end. The
lower portion of this tube (containing the mold) was placed in a furnace
at 7500 C, and the upper open end, projecting from the furnace, was con-
nected to & vacuum pump. In the course of a few minutes the glass flowed
to form a tenaclous skin over. the mold which effectively excluded the
atmosphere during the later growth of the crystal. Before removal from
the furnace, the bottom of the mold was tapped vigorously against the
furnace floor to insure that the molten alloy formed a continuous column
inside the mold. The mold was then removed from the furnace and the
superfluous length of glass tubing removed with a flame.

Single crystals were obtained by remelting the alloy in a vertical
furnace at 750° C and then lowering the mold out of the furnace at a rate
of 1.5 in./hr through a steep tempersture gradient. Speclmens were
extracted from the mold by first breaking away the glass covering and
then cutting and fillng away the graphite. A l-inch length was cut from
each end of the specimens to remove the regions of worst segregation, and
after etching and visual examination the specimens were electropolished to
approximaetely O.O040O inch diameter. The electrolyte consisted of one part
by volume of perchloric acld to five parts by volume of methyl alcochol.
Polishing was conducted below 30° C and with a potentiasl of 8 volts
between the specimen end a graphite cathode. .

The angles o, B, and 7, between the crystallographic axes (i.e.,
the cube edges) and the specimen axis were obtained from stéreographic
projections of X-ray back-reflection photographs. At least both ends of
each specimen were X-rayed to verify the single-crystal condition of the
gpecimen when this was indicated by etching. Data on the specimens
grown from the melt are glven in table I.

It will be noted that, in all cases where s single crystal was
obtained, a [100] direction is closely parallel to the specimen axis.
This suggests strongly that [lOd] is & preferred growth direction during
freezing.

&
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EXPERIMENTAL PROCEDURE

Except where noted later, specimens were solution-treated at a
temperature of 525° C. The first solution treatment of specimens grown
from the melt was prolonged as long as conveniently possible to reduce
microsegregation. The time varied from a week to a month for different
specimens. The period of first solution treatment of polycrystalline
specimens was 1 day or longer, a time sufficient to stabilize the grain
size. OSubsequent solution treatments of all specimens were of overnight
duration.

Solution treatments were carried out in the furnace described pre-
viously. For support inslde the furnace and during guenching, specimens
were placed along a flat surface filed down the length-éf an l/8-inch—
diameter steel rod and held in position there with a few turns of fine
Nichrome wire. Specimens were quenched in water at room temperature,
removed from the support, dried in acetone, and mounted in the torsion
pendulum which was then evacuated to about 0.03 millimeter of mercury.
During this period adjustments were made to the optical system to secure
the optimum lmage on the galvanometer scale, Prior to the start of
measurements the pump was stopped and a l10-millimeter pressure of hellum
admitted. No subsequent pressure adjustments were required during most
runs, but for prolonged treatments the pendulum was pumped out briefly
and the helium renewed once a day.

Runs were started 1/2 to 1 hour after quenching, and all aging
treatments were given to specimens while .they were mounted in the torsion
pendulum. For prolonged eging treatments above 250° C the tensile stress
on the wire was reduced between runs by removal of the inertia weights.

Crystals grown from the melt were X-rgyed for a second time at the

end of the investigation, with the results always the same as those given
previously (table I).

EXPERIMENTAT, RESULTS

Internal-Friction Behavior Without Intentional
Aging ~ Tnitial Peak

As brief introduction, a summary is given below of some results for
solution-treated and quenched specimens which were not asged except for the
period at room temperature between quenching and testing and that unavoid-
ably produced during megsurement:
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(a) An internal-friction peak exists at 185° C for & frequency of
2 cps. This will be called the "initial pesk."

(b) The initial peaek is unstable and decreases on aging but not
repidly enough to prevent useful measurements. When measurements are
made on cooling from the range of 200° to 230° C, the symmetry of the
peak indicates a virtually stable condition during the run.

(¢) From about 240° C to at least 330° C the decrement rises sharply
as the temperature is reised. The internal-friction contribution
responsible for this behavior will be called the "high temperature
background."

The feature of particular interest in these resulis is the initial
peak. Inasmuch as temperatures above approximately 210° C are not
required to trace out the pesk, the minimum aging treatment which was
unavoidable in determining the pesk while decreasing the tempersture
therefore consisted of the delay at room temperature, the heating of the
specimen to 210° ¢, which required about 5 minutes, and a stay at this
temperature of a further 5 minutes to obtein the first reading. The peak
obtained on subsequent cooling to room tempersture will be called "the
initial pesk on first cooling."

The time required to cool from 210° C to the peak temperature, taking
measurements st five temperatures on the way, was about 35 minutes, and

some 2% hours were required to complete measurements down to room tempera-

ture. In view of the much longer time reguired to trace out the pesak
compared with that of the previous aging treatment (heating to 210° C with
e stay of 5 minutes), it appeared unlikely that s completely stable condi-
tion would prevail during the run. Accordingly, some tests were conducted
to assess the stability of the initial peak during the period of first
cooling. Specimen 3 (table I) was used, and the results are shown in
figure 3. Curve A is the initial pesk on first cooling from 211° C.

After campletion of this run the specimen was rapldly rehesgted back to
211° C, pausing only for measurements round the top of the peak (curve B).
Curve C is the pesk on second cooling from 211° C. All measurements were
made at a room-temperature frequency of 1l.TL cps.5 The 3-percent differ-
ence in peak height between curves A and B was taken as an indication of
the stabllity of the peak during measurement of curve A below the peak
temperature (183° C). The T-percent difference in pesk height between
curves A and C was taken as an indication of the overall stgbility of
curve A, This difference is in line with the estimate that during

5Throughout this report, the fregquencies quoted are those at room
temperature (25° C) unless otherwise stated. Frequencies at any other
temperature t below 200° C msy be obtalned from the relationship
fy = fo5[l - 0.00027(t - 25)].

[1]



"4l

NACA TN 4225 25

measurement of thet part of curve A above the maximum, the pesk height
does not fall by more than 10 percent, an estimate made from an inspec-
tion of the near symmetry of curve A (on a plot of logarithmic decrement

against 1) and the assunmption of & stable condition during measure-
ment of the low-temperature side of the pesk. It will be shown later
that the height of the initlal pesk varles directly as the square of the

free-copper concen.tration;LL thus, during measurement of the pesk on first
cooling the free-copper concentration does not decrease by more than

5 percent. This result has a most important lmplication which it is con-
venient to discuss lmmediately.

During the period of 1/2 to 1 hour at room tempersture between
quenching and the beginning of a run, a specimen dces not retain the as-
quenched condition. From the results of Calvet, Jacquet, and Guinier,
reference 37, for example, the Brinell hardness number rises from 56
immediately after quenching to T2 after 10 minutes at 25° C, to 82 after
1 hour, and to 96 after 4 days. The structural changes associated with
this hardening are the production of G.P. [L] (ref. 1) and a reduction
of the free-copper concentration. However, this structure is not retained
on heating the specimen to 200° C for a few minutes, as shown, for
example, by the results of Preston (ref. 46). The G.P. [1] zones dis-
solve and the free-copper concentration reverts to the total concentration
of copper in the alloy. As this is the stage at which internal -friction
measurements are started, the height of the initisl pesk on first cooling
relates to a condition in which gbout 95 percent of the total gvailable
copper is rendomly dispersed in the matrix. This conclusion is based on
the assumption that at 210° C reversion is complete. If hardness is taken
as a criterion, the observed return to the as-quenched value indicates
reversion is truly complete even after the alloy has been fully aged at
room temperature (ref. 38); it is to be recalled that internal-friction
specimens were aged for only 1/2 to 1 hour prior to test. Further,
Guinier was unable to detect G.P. [1] at room temperature directly after
& reversion treatment (ref. 44). Finally, internal-friction measurements
also confirm the completeness of reversion after room-temperature aging,
for no detectable dependence of the height of the peak on first cooling
upon the aging time at room temperature was found (up to 2 months of
aging).

The stability of the Initial pesk 1s of considerable importance when
conslderation is given to the determination of the activation energy of
the peak from two runs at different frequencies. Although the second run
yields e somewhat smaller peak than the first, 1t is to be expected that
by normalizing the height of the second curve to that of the first a
constant shift should be obteined on a l/T plot if indeed the peek is

hThat is, the concentration of copper in the metrix at points remote
from any G.P. Eﬂ, G.P. Bﬂ, @', or 68 structures which may be present.
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simply activated. Such a result was obtained, as shown in figure 4, for
a solution-treated and quenched polycrystalline specimen. The activation
energy of the peek is 28.2 t 1.5 kcal/mole, and log Tgo = ~lk.6 % 1

(when Ty 1s in seconds). The width of the peak at half meximum is
30 percent greater on the low-temperature side than that predicted from
equations (1) and (2) for a single relaxation time.

Comparison. of figures 3 and 4 reveals that the initial peak height
of the polycrystalline specimens 1is significantly greater than that of
specimen 3. Measurement of the initial pesks on first cooling for a
variety of polycrystalline specimens and all the specimens shown in
table I yielded the results shown graphically in figures 5 and 6. It
mey be seen that the largest initial peaks were found in polycrystalline
wires, that specimens 1 and 3 showed peaks of intermediste size, and that
the similarly oriented single crystal specimens 2, 4, and 5 have mutually
similar but much smaller peaks. The peak heights found from these experi-
ments are glven in table IXI. The extreme values differ by full order of
magnitude, a most striking variation.

Sequence of Internal-Friction Changes During Aging

Initial instability.- The initisl peak obtained on first cooling is
not cleimed as the internel-friction behavior of the as-quenched condition.
It is, however, the behavior of the alloy in a condition where 95 percent
or more of the total available copper is freely dispersed in solid solu-
tion. Evidence that the curve on first cooling does not in fact represent
the as-quenched condition is obtained by comparison of the portion of this
curve below 150° C with measurements made on first heating the quenched
specimen up to this temperature. The measurements on first heating fell
considerably above the curve on first cooling, and successive measurements
at constant temperature showed that the internel friction was decresasing
repidly. This behavior, observed on first heating a quenched specimen
above room temperazture, will be called "the initial instability." In
figure 7 the solid curve is the initisl peak obtalned on first cooling.
For each point on the broken curve the speclmen was re-solution-treated
and quenched, and heated in the course of 2 to 4 minutes to the desired
temperature and the internal friction measured immediately. The polnts
on the broken curve represent therefore the internasl-friction measurements
made after the least possible aging. Because of the repid changes
occurring in the internal friction, even the broken curve is no Indication
of the behavior in the as-quenched condition. A S5-minute anneal at 200° C
followed by air-cooling is sufficient to wipe out all trace of the initial
instability. After this treatment the curve obtalned on heating the
specimen to 150 C duplicates exactly that obtained in the usual msn-
ner on cooling.
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The amount of the initial instability st 700 C (i.e., the differ-
ence at 70° C between the broken snd full curves of fig. T) was found
to be much greater for the polycrystalline specimen than for single-
crystal specimen 5. Specifically, the amount of the initial instability

detected at 70° C was 1.5 X lO'3 for the polycrystalline specimen and

only 0.08L4 x 10~3 for specimen 5, a difference of a factor of 15. As
the ratio of the peak heights is a factor 10, a correlation is suggested
between the height of the initial peak and the amount of initial
instability.

Aging below 185° C.- Over periods of several days the only change
other than the rapid decay of the initial instability was a progressive
decrease in the height of the initial peak. By lowering the frequency
of vibration the peak is shifted to lower temperatures (fig. k),
and for the lowest convenient frequency (O. h cps) the peak tempereture
is 164 For aging temperature sbove 164° ¢ it is therefore possible
to take measurements at the peak temperature without introducing any
change as a result of the measurements themselves. Below 164° ¢ changes
in the peak height must be inferred mainly from the portion of the low-
temperature side of the peak existing below the aging temperature
because it is not possible to meke prolonged excursions above the aging
temperature without the real danger of changing the condition of the
specimen. However, it was usually possible to make a brief excursion
to about 30° C asbove the aging temperature without a detectable change
in the internal friction on returning to the aging temperature. As one
example, during aging at 164° ¢ the internal friction of a polycrystalline
specimen vibrating at 0.4k cps fell from O. 0060 at the start of measure-
ments to 0.0021 after T0.5 hours of aging. At the end of this period the
temperature dependence was measured on cooling from 164° C. This curve
was retraced after a 5-minute anneal at 200° C, and all the results fell
nearly on the same smooth curve, indicating a stable condition during
all of the measurements. After T70.5 hours at 164° ¢ the initial peak -
had decreased to a size where it was no longer clearly resolved from
the background; the estimated height was 0.001, compared with the starting
peak height of 0.0055. Using the square-law relationship the free-copper
concentration was reduced to 0.kl of its original value.

For specimens aged at 130° C, even for several days, an excursion
to & temperature above 160° C caused an increase in the internal fric-
tion with time at the higher temperature. This is a manifestation of a
striking phenomenon which will be called restoration of the initial peek,
a phenomenon predicted and explained by the theory thet the height of
the initial peak is related to the free-copper concentration. Restora-
tion of the initiel peak is illustrated graphically in figure 8. Curve A
is the initial pesk observed on first cooling, and the solid part of

curve B is the reproducible intermal-friction behavior after 9% hours of
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aging at 1320 C. Above 160° C the intermal friction becomes unstable
with time and the broken part of curve B cannot be taken too seriously.
After a period of 9 minutes at 200° C the specimen was cooled back to
room temperature with the results shown by curve C. This short annesl
at 200° C has restored the pesk almost to the original value. The sub-
sequent behavior of the restored pesk 1s completely normeal; further
aging causes 1t to decrease In the manner expected. The almost complete

restoration observed after 9% hours at 150o C mey be contrasted with the

complete absence of restoration at 200° ¢ after T0.5 hours of aging at
164° ¢ and w%th the very limited restoration observed after 15 hours of
aging at 150" C.

Restoration of the inltial pesk 1s attributed simply to reversion,
that 1s, the re-solution of structures which are no longer even metastable
at the reversion temperature either because of their size or structure
(ref. 17). The results shown in figure 8 will now be considered in more
detail. The work of Silcock, Heal, and Hardy (ref. 41l) has shown that,

for periods up to 3 days at 150O C, G.P. [l] 1s the only structure pro-
duced. Hence, the fall in the initial peak during 9% hours of aging at

1520 C is due to the decrease in the free-copper concentration resulting
from the production of G.P. [1]. Using the square-law relationship it
appears that roughly one-quarter of the total avellable copper haes in

this time segregated to the G.P. [l] zones. After reversion, the restored

peak is somewhat lower then the starting valﬁe, but in terms of the free-
copper concentration the reversion is 95 percent complete.

The absence of reversion after 70.5 hours at 164° C is to be expected,
since the G.P. [2] structure formed at 164° C is also metastable at 200° C.
Presumably, the aging treatment was long enough at 164° ¢ for growth of

G.P. Eﬂ tc & polnt where reversion due to the existence of particles of
a subcritlcal size is unlikely.

Aging at 203° C.- The temperature dependence of internal friction of
specimen 3 during a sequence of aging treatments at 203° C is shown in
figure 9.5 The initial peak obtained on first cooling is omitted from
this figure; it is shown in figure 3. After 30 minutes st 205O C the

JThe curves shown in fig. 9 and similer ones shown elsewhere (e.g.,
figs. 14 and 17) were obtained on cooling from the aging tempersature.
The assumption of & stable specimen condition during such runs was
Justified by the close agreement between the results on cooling and
those on subsequent reheating back to the aging temperature whenever
such a compaerison was made.
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initial peak height has decreased from 0.00311 to 0.0026k4, and after

4.6 hours, to 0.00146. At the end of this time the free-copper con-
centration has fallen (in terms of the square law) to 0.69 of its ini-
tial value. These measurements, end others made in further tests,

showed that during this period the peak temperature remained constant
(for a given vibration frequency). After 4.6 hours at 20%° C the acti-
vation energy of the reduced pesk was still the same, within experimental
error, as that found originslly (28.2 kcal/mole); thus the value of T,

also remaeins constant. The reduction in the free-copper concentration
for up to h.6 hours of aging at 203° C is believed to be caused exclusively

by the production of G.P. [2]. The G.P. Eﬁ] structure is not formed at
this tempersture, and the 6' phase has not yet precipitated, as indi-
cated by the absence of other internal-friction effects to be discussed
later. Previous X-ray work has placed the upper limit of the temperature

range of G.P. [2] formation at between 190° and 220° C (ref. 41); the
present results indicate that G.P. [2] is definitely formed at 203° C.

After 11.1 hours at 203° C, the internal-friction curve shows &
change of character. The presence of & reduced initial peak is seen
from the hump in the curve, but otherwise the peak is obscured by other
new contributions to the internal friction. The rise on the high-tem-
perature side of the peak was found from other experiments to be the
result of an increased high-temperature background contribution; it was
not possible, however, to analyze the curve into a reduced initial peak
and a smoothly rising increased background. Subtracting from the curve
for 11.l-hour aging any reasonable estimate of the remaining initial
peak glves a curve which is clearly a combination of & background smocothly
rising to higher temperatures and a broad peak centered at about 120° c.
This new intermal-friction peak will be called the "second peak."” One self-
consistent analysis of the curve for 11.l-hour aging is shown in figure 10.

For longer aging times at 205° C the new internsl-friction contribu-
tione detected after 11.l1 hours increase considerably, and after 22 hours
there is no direct Indication of the existence of a remaining initial
peak. The curves for 40.6 and 59 hours show a knee at about 120° ¢ which
marks the commencement of a plateau extending to 180° ¢. The plateau is
replaced by a maximum in the curve after 144 hours, by which time the
internal-friction changes have bascome very slow. The curves from
11.1 hours onward are reedlly expleined-by the continued growth of the
high-temperature background and second peak. Although the second peak
is never very well resolved, the plateaus.on the later curves and par-
ticularly the meximum finally developed after 1hil hours are strong evi-
dence for its existence and growth. In formulating this interpretation
it has been supposed that the initisl peak decreases continually on
aging, until it is not significent in the interpretation of the later
curves. This is consistent with the theory that the initial peak
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decreases as the free-copper concentration is reduced. On making the
reagonable assumption that the later curves 1n figure 9 are composed

only of a symmetrlcal second peek and a smoothly rising background, en
approximete separation of the second peak from the observed curve can

be made on a trial-and-error besis. Using this procedure the estimated
second peak after 1ih hours of aging at 203° C is shown in curve B of fig-
ure 1l. Curve A 1s the second peek redrawn from figure 10 for compari-
son, and curve C will be discussed later. The second peek is much
broader than the inltlal peak, and during its growth at 203O C appar-
ently retains an approximately constant shape and peak temperature.

Analysis of observed curves into their various contributions, as
shown in figures 10 and 11, cannot be claimed to be correct except in
broad ocutline. However, such an analysis is reliable enough to permit
one to arrive at the following conclusions:

(2) On aging at 203° C, the rise in the decrement et temperatures
below 120° C is due principally to the growth of the second peak.

(b) On sging at 203° C, the rise in the decrement at temperatures
above 200° C 1s due principally to a rise in the high-temperature
background.

It follows from (a) that the activation energy of the second peak mey be
obtained from the temperature shift with change in frequency of the por-
tion of the curve below 120° C. To this end the curve for 1lik-hour aging
was determined at two frequencies, and the results shown in figure 12
yield an activation energy for the second peak of 21.9 £ 1 kcal/mole, 8
value significantly lower then thet for the initisl pesk. Using this
activation energy the width of the second peak was found to be about
three times broader than thet for & single relaxation time. The value
log 14 = -12.5 t 0.8 is obtained by taking the tempersture of the fully

formed pesk as 132 + 5° ¢ (curve B, fig. 11).

As the peak retains approximately the same shape and pesk tempera-
ture during growth, a second consequence of conclusion (a) above is that
on aging the rise in decrement at some temperature below 120° C may be
used as a relative measure of the height of the second peak, and hence
a plot of these values against aging time at 203° C gives the kinetics
of growth of the second pesk (curve B, fig. 13). Similarly, from con-
clusion (b), the rise in decrement at 203° C may be taken as .a measure
of the growth of the high-temperature background (curve A, fig. 13). It
may be seen that the kinetics of growth of both the second pesk and the
high-temperature background are strikingly similer and that little change
occurg in either one after 100 hours..
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Aging at 203O C was found to increa.se6 the shear modulus by about

2 percent (as evidenced by an increase in freguency of approximately

1 percent), and the course of the change on aging is plotted in fig-

ure 13 (curve C) for comparison with curves A and B. It m2y appear thet
the modulus change is completed before completion of the intermal-friction
changes, but it should be noted that within experimental error the modulus
curve could have been drawn to parslilel the internal-friction behavior.

Aging at 300° C and above, Pollowing aging st 203° C.- The leveling
off in the growth of the second peak and background after 100 hours at
203 C (fig. 13) was taken as sn indication that a metastable condition
has been attained which would be affected only slightly by further treat-
ments of practiceble duration at 203 C. To sccelerate further changes
the aging temperature was raised (after 1l hours at 203° ) to 298° ¢
in the first Instance and later to 3300 C, with the results shown 1in fig-
ure 1k. The curve for 1kl hours at 203° C is drawn again in Pigure 1k
for comparison purposes. Bearing in mind that the decrement below 120° C
is essentially a measure of the size of the second peak, it will be seen
that the second peek decreases progressively upon aging at these higher
temperatures. The high-temperature background undergoes & further appre-
ciable rise during the first treatment but then remains practically
constant.

The extension of the aging temperature to 3300 C allows & more
extensive examination of the high-temperature background then was pre-
viously possible. Figure 15 gives the complete internal-friction curve
after the annesl of 15.1 hours at 330° C (the lower part of this curve
is shown also in fig. 14). The high-temperature background falls con-
tinuously and rapidly as the temperature is lowered, so that it
decreases by an order of magnitude between 350 and 200° C. The shape
of the background curve suggested that the temperature dependence might
be expressed by en empiricel equation of the type

8 = A exp(-B/T) (8)

where A and B are constants. This formuls was substantiated by the
straight line obtained on replotting the results as log & (internal
friction) against l/T, a8 shown in figure 16. The values of the con-
stants A and B were thus determined to be: A =280 and B = 5,100.
Both A and B were found to be affected by aging. The departure from

6Ordinarily a decrease in shear modulus accompanies a rise in inter-
nal friction because of an elastic relaxation. In the present case,

however, the relaxation effects are too small to be detected by fre-
quency measurements.
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linearity in figure 16 is caused by the second pesk. Apart from = possi-
ble theoretical significance, equation (8) is of practical importance
because it can be used with some confidence to obtain by extrapolation
the background internal friction at temperatures below 220° C. Subtrac-
tion of the extrapolated background from the experimental curve ensbles
the second peak to be separated out more precisely then was previocusly
possible. The shape of the peak obtained by performing this separation
(curve ¢, fig. 11) compares favorsbly with the earlier, and of necessity
less quantitative, estimates of the second peak. Despite the uncertainty
in the estimation of peaks A and B in figure 11, the spparent migra-
tion of the peek to slightly higher temperatures as aging progresses can
probably be taken seriously. ’

The activation energy for the high-temperature background was
obtained as usual from the temperature shift resulting from s change in
frequency. The value obtained was approximately 33 kcal/mole.

Aging at 230° C.- The sequence of internal-friction changes during
the aging of specimen 2 at 230° C (fig. 17) differs from that of speci-
men 3 at 203° C in one respect only. At 205o C the initial peak declined
conslderably in strength before other contributions to the internal fric-
tion were detected, while at 230° C the small decrease detected in the
initial peak after 0.8 hour was accompanied by the detection of the other
contributions. Later remarks justify the conclusion that at 250O C the

phase 6' and not the G.P. [é] structure is the first structure formed,

as 18 indeed to be expected from the work of Silcock, Heal, and Hardy
(ref. 41). Comparison of figures 9 end 17 indicates that at both 20%°
and 230° C the later growth of the second peak and the high-temperature
background are very similar except for s difference in rate. To empha-
size this similarity, the uppermost curves of figures 9 and 17 have been
plotted in figure 18 together with the curve obtained from a polycrys-
talline specimen which had been aged for 110 hours at 200° C to develop
fully the second pesk. All three curves exhibit a knee of roughly the
same height, which is a reasonable indication that the height of the
fully formed second peak is about the same in the three specimens. This
behavior is in striking contrast to the large differences in the initial-
peak heights of these specimens (table II).

The kinetice of growth of the second peak and background are shown
in figure 19 for asging at 230° C. Agein the curves follow a similar
course which is paralleled also by the relative change in shear modulus.
Comparison of figures 13 and 19 shows that the important growth occurs
in the interval 10 to 100 hours at 2030 C and in 1 to 10 hours at 230° C.

Aging at 185° C.- The changes of intermal friction and relative
shear modulus during isothermal aging at 185O C of a polycrystalline
specimen are shown in figure 20. The decrease in the internal friction

<
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first observed is due to a fall in the strength of the initial peak.
Other experiments mentioned previously show thet during aging the pesk
temperature remains constant, and hence the first part of curve A in
figure 20 gives an indication of the kinetics of the fall of the peak

at 185° C. Some care is required in the detailed interpretation of
measurements made only at one temperature, for without & knowledge of

the temperature dependence of internal friection after varlous aging

times it is not possible to estimate how much of the observed internal
friction at the aging temperature arises from the initial peak. This

is particulerly important when the internsl friction has fallen to values
near the minimum. Experience has shown, however, that for aging temper-
atures below 200° C the peek may fall to one-half of the starting value
and still be well resolved from the high-temperature background. This
corresponds to a fall of 25 percent in the free-copper concentration.
Near the minimum of curve A, the initial peak height is estimated to

have fallen by a factor of 4, and the free-copper concentration, by & fac-
tor of 2, which is in sgreement with Guinier's results for the amount of

G. P. [é] formed on sging at 180° and 190° G (ref. 4k).

After aging for 100 hours at 185° C the inbternal friction shows a
sharp rise, and the temperature dependence below 185° C was then observed
to be typical of that caused by the growth of the second peak and back-
ground. The activaetion energy obtained from the shift in the curve of
decrement plotted against l/T with frequency after 1,000 hours aging
agreed with that previously given (21.9 kcal/mole) for the second peak.
The rise in curve A is therefore interpreted as due to the increasing
contributions at 185° C from the growth of both the second pesk and the
background .

The form of curve A (fig. 20) is in qualitative agreement with the
curve given by K& (ref. 31) for eging at 200° C, which 1s reproduced
in figure 21. As mentioned in the Introduction, K&'s interpretation
of these phenomens was in terms of & grein-boundary relaxation, which
is clearly ruled out by the present work. He also essumed that the rise
in internal friction after the minimum in figure 21 is caused by a
regrowth of the initial peak. The fact that this latter assumption is
incorrect has also been demonstrated.

Effect of Quenching Temperature on Initial Peak

Because of the relatively small size of the initial peaks shown by
single-crystal specimens, measurements were confined mainly to poly=
crystalline specimens on account of the greeter sensitivity ettainable.
However, no difference was detected in the behavior of the two types of
speclmen.
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Quenching from ebove phase boundary.- For this series of measure-
ments, a polycrystalline specimen was first solution-treated at the
highest of the three quenching temperatures used to insure that no
grain growth would occur during later re-solution treatments. The three
quenching temperatures chosen (570°, 536°, and 501° C) spenned the phase
field from Just below the solidus to just above the phase boundary. The
seme frequency was used throughout (0.396 cps), and after each quenching
the specimen was heated at the same rate to 190° C. Each heating was
interrupted at 100° ¢ for the minimum time required to meske an internsl-
friction measurement. The initial peaks measured on first cooling are
shown in figure 22, from which it was concluded that the quenching tem-
perature has no observable effect on the initial peak as determined by
the procedure used. The measurements made on first hesting to 100° ¢
gave the amount of the initilal instebility at 100° ¢ (defined as in sec-
tion entitled "Sequence of Internmal-Friction Changes During Aging"). The
following values were obtained: 0.00125, 0.00115, and 0.00073, for
quenching temperatures of 570°, 536°, and 501° C, respectively. It
appears that the lower the quenching temperature, the smaller the amount
of initial instability.

Quenching from below phase boundary.- The polyecrystalline specimen
used for this series of measurements was alweys solution-treated at the
standard temperature of 525° C. It is not the specimen mentioned in the
preceding section. After a solution treatment the specimen was lowered
to a deslred temperature below the phase boundary and left there for a
period considered long enough to establish the equilibrium proportion
of ©(CuAlp) (see table III). The specimen was then quenched and the
inltial peak measured on first cooling in'the usual menner. This pro-
cedure was repeated for each of four different temperatures below the
Phase boundary, and, in addition, the initial peak on quenching directly
from 525° C was determined. The results glven graphically in Tigure 23
are sumarized below:

(2) The initial peek remains at the same temperature but decreases
progressively in strength as the quenching temperature is lowered.

(b) The high-temperature background rises progressively as the
quenching temperature is lowered and is particularly prominent after
quenching from 427° C. After this treatment, the combined effect of
the decrease 1n the peak and the rise in the background is sufficient
to obscure the peak, which is detectable only as an inflection in the
curve.

(c) The second peak is not evident in these results.

(d) A correlation exists between the height of the initial peak
and the amount of copper remaining in solution. In table IIT the peak
helghts are tabulated together with the amount of copper remaining in
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solution as calculated from the solubility data given in the "Metals
Handbook" (ref. 51). The peak height may be seen to vary more rapidly
than the first power of the copper concentration and, as shown in fig-
ure 24, a square law fits the behavior within experimental error. The
empirical stetement of this law is

B, = 0.00167c2 (9)

where Sp is the pesk height end c¢ 1is the atomic percentage of copper

in solution. This relationshlp has been used seversl times previously
in this report to calculate the free-copper concentration remaining
after various aging treatments.

Measurements in Flexure

Initial peak.- A consideration of the previous results suggested the
particular desirability of determining in flexural vibration the initial
peak of a single crystal oriented with (100) parallel to the specimen
axis. The flexure pendulum specially developed for this purpose has
been described previously. The requirement of twin specimens was no
disadvantage in the present case as three single crystals of virtuslly
the desired orientation had been grown (specimens 2, 4, and 5, table I}.
Of these, specimens 4 and 5 were chosen for the present investigation.
The specimens were solution-treated and quenched together from the
standard temperature of 525° C and tested on cooling by the same pro-
cedure as that used for torsional vibration. The results shown by
curve A in figure 25 may be compared directly with the individual tests
in torsion (fig. 6), of which curve B is typical. The initisl pesk
heights of these specimens in torsion end flexure are given in table II.
The peak in flexure is 13 times larger than the mean peak height in tor-
sion and 1s the largest of eny found in this work.

Measurements in flexure were also made of the lnitial peak in =&
pair of polycrystalline specimens. The approximate identity of these
specimens was indicated by the separate determination of the initial
peek in torsion for each specimen. The results (table II) for the two
specimens in torsion differed by T percent, the average peak height
being 0.00448. On the other hand, the peak height in flexure is 0.0065.
Polycrystelline specimens therefore do not exhibilt the spectaculsr dif-

ference found for (100) oriented single crystals.

Second peak.- In torsion, the fully formed second pesks in single-
crystal specimens 2 and 3 and in a polycrystalline wire are believed to
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be roughly equal (fig. 18). Measurements were now made in flexure using
specimens 4 snd 5 after an aging treatment of 22.5 hours at 250 C, a
treatment resulting virtually in complete growth of the second pesk

(ef. fig. 19). The results of the measurements in flexure are shown in
figure 26 together with those from specimen 2 tested in torsion after a
similar aging treatment. Using as before the height of the knee in the
curve as a gage of the height of the second peak, 1t is possible to con-
clude that the height of the second peak is about 50 percent larger in
flexure than in torsion.

Internal Friction at High Temperatures

Above 300° C, the solubility of copper in aluminum starts to increase
at a significant rate. For example, st 300°, 350°, and 400° ¢ the solu-
bility is, respectively, 0.45, 0.85, and 1.5 weight percent copper. If
appreciable re-solutlon of precipitates occurs during an internal—friction
run on heating above 300° C, the apparent internal-friction behavior
observed will be modified by the changing solubility.  To investigate
this, specimen 5 (a single crystal) was solution-treated, quenched, and
aged for 35.5 hours at 300 C. After this treatment runs were made on
cooling from and heating back to 300° C. The behavior observed is shown
by the portion of curve A, figure 27, below 300° C. Above 200° C the
high-temperature background contribution was predominant (cf. fig 15).
Upon reaching 500 C the run on reheating was continued to 505° C, a
temperature just above the phase boundary, with the results shown in
the remainder of curve A. The curve continued to increase up to about
370° C, whereupor the curve passed through a maximum before continuing
8 rise to higher temperatures. In the region of the meximum, successive
measurements at a constant temperature showed the internal friction to
be falling with time, and the points shown are mean values obtained by
ignoring the time dependence of successive measurements. The maximum in
the curve is not interpreted therefore as a peak of anelastic origin but
rather as a manifestation of the decreasing background contribution
resulting from repid re-solution of precipltates on reaching temperatures
around that of the meximum. This conclusion is supported by the results
shown in curve B, figure 27, which were obtained on cooling after the
specimen had been held at 505° C for 1.5 hours to insure complete
re-solution of any remaining precipitates. In contrast with curve A, this
curve falls rapidly and with no sign of -a meximum at 380° C. The inter-
nal friction below 4OO° C is much lower than that observed on heating
and 1s so low below 300 C that it eppears doubtful that any appreciable
preclpitation could have occurred on cooling, a conclusion supported by
the detection of the initial peak (this is not apparent in curve B because
of the scale of the figure).

Above 430° C the results on cooling are higher than those on hesating.
This 1is a reflection of the rise in internal friction from 0.140 to 0.221
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during the solution treatment at 505° C. Sully and Brook (ref. 52) have
reported increases in the high-temperature intermal frietion of pure
aluminum resulting from creep. A similar explanation is offered in the
present caese because after the completion of measurements the specimen
was found to have elongated by 2 percent.

INTERFPRETATION AND DISCUSSION OF RESULTS

Initial Peak

A summary of the results to be explained by & theory of the initisl
peak is given below.

On first cooling:

(&) A wide variation exists in the height of the initial pesk
exhibited by different specimens tested in torsional vibration.

(b) The initial peak height of {100) oriented single crystals is
muich greater in flexure than in torsion.

(c) The initial peak height is insensitive to the quenching tempera-
ture above the phase boundary.

(&) The height of the initisl peek varies as the square of the cop-
per concentration in the matrix.

(e) The activation energy of the pesk is 28 * 1.5 keal/mole, the
log T, value is -1%.6 £ 1, and the excess half-peak width is 15 to
30 percent.

On aging:

(£) The initial peak decreases in height but retains the same peak
temperature and activation energy. Thus the value of T. must also
remain constant.

(o}

(g) Apart from the initial instability effect, the decrease in the
peak height is the first indication of a structural change in the alloy
on aging at temperatures below 200° C. At 230° C the decresse in the
peek is accompenied by other changes in the internal friection.

(h) The decline in the height of the peak ceused by aging st low
teggeratures can be restored almost completely by a short snneal at
200° C.



%8 NACA TN L4225

Consideration mey be given first to K€'s opinion that the peak was
due to grain-boundary slip. This idea is clearly Iincorrect, since the
peak is present in single crystals. Inspection of the resulits suggested
rether that the pesk originates from the presence of copper atoms in
solid solution; this suggestlion is consistent with the facts that the
peak has not been detected in pure aluminum and thet 1t decreases in
Al alloy containing 4 weight percent Cu whenever specimens are treated
in a menner that reduces the free-copper concentration in the matbrix.
The observed restoration of the initial peak by a treatment kmown to
restore the free-copper concentration is striking evidence for the cor-
rectness of a theory relating the existence of the peak to the presence
of copper freely dispersed in solid solution. From a closer inspection
of the results it is possible to be more specific; all the available
evidence points to the Zener relexastion as the origin of the initial
peak. Thls conclusion is reached in view of the following considerations:

(a) The megnitude of the activation energy of the initial peak sug-
gests that relaxation occurs by atom movements in the bulk of the matrix.
It is close to the measured and calculated values of the diffusion acti-
vation energy of copper in aluminum (28 to 33 kcal/mole) and is higher
than might reasonably be expected for atom migration in dislocated
regions. Because of the very small copper content (1.7 atomic percent)
of the present alloy, the movement of copper atoms in the matrix should
be the factor controlling the rate of the relaxation (ref. T7), and a
comparison of the activation energy reported here with thaet for the 4if-
fusion of radicactive copper in the alloy would be significant. Unfor-
tunately such diffusion data do not exist.

(b) The value of To 1s of the correct magnitude for a Zener relax-
ation. The significance of this value of T, i1s the Inference that the

relaxation is caused by a rearrangement which does not require atoms to
Jump more than a few atomlc distances.

(c) The width of the peak at half meximum relstive to that calcu-
lated from equations (1) and (2) is called the "relative peak width."
If the relexation process is 1denticael everywhere, the relative peak
width 1s equael to unibty. Local variations in structure or in composi-
tlon will result in a distribution of activation energles and therefore
in a spectrum of relaxation times, which 1s manifest as a broadening of
the peak. Usually the observed width is taken from the low-tempereture
side of the peak only to minimize the complication of apparent peak
broadening due to the presence -of a high-temperature background. Some
of the values so obtained for various initial peaks in Al alloy containing
4 weight percent Cu on first cooling are given as follows:
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Specimen and mode of vibration Relative peak width

Polycrystalline wires in torsion 1.3
{100» oriented single-crystal

specimens 4t and 5 in flexure 1.3
Specimen 1 in torsion 1.15

These values are typical of other solid solutions which display the
Zener relaxsetion.

(d) The square-law dependence of the initiasl peak height on the con-
centration of copper in the metrix is the same as that found for the con-
centration dependence of the Zener peak in copper-zinc and in silver-zinc
alloys. For small concentrations of solute a square law is predicted
both from the theories of Zener (ref. 5) and of LeClaire and Lomer
(ref. 4). In terms of Zener's "pair reorientation” theory the square
law has & simple interpretation, namely, that the helght of the peak is
proportional to the number of pairs of solute atoms which in turn is
proportional to the square of the solute concentration.

(e) A simple explanstion of the initial instability in solution-
treated and quenched Al alloy containing I weight percent of Cu can be
advanced by identifying the initial pesk with the Zener relaxation. It
is well known thet quenching from the solution-treatment temperature
will trep an excess of lattice defects with the result that the relaxa-
tion time is greatly decreased (refs. 10 and 12). The initial peak,
observed in a hypothetical experiment where the quenched condition is
preserved, would therefore occur at a much lower temperature. According
to this explanation the initial instability is due to & migration of the
initial peak to higher temperatures during heating, because of the decay of
lattice defects. This interpretation is supported by three observations:
(1) The megnitude of the initial instabllity decreases with the quenching
temperature even though the initial peak height on first cooling is the
same {see section entitled "Quenching from sbove phase boundery"). This
is explained by the decrease in the equilibrium number of defects present
as the solution-tresitment temperature is lowered. (2) The magnitude of
the initial instability for difference specimens is roughly proportional
to the height of the initial peak (see section entitled "Tnitial insta-
bility"), as would be expected if the initial instability is caused by
the migration of this peak. (3) A close similarity exists between the
form of figure 7 and analogous measurements obtained from quenched
Ag alloy contalning 33 atomic percent of Zn (ref. 12), which is an alloy
ghowing & typical Zener pesk. The welght of the evidence presented above,
together with the absence of any conflicting results, leads to the con-
clusion that the initial pesk is due to a Zener relaxation. A check on
this conclusion would be possible if it were practicable by the use of
higher frequency meesurements to verify the existence of the peak in the
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solid-solution range between the solidus snd the phase boundary. Unfor-

tunately, the vibration frequency required is so high (106 cps) that the
experiment is not possible with existing techniques.

The height of a Zener peak 1s known to be affected by the degree of
order present in the alloy (refs. 16 and 53). However, the observed
insensitivity of the initial peek to the quenching temperature above the
phase boundsry does not permit any conclusions to be drawn regarding the
existence of short-range order above the phase boundary. Even if short-
range order does exist and is markedly temperature dependent, 1t may not
be possible to retain the condition on quenching.

It is of interest to compare the relaxation strength of the initial
peak in polycrystalline Al alloy containing 4 weight percent of Cu (i.e.,
Al slloy containing 1.7 atomlic percent of Cu) with that for the Zener
relexation in silver-zinc and copper-zinc alloys. Experimental data for
the last two alloys exist only at higher solute concentrations, but cor-
rection may be made to 1.7 atomic percent solute with the aid of the
square-law relationship. The results obtained show that the relsxation
strength in aluminum-copper alloy is, respectively, 5 and 30 times larger
than that calculated for the silver-zinc and copper-zinc alloys.

Attention will be given now to the striking varistion in the heights
of the initisl peaks in various specimens, as measured on first cooling
from ebout 200° C. As pointed out previously, the initial pesk measured
by this procedure refers to a condition in which at least 95 percent of
the total available copper is freely dispersed in solid solution. The

widely differing peak heights obtained in torsion and flexure for (iOO)

oriented single crystals shows that the relexation strength is strongly
anisotropic. The formael theory of anisotropic anelasticity (i.e., one
which requires no knowledge of the relaxation mechanism) has been given
for cubilc crystals (the following considerstions are restricted to crys-
tals of cubic symmetry) by Zener (refs. 1 and 5). The genersl anelastic
regsponse of a crystal mey be expressed by three relsxation strengths AC,
N', and AK, defined below. The absolute and relative magnitudes of
these constants sre of course related to the partlicular mechanism of
relexation; theilr determination therefore provides an important clue in
a theoretical interpretation of the relaxation in terms of an atomistic
model. An outline of the formal theory of anisotroplc anelesticity 1s
glven below. This is followed by an analysis of the present experimental
results.

The deformation of an elastically enisotropic crystel under pure
shear stresses may be described in terms of two shear moduli C and (!,
defined by the equations
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C = 1fsy, (10)
¢! = £ (11)
2811 - S12)

The quantities $Sy7, 5j0, and Sy are the elastic constants which
appesr for a cubic crystal in the generalized definition of Hooke's law
(ref. 1). The modulus C represents the elestic resistence of the crys-
$al to the shearing of (100) planes across one snother in the [010] direc-
tion, and C', that for shearing of (110) planes in a [1'10] direction.

Further, if a stress system with a hydrostatic component is imposed,
the bulk modulus K must be inbroduced also, as follows:

K = 1 (12)

3 (Sll + 2812)

If the crystal behaves anelastically the values of C, C', and X
depend on the conditions of measurement. Measurements made under condi-
tions where relexation does not occur will yield the unrelaxed moduli Cy,
Cy', end Ky. Similarly, meassurements mede under conditions of complete
relaxstion give the relaxed moduli CRr, CgR', and Kp. The general ane-

lastic response of the crystal is accordingly determined by the three
relaxation strengths

x = (o - cR)/cR (13)
w' = (og' - cR')/cR' (14)
rx = (kg - KR)/KR (15)

The shear modulus G of a single-crystal wire determined, for example,
from the frequency of vibration in the torsion pendulum is given (for
either the relaxed or unrelaxed condition) by
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Lol o2 1
=3 + (?T C)¢ (16)
The orientation function ¢ is defined as

¢ = cos?a cos®p + cos®p cos2y + cos®y cosZu

where a, B, and 7 are the angles between the specimen axis and the
three crystaliographic axes (i.e., the cube edges). The relaxation
strength 4G found by internal-friction messurements 1n the torsion

pendulum is then!

NG =

%C;+ o - 5 (1)
¢

1 1
+ 2(-7 - 5)¢
where C and C' may be either the relaxed or unrelaxed quantities
(since the relsxstion strengths are assumed small).
The tensile modulus E of a single-crystael wire determined, for

exemple, from the frequency of vibration in the flexure pendulum is
given by

N

énd the relaxation strength AE determined from internal-friction meas-
urements in the flexure pendulum is

MK A0 tAC
Fr - -

1 i (1 -1
%+ 57 - (B - 1)

TFrom equation (2), the relaxation strength AG is 2/x times
the logerithmic decrement at the peak in torsion, while AE 1s the
gsame for the peak messured in flexure.
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From equations (17) and (19) it is apperent that the relaxation
strength observed in both torsion and flexure will be orientatlon
dependent, unless both AC and AC' are zero (1.e., unless relaxation
occurs under hydrostatic pressure only). Further, elastic isotropy
(C = ¢') does not imply anelastic isotropy but instead reduces equa-
tions (17) and (19) to simpler forms, where the relaxation strength is
8 linear function of @.

The important case ¢ = 0 is obtained when the specimen axis is
parallel to a <100> direction. Equations (17) and (19) then reduce to

AG<10d> = AC (20)
and
AC'<? + %é,%%T)
AE(lOO> = vk (21)

Equation (21) can be written in the much simpler form

when C'/5K << 1, provided the assumption is made that AK 1s not much
greater than AC'. No proof of this assumption is possible without
appropriate experimental deta or knowledge of the correct model of the
relexation.

The elastic constents of Al alloy conteining L4 weight percent of Cu
have apparently not been measured. The data availsble for pure aluminum
(ref. 54) and Al alloy contaeining 5 weight percent of Cu (ref. 55) are
given in table IV, together with the calculated moduli. Differences
between the two materials are quite small, so the values given for
Al alloy containing 5 welght percent of Cu have been used for the present
Y-percent alloy. The ratio C/C' shows the alloy to be more lsotropice
elastically than pure aluminum. For Al alloy conteining 5 welght percent
of Cu the value of C'/BK is 1/57, which may be small enough compared
with unity to justify neglecting the bulk-relaxstion contribution to
flexure for this alloy. Using these modulil, and the experimental results
for single-crystal specimens L and 5 in torsion and flexure (table II),
the values of AC and AC' were calculated from equations (17) and (19)
with the assumption of e negligible contribution from the bulk relaxetion.
The results are:
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AC = 0.0003k
AC' = 0.0058

Using these wvalues, and the fact that the alloy is slmost isotropic
elestically, it 1s noted that AG in torsion increases almost linearly
with ¢ from AG<100> = 0.00034 +to AG(ill) = 0.00k2. In flexure AE

decreases almost linearly with ¢ from AEQ 00y = 0.0058 to
AE<;11> = 0.0003%. ’

A rough check on these results is possible using the observed peak
height in torsion of specimen 1, a nearly single crystal whose orienta-
tion function @ wes estimsted to be 0.18 t 0.02. The calculated peak
height in torsion for this range of ¢ is 0.0035 to 0.0042 (expressed
as the logarithmie decrement), and the observed peak height of 0.00356
(table II) is consistent with this calculation.

A <lll) oriented single crystal is expected to show the largest pesk

in torsion; the logarithmlec decrement at the meximum is calculsted to be
0.0066. This may be compared with the range 0.0043 to 0.0056 shown by
polycrystalline specimens. The existence of a range of peesk heights for
polycrystalline specimens is to be expected as a result of differences
in the distributions of grain sizes and orientations between different
specimens. A quantitative comparison of the results for polycrystalline
specimens in torsion with those of specimens in flexure is not possible
because (a) the different stress systems In torslion and flexure affect
the internsl-friction contributions from individual grains and (b) the
grains meinly responsible for the intermsl friction in torsion are not
those maihly responsible for the internal friction in flexure.

The calculated ratios of AG(111)/MG¢10q) =nd AE(lOO)/AE<11]) are

12.4 and 17.3, respectively. These ratios are much larger than expected
from the theory of LeClaire and Lomer (ref. 4) which predicts much more
nearly isotropic anelastic behsvior for face-centered cubic alloys. For
example, the theoretically derived ratio for silver-zinc alloy in torsion
is 1.7. The discrepancy suggests either that LeClaire and Iomer's theo-
retical description of the Zener relaxation is not completely correct or
that the initial pesk in Al alloy containing L4 weight percent Cu does

not arise from a Zener relaxation. However, the current investigations
made at Yale University by D. P.. Seraphim (unpublished) have revesled
that the relaxation strength of the Zener relasxation in silver-zine alloys
is also orientation dependent with AC' >> AC +to a far larger extent
than 1s predicted from the theory. This result strongly supports the
supposition that the initial peak in Al alloy containing 4 percent Cu is
& Zener relaxation. The results from both alloys therefore show the need
for & reappralsal of LeClaire and Lomer's theory.
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Second. Peak and High-Temperature Background

A comparison of present results with dilatometric (ref. 45) and
X-ray measurements (ref. 4&) shows that the appearance and growth of
the second pesk parallels the precipitation of the phase 6'. Good
correlation between the different types of data is obtained by assuming
that the height of the second pesk is proportlonal to the amount of 6'
precipitated. Using the internal friction at 120° ¢ as a relative meas-
ure of the height of the second peak (see section entitled "Aging at
203° ¢") and the assumption of proportionality mentioned above, the
kinetics of precipitation of 6' at 203° and 230° C are obtained from
figures 13 and 19 using the reletionship

5 - Os

(23)
Bf - SS

Percent of 6' = 100

vwhere &; 1s the decrement at 120° C after an aging time +t, and &g
and &p are, respectively, the decrement at 120° C before the appear-

ance of the second peak and after complete growth. The results for 203° C
are plotted in figure 28 together with the results of Iankes and Wassermamnn
(ref. 45) and of Guinier (ref. bh) for 200° C. The results for aging at
230° C are shown in figure 29, together with the variation inferred from
the dilation curve at 230° C. The agreement between the results is satis-
factory considering that the kinetics of precipitation are affected by

the type of specimen used and the method of quenching (ref. L4l). If equa-
tion (23) is assumed to hold exactly, the value of the growth exponent m
obtained by analysis of the present data in terms of equation (3) differs
somewhat from the value obtained by other techniques. The dilatometric
and X-ray results at 200° C yield m = 1.7, while the internsl-friction
results give m = 1.5. The dilatometric measurements at 230° C again
yield m = 1.7, but the noticeably lower value of m = 1.3 1is obtained
from the internal-friction results. As 8' is knowun to precipitate in
the form of platelets, the discrepancy between all of these values of mn
and the value of 2.5 predicted from Zener's theory (ref. 18) indicates
that the assumptions of Zener's -analysis are not valid in the present
case, as first pointed out by Guinier (ref. 4k).

The fall in the second peak on aging at 300o to 3300 C after prior
full development at 203 C is to be assoclated with the transforma-
tion ©'-—6. The rate of this transformation as indicated by figure 14
is consistent with the observations of Calvet, Jacquet, and Guinier
(ref. 37). As there is no sign of the second peak in specimens con-
teining only the 6 phasé (see, e.g., fig. 23), the second pesk is
apparently related specifically to the 6' phase.
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The present work has produced the following information concerning
the second pesk:

(a) The peek is produced specifically by precipitetion of the
phase ©'. The kinetics of growth of the peak indicate that the height
of the peak is roughly proportionsl to the amount of 6' precipitated.

(b) The relexation strength of the fully formed peak appears to be
roughly isotropic for measurements in torsion (see fig. 18). If this
conclusion is correct, a larger peask in flexure (fig. 26) can arise
only from a substantial bulk relaxation. For a material showing both
an isotropic shear relaxation of strength AG and a bulk relaxation
of strength AK, the relaxation strength in flexure AE is calculated
from equations (17) and (19) as

_2 (1 - 20)
AE—3(1+0’)AG+——3

&K (2k)

where ¢ 1s Polsson's ratio. TFor o 2 1/3, equation (24) reduces to

AR

[

Vel [e o]

06 + = X (25)

el i o

The value of AG for the fully formed peak is estimated to be 0.0025,
and the value of ABE, to be 0.0037. Substitution into equation (25)
gives the result AK %~ 0.013. Thus, the Second peak may have a substan-
tial bulk-relexation strength.

(¢) The value log T, = ~12.5 % 0.8 is calculated from the activa-

tion energy and the estimated peak temperature of the fully formed pesk.
If the slight shift of pesk temperature upon aging (fig. 11) is sttributed
wholly to changes in T4, the values obtained are log To = -12.7 and
-12.0 for the newly formed and overaged peaks (curves A and C, fig. 11),
respectively. The relative accuracy of these figures is good enough to
infer an increase of half an order of magnitude in T, as aging pro-
gresses. If it is assumed instead that T, remains constant throughout,
the increase in peak temperature implies an increase of 5 percent in the
-activation energy. In any case, the quoted values of T, are larger

by two orders of magnitude then the value expected for a relaxation which
is completed by very few atomic Jumps, for example, the Zener relaxation.
It therefore seems that about 100 atom jumps are required to complete the
relexation involved in the second peeak.
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(&) The activation energy of the peak (21.9 t 1.0 kcal/mole) is con-
slderably lower than that for normal lattice diffusion. Such a value
could however be associated with atom movements in dislocated regions,
for example, sround the interface of a 6' particle.

(e) One of the most striking features of the second peak is its
relative pesk width, which is about three times that for a single relax-
ation time. The pesk therefore involves a spectrum of relsxation times.
Such a spectrum may, in general, be attributed to a distribution of
values for both To &and H. The meaning of the exlstence of a range

of To values is that the number of atomic jumps required to complete
the relaxation is not the same throughout the specimen.

In connection with (d) above, the grain-boundary peak in metals pro-
vides another example of a broad internsl-friction peak. In this case
To 18 proportional to the linear grain dimension, and a spectrum of To

velues arises because the grains are not all of the same size. The grain-
boundary relaxation is explained by aseribing to the boundaries the mechan-
lcal properties of a viscous leyer. A similar interpretation of the second
peak, namely, that it arises from viscous slip across 8' interfaces,
appears uniikely. In terms of such an interpretation, it would be diffi-
cult to explain why the peak decreases and eventually disappears as the
boundary becomes more incoherent because of the 6' - 8 +transformation.
Furthermore, at least in the later stages of 6' development, the

8' platelet forms an intersecting network throughout the matrix, as

shown by the micrographs of Calvet, Jacquet, and Guinier (ref. 37). Under
these circumstances it would seem likely that coupled relexations would
oceur (ref. 2). The concept of coupled relaxations was previously used

to explain the monotonically increesing internal friction as a function

of temperature for en aluminum-zinc alloy (ref. 23) during precipitation.
It is therefore apparent that viscous slip across the new interfaces pro-
duced by precipitatlion provides a more likely explanation for the high-
temperature background thsn for the second peak. On this basis, the rise
in the high-temperature background would be expected to follow the course
of the ©' precipitation. That this prediction is correct is indicated
in figures 13 and 19 by the parallel growth of the second peak and back-
ground and by the direct comparison of the isothermsl internal-friction
and dilatometric curves at both 185° and 200° C (figs. 20 and 21). The
rise in the high-temperature background during the 6'- 6 transformetion
is interpreted readily in terms of the greater smount of slip possible

as progressively more of the boundary area becomes incoherent. The rise
in the high-tempersture background caused by the direct precipitation of
the 6 phase is shown in figure 23. Finally, the activation energy of
the high-temperature background (33 kcal/mole) is not inconsistent with
that for grain-boundary relaxation in pure aluminum (32 to 34.5 kcal/mole).
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In searching for an explenation of the second peak, speculation was
directed toward possible ways in which a stress-induced atomlc rearrasnge-
nment might occur involving the presence of & precipltated phase. This
problem haes been examined previocusly by Damask and Nowick (ref. 24) whose
views form an essential part of the following discussion. During pre-
cipitetion the lowering of the total free energy by chemical decomposi-
tion is opposed by both surface and strain energy terms. Although final
thermodynamic equilibrium is not reached until precipitation of the
stable phase is complete, it seems reasonable to apply the usual thermo-
dynamic criterion for the occurrence of anelasticity to a state which is
metastable during the period of anelastic measurements. It follows from
this criterion that any precipitation causing internal strains will give
rise to anelastic relaxatlon effects, since an aspplled stress willl then
change the state of precipitation. Consider for exsmple the case where
precipitation causes a bulk expansion. Applicetion of hydrostatic pres-
sure will cause a limlted re-solution of precipitate and hence an anelas-
tic change in volume following the instantaneous volume change. If
shearing strains are associated with precipitation, appliceation of a
pure shear stress will also cause a relexatlon. Since pure shear cannot
produce & change in volume, the accompanyling relaxation will not be asso-
clated with a change in the quantity of precipitate but with a redistri-
bution of the precipitate (i.e., with & change in the shape of the pre-
cipitate particles). These general congiderations apply whether the
precipitate is coherent or not. In order to explain the absence of a

detectable peak when 6 phase is the only precipitate present in Al alloy = ~

containing 4 weight percent of Cu, it is necessary to suppose that
coherency strains play a major role in determining the magnitude of the
relaxation. The mechanism of relexation by a stress-induced change in
the shape of precipitate particles mey be used quaelitatively to explain
the large T, velue of the second peak in terms of the large number of
atomic Jumps required to change the shape of a precipitate particle.
Further, the number of Jumps required to complete the relaxastion would
be expected to increase as the particles grow in size, which is consist-
ent with the analysis that suggested an increase in T, with aging.
The activation energy for, the relexation would be that for stom Jumps
across the interface of the precipitate particles, which msy reasonably
be expected to be considerably lower than that for normal latiice
diffusion.

In conclusion, mention will be made of the 2-percent modulus increase
which was found to accompany the precipitation of the phase 8'. These
results are in good accord with the more accurate high-frequency measure-
ments of Tenska, Abe, and Hirano (ref. 56). The modulus will be increased
somewhat by the rejectlon of copper from solid solution, but the pre-
dominent effect may well be a stiffening of the matrix by a more rigid
precipitete, as discussed by Dudzinski (ref. 57).
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CONCLUDING REMARKS

A study has been made, by means of low-frequency intermal-friction
measurements in both torsional end flexural vibration, of aluminum alloy
containing 4 weight percent of copper during aging. The results of this
study are as follows:

An internel-friction peak showing sll the characteristics of a Zener
relaxation exists in solution-treated and quenched speclmens of Al alloy
containing 4 weight percent of Cu. The height of the pesk is strongly
dependent on the directlons of the crystaliographic axes with respect to
the specimen axis. The basic quantities necessary for a description of
the anisotropic behavior of the peak have been celculated from experi-
mental data.

On aging, the peak height decreases as the square of the copper con-
centration that remsins freely dispersed in solid solution, while the two
paremeters of the Zener relexation, namely, T, and the actlvation

energy H, remain constant. No new anelastic effects attributable to
the presence of G.P. [l] or G.P. [2] zones are detected, but the Zener
peak is sgensitive to the reversion of G.P. [l] zones.

The growth of & second broader peak and & rise in the background
internsl friction are associated with the precipitation of the phase 6°'.
The height of the second peek is at least roughly proportional to the
smount of 6' precipitated. The kinetics of growth of this peak and of
the high-temperature background are very similar during precipitation
of 6', but the different origins of these two effects are reflected by
the difference in their activation energies. The peak is associated
specifically with the presence of the ©' phase, whereas the background
is not. TFor example, the second pesk is reduced by the transformetion
6'-> 0, and is not found in specimens containing only the © phase. The
high-temperature background, on the other hand, is further increased by
the 6' to © +transformstion. A possible mechanism for the second
peak 1n torsion is the stress-induced change in shape of the cocherent
precipitate particles. The changes in the high-temperature-background
internal frictlion are discussed in terms of the possibility of coupled
relaxations arising from viscous slip scross the new interfaces produced
by precipitation.

The height of the initial pesk 1ls very sensitive to the free-copper
concentration (a square-law variation) and is therefore particularly
gsuited to a study of the decrease of the supersaturation of the matrix
during the early stages of aging. This is the only property known to
depend in & unique manner on the supersaturation of copper in the matrix.
The method 1s only applicable, however, for temperatures sbove about 130° C.
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Evidence has been obtained for the presence of quenched-in lattice
defects (possibly single vacancies) which greatly decrease the mean
atomic jump time. The defects decay out repidly on heating the quenched
specimen; specifically, the equilibrium concentration is obtained in less
then 5 minutes at 200° C.

Compared with other fundamental techniques (e.g., resistivity, dila-
tometry, peramsgnetic susceptibility measurements, etec.) the internal-
friction method 1s extremely sensitive to the aging process. Tor example,
& change in the initial peak height by a factor of 4 on aging at 150° ¢
may be compered with a contraction in length of 0.005 percent. The growth
of the second pesk associated with the precipitation of 6' causes the
internal friction at 120° C to increase by & factor of 10; the associated
increase in length is 0.15 percent.

The successful interpretation of the internal-friction behavior
during aging has been made possible only by the comparative wealth of
knowledge, particularly from X-rey analysis, which is avallable for
Al alloy containing 4 weight percent of Cu. However, continued study of
this alloy in connection with the behavior mentioned sbove may supplement
considerably existing knowledge of the early stages of sging.

Internal-~friction studies of other preciplteting systems are also
expected to be of consliderable value. For example, preliminary work on
the aluminum-rich aluminum magnesium alloys has shown the existence of
an internsl-friction pesk in the solution-treated and quenched condition,
as well as marked chenges in the internael-friction behavior on aging.

An internal~friction study of these alloys mey be particularly signifi-
cant because the similarity of the atomic scattering powers of aluminum
and megnesium decreases considerably the sensitivity of X-ray techniques.

Yale University,
New Haven, Conn., November 27, 1956.
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TABLE I

NACA TN 4225

DATA ON SPECIMENS GROWN FROM MELT

[Finished diam. of specimens, 0.040 in.; finished length
of specimens, 8 to 10 in.]

2

cos“a +
Specimen Condition dz; dzé dZé cos2g + )
cos~y
1 Nearly single -—— —— ——— | emmee ) eemeea
crystal
2 Single crystal y 86 88 1.001 0.006
3 Tricrystal -——- -——— ——— ] meema | mmemea
b Single crystal 4 86 88 1.001 .006
5 Single crystal 2 88 8 1.000 .0015
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TABLE IT
INITTAL PEAK HEIGHTS ON FIRST COOLING
Peak height,
logarithmic_ decrement
Specimen Condition o} X i05
In torsion | In flexure
1 Nearly single [0.18 & 0.02 3.56 _——
crystal
2 Single crystal .006 .98 —_—
3 Tricrystel — | ——~—cee-a 3.11 ———
- b Single crystal .006 .79 {
5 Single crystal | .0015 .56 05
) - Polycrystalline | --~------ 5.6 to 4.3 ——
A Polycrystalline | --~--=w~- k.32
B Polycrystalline | -—-~=c==w=- L. 6L {6 2

8obtained by subtraction of the room-temperature decrement
For specimens 2, 4, and 5 in torsion

from the maximum decrement.

the estimated high-temperature background contribution was also
subtracted from the maximum decrement.
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TABLE ITI

NACA TN 4225

CONDITIONS USED IN EXPERIMENTS ON QUENCHING FROM

BELOW PHASE BOUNDARY

[Eime allowed for solution treatment between runs > 12 hr]

Time Calculated| Peak height Frequency
Annealing | allowed| atomic |[(logarithmic|Temperature| .t poom
temperature, for percent decrement) of pesak, tempersature
S¢ equilib- |copper in e cps ?
rium, metrix (a)
525 > 2k 1.78 5.30 x 1072 176 0.900
188 Lo 1.60 4,28 176 911
L7 80 1.45 3.31 174 .89k
L6l 50 1.26 2.74 175 897
hot 35 .87 .7 to 1.7 -— 897

8¢iven as maximm decrement minus room-temperature decrement for all
results except the last, where a range of possible values was determined
from inspection of curve.
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TABLE IV
ELASTIC CONSTANTS AND MODULI OF PURE ALUMINUM AND ALUMINUM
ALTOY CONTAINING 5 WEIGHT PERCENT COPPER
Elastic constants
S S S
11’ 12’ VIR Source
Material N 5 5 of deta
cm /ﬁyne cm /ﬁyne cm~/dyne
Al 15.9 x 10%3 -5.8 x 1072 35.2 x 1000 Ref. 5k
Al alloy
(5 per- 15 -6.9 37 Ref. 55
cent Cu)
Calculated elastic moduli
Material C, c', K, Anisotropy
dynes/cm2 dynes/gm? dynes/ém? .ratio c/ct
Al 0.284 x J_o'l2 0.230 X 10712 0.77 X 10712 1.23
Al alloy .
(5 per- .27 .228 2.78 1.18

cent Cu)
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Figure 1.- The pressure dependence of internal friction in air (A) and helium (B) for a specimen
of Al alloy containing % weight percent of Cu tested at room tempersture in torsional vibra-
tion at 1.95 cps. :
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Figure 2.- Flexure pendulum. (A) Galvanometer lamp; (B) green filter; (C) light inlet window;
(D) vacuum cover for furnace; (E) hollow stainless-steel tube; (F) pin vises; (G) furnace;
(H) specimens; (J) loeding weight; (K) light exit window; (L) 8-inch focal-length lens;

(M) plene of imege of slit in J; (N) microscope with gradusted eyeplece; shaded areas indi-
cate flat rubber gaskets. The electromagnet used for exeiting vibrations and the measure-
ment thermocouple ere placed alongside the specimens and are omlitted from the figure for
clarity.
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NACA TN L4225
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Figure 3.- Internal-friction behavior of solution-treated and quenched

specimen 3, tested in torsion at 1.7 cps. After 50-minute aging

at room temperature the specimen was heated to 211° C in 6 minutes.
Curve A indicates initial pesk on cooling after 6 minutes at 211° ¢;
peek height, 0.00310. Curve B indicates initial peak on reheating
from room temperature to 211° C; peak height, 0.00300. Curve C indi
cates initiasl peak on cooling after a further 5 minutes at 211° C;
peak height, 0.00288. Peak heights given as the meximum decrement
minus the room-temperature decrement.
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Figure 4.- Initisl peek in polycrystalline Al alloy containing ki weight
percent of Cu determined at two frequencies by successive runs on
cooling. Curve A is initial pesk for a frequency of 0.360 cps st
the pesk temperature; the room-temperature decrement has been sub-
tracted from the experimental results. Curve B is for a frequency
of 1.95 cps at the pesk temperature. A decrement of 0.00066 was
first subtracted from the experimental results to compensate for
the larger room-temperature decrement found at this frequency. The
peak so obtalned was then normalized to curve A by increasing all
values by 4.6 percent. The result is curve B.
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Figure 5.- Initial peaks on first cooling for specimens of Al alloy
containing L4 percent Cu tested in torsion. Curve A shows speci-
men 1 vibrating at 1.71 cps; curve B shows specimen 5 vibrating st
1.41 cps. By inclusion of the range of peak heights found in poly-
crystalline specimens (without subtraction of the room-temperature
decrement) this figure serves also as & graphical illustration of
large differences found in pesk helghts on first cooling for various
types of specimens.
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Figure 6.~ Initial pesks on first cooling for similerly oriented single
crystals tested in torsion. A (lOO) direction is nearly parallel to
axis of each specimen. Curve A shows speclmen 2 vibrating at
0.80 cps; curve B shows specimen 4 vibrating at 1.64 cps; curve C
shows specimen 5 vibrating at 1.41 cps.
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Figure T7.- Initial instability in polycrystalline Al alloy containing
i percent of Cu tested in torsion st 0.90 cps. Solid curve indi-
cates initiel peask on first cooling. For each point on the dashed
curve the specimen was re-solution-treated and quenched, heated in
the course of 2 to 4 minutes to the temperature shown, and the inter-
nal friction measured immedistely.
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Figure 8.- Restoration of the initial peek in polycrystalline Al alloy
containing 4 percent of Cu, tested in torsion at 0.90 cps. Curve A
shows initial peek on first cooling; curve B shows initial peak on
heating to 200° C from room temperature after 9 %

132° C; curve C shows initial peak on cooling after a stay of 9 min-

utes at 200° C. The dashed line of curve B indicates the range in
which changes were taking place so rapidly that the internal friction
was unstable.

hours aging sat
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Figure 9.- Temperature dependence of internal friction of specimen 3
after aging at 203° C for times indicated. Measurements were made
in torsional vibration at 0.5 cps except for O.5-hour curve, which

was obtained at 1.3 cps.
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Figure 10.- A possible anslysis of contributions to internal friction
of specimen 3 after 11.1 hours aging at 203° C. Curve A shows tem-
perature dependence observed after 11.1 hours at 203° C in torsional
vibration at 0.5 cps; curve B shows estimabted reduced initial pesk
superimposed on a decrement of 0.00025 which is attributable to a
constant external-energy loss; curve C shows estimsted second peak;
curve D shows estimated high-temperature background. The analysis
is self-consistent in the sense that sum of ordinates of curves B,
C, and D at any temperature is equal to ordinate of curve A at that
tempersature. K
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Figure 1l1.- The estimated second peak in specimen 3 efter various aging treatments. Peaks sre
for torsional vibration at a frequency of 0.5 cps. Curve A indicetes pesk after 11.1 hours
at 203° C; curve B indicates peak after 144 hours at 203° C; curve C indicates pesk after
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Figure 12.- Temperature dependence of the internal friction of speci-
men 3 after ihh-hour aging at 203° C, for two frequencies of tor-
sional vibration. Curve A is for frequency 0.550 cps; curve B is
for frequency 2.04 cps.
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internal friction at 203° C; curve B indicates internal friction at 120° C; curve C indicates
relative change in shear modulus G/G,.

2L

¢goh NI VOVN




NACA TN Lk225 .

9.0x107% T u | /-
A

7.0F m -
/

DECREMENT
[ ]
®
XN
. [
"\\\
[ )
\O

i /
5.0 . y/

(&)
= J
F 3.0F .//’ 4 -
= w4
< y 4
o /
S / / .o hr ot 203 ¢
-4 2.0F d 4 / e [44hra i
/ / PR A PLUS I57hr at 29€°C
¢ a y ®m PLUS IS hrat 330 C
1.0F ./‘/_/o & PLUS 56hr at 330°C |-
-‘4‘.///
[ |
o ) ] | 1 J
20 100 iI80 260
TEMPERATURE,C

Figure 1k.- Tempersture dependence of internal friction of specimen 3
after cumilative treatments. Measurements were made in torsional
vibration at 0.5 cps.
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Figure 15.- Temperature dependence of the internal friction of speci-
men 3 after the following cumulative aging trestment: 144 hours at
203° C, plus 15.7 hours at 298° C, plus 15.1 hours at 330° C. Meas-
urements were made in torsionsl vibration at 0.5 cps.
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between log & and 1/T -above 220° C.
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Figure 17.- Temperature dependence of internal friction of specimen 2
after aging at 230° C for the times indicated. Measurements were
made in torsional vibration at 0.080 cps.
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Figure 18.- A comparison of internal-friction behavior shown by three
different specimens after sufficient aging to develop fully the sec-
ond peak. All measurements were made in torsional vibration.

Curve A shows results for specimen 2 aged for 157.6 hours at 230° C,
frequency = 0.8l cps; curve B shows results for a polycrystalline
specimen aged 110 hours at 200° C, frequency = 1.80 cps; curve C
shows results for specimen 3 asged 14l hours at 203° C, frequency =
0.55 cps. The polycrystalline specimen was tested in air at atmos-
pheric pressure, and points shown have been obtained by subtracting
0.00120 from experimental observations to allow for difference
between room-tempersture demping in air at atmospheric pressure and
helium at 10 millimeters pressure.
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Figure 20.- Chenges in polycrystalline specimens of Al alloy containing It percent Cu on aging
at 185° ¢. Curves A and B are for torsiomal vibration at 1.k cps. Curve A indicates iso-
thermsl internal friction at 185° C. Polnts shown are experimentel observations after
subtraction of rcom-temperatiure decrement prior to aging; curve B indicates relative change
in shear modulus G/Gy; curve C indicates relative expeansion at 185° C, tsken from the

results of Lankes and Wassermemn (ref. 45).
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Figure 21.- Changes In polycrystalline specimens of Al alloy containing 4 percent of Cu on aging
at 200° C. Curve A indicates imternal friction st 200° C from the results given by K&
(ref. 31); frequency of measurement was not given but is estimated to be 1 % 0.5 cps; room-
temperature decrement (also unknown) is estimated to be 0.0015 * 0.0005; curve B indicates
the relative expsnsion at 200° €, taken from the results of Lankes and Wessermann (ref. 45).
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Figure 22.- Initial peak of polycrystalline Al alloy containing & per-
cent Cu on first cooling from 190° C after quenching from solution-
treatment temperetures indicasted. Measurements were made in tor-
sional vibration at 0.396 cps.
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Figure 23.- Initial peaks on first cooling shown by a polycrystalline
specimen of Al alloy containing 4 percent of Cu after quenching from
525° C and from four temperatures below the phase boundery following
an anneal to establish equilibrium. Measurements were made in tor-
sion at 0.90 cps.
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Figure 24.- Initisl peak heights of figure 23 plotted against the square
of gtomic percentage of copper remaining in solution.
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Figure 25.- Initial peak on first cooling for single crystals of Al
alloy containing 4 percent Cu oriented with <100> nearly parallel
to the specimen axis. Curve A shows results for specimens 4 and 5
tested together in flexure at 2.8 cps; curve B shows results for
gspecimen 5 tested in torsion at 1.4 cps.  All points shown in curve A
have been reduced by 0.001% to correct for higher background In flex-
ure apparatus.
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Figure 26.- Internsl-friction behavior of nearly <10Q> oriented single
crystals of Al alloy containing L4 percent Cu after sufficient aging at
230° ¢ to develop fully the second pesk. Curve A shows results for
specimen 2 tested in torsional vibration at 0.8l cps after 20.7 hours
aging st 230° C; curve B shows results for specimens 4 and 5 tested
toggther in flexural vibratlion at 3.0 cps after 22.5 hours aging at
230° C.
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Figure 27.- Internal-friction beha.vior of single—crystal specimen 5 st
high temperatures, after aging for '35.5 hours &t 300 C. Measure-
ments were made in torsional vibration at l.4t cps. Curve A shows
results when specimen 1s hested to 505° C; curve B shows results when
specimen 1s cooled from 505° C after a stay of 1.5 hours.
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Filgure 28.- Percentage of 6' phase as a function of sging time. Curve A shows results from
internal-friction measurements, for an aging temperature of 2030 C; curve B shows results
from the dilatometric measurements of Lenkes and Wassermann {ref. k%), for an aging tempera-
ture of 200° C; curve C shows results from the quantitative X-ray measurements of Guinier
(ref. k), for an eging temperature of 200° C.
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Figure 29.- Percentage of ©' phase as a function of aging time at 230° C. Curve A shows
results from internal-friction measurements; curve B shows results from the dilstometric
measurements of Lenkes apd Wassermasnn {ref. 45).
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