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EFFECT OF AGING ON MECHANICAL PROPERTIES OF
ALUMINUM-ALLOY RIVETS

By FPrederick €. Roop '
STUXMARY

: Curves and tabular data present the results of
strength tests made during and after 2%/, years of aging

~on rivets and rivet wire of 3/l6-inch nominal diameter.
The specimens were of gluminum alloy: 24S, 17S, and ALl7S
of the duralumin type and 5335 - of the magnesium-silicide

t¥ype.

For each of the four alloys tested, the ratio of

.~ Bhearing strength to tensile strength of the undeformed
,wire: remained constant independent. of aging time at room
temperature. The aglng times a} room tempsrature for un-
deformei wire to reach practically its final value of
) jrength were: 24S, 7 hours; 17S, 3 days; Al78S, 8 months;
535 - more than 23/ 5 years. The aging times at room tem-
perature for rivets driven before aging to reach practi-
cally their final strengths were: 245, 3 months; 175,
1 /a‘years. Al?S and 535S, more than 21/2 years. For a
given. total aging time after quenching, rivets driven
after aging were always stronger_than those driven before.
The final values of driving stress for Al7S5 -and 5385 riv-
ets were reached .after about 6 months and 1 /3 ¥ears, re-
spectively. The final driving stress for Al7S-T rivets
was slightly higher than that required for 17S rivets im-
mediately after .guenching. The high driving stress re-
quired for a standard cone-point head on a 248 rivet
driven. immediately after quenching resulted.in frequent
crack formation. Precipitation heat treatment of alloy
535S had to be - -carried out immediately after quenching %o
obtain the highest posslble strength values. The strength
of a 535-T rivet after precipitation heat treatment was
ahout the same as that of a 1l7S-rivet ilmmediately after
quenching or of a freshly driven Al?S rivet driven after
1 day of. aging. . x\k*_l_ ; -
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INTRODUCTION

In aluminum alloys, mechanical properties suitable
for aireraft structural -purposes are produced by heat
treatment consisting in {(a) heating to & definite temper-~
ature and then quenching (solution heat treatment) and
(b) aging (reference 1, pp. 67-73; reference 2; reference
3, pp. 101-6). Immediatgly after gquenching, these mate-
rials are less strong and more rYeadily workaeble than after
aging. TFor some alloys aging occurs at room temperature
but others require reheating at an elevated temperature
(artificial aging, or precipitation heat treatment) to be
fully hardened. The rate of age-—~hardenling depends on the
alloy, tiae aging temperature, and the amount of cold work,
if any, done on the matericl after solution heat treatment.
The change of any property of an alloy during aging may
be described by an aging curve, in which the numerical
values of the property are ploitted against aging time
(time after quenching).

The changes of mechanical propertles during aglng are
a determining factor in the technigque of cold riveting of
aluminum=-alloy materisls. The cold Wwork involved in the
riveting process affects, in fturn, the aging curves. Con-
sequently, Information on the interrelated offects of riv-
eting and aging is of value to the aircraft manufacturer.

Data on certain aging curves have been obtained as.
part of a research program for the Fatlional Advisory Com-
mittee for’ Aeronautics on aluminum-alloy rivets conducted
. at the Hational Bureau of Standards. These data are pre-
sented In this paper. The cooperation of the Aluminum
Company of america-in donating the material used in this
investigatlon is acknowledged.

The theoretical basis of heat treatment is of second-
ary interest in this paper. Clarification of the theory
has, however, been the object of most investigators who
have obtained data pertaining to aging curves of mechanical
properties, These investigations have satisfactorily es-
tablished the part played by solutlon heat treatment of
aluminum alloys, namely, the production of a supersaturated
solution of intermetallic compounds in aluminum. They have
also brought forth several proposed explenations of the
aging process in terms of the mechanism of constitutional
changes within the metal, none of which has found general
acceptance. Reference 1 and references 3 to 13 with
their accompanying bibliographies give an adequate repre-

sentatlon of these investigations.
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Aluminum dlloys used for high-strength rivets have

chemical compositions of elthér*the duralumin type or
the magnesium—-silicide type. " The duralumin type ie al-
loyed with copper and magnesium,  and usually manganess,
and contains. iron and silicon as impurities. - The
magnesium-silicide alloy most commonly used for rivets
contains magnesium, silicon, and chromium, and also iron
as an impurity. - Duralumin-type alloys are aged at room
- temperature; aging of magnssium-gilicide alloys is more

effective. at higher temperatures than at room temperature.
: : Another classification of rivet alloys. according to
thelr workability, is also significant. The stronger
alloys must be driven lmmediastely after solution heat
treatment to avoid danger of cracking; the more workable
alloys may be driven cold in any condition. Magnesium-
silicide alloys belong to the workable class; duralumin-
type alloys are of both classes,

The strongéer rivets:age faster than the more workable
ones., Their advantages, however, do not always compensate
for the expense and fthHe 1nconvenience of heat treatment
of each batch of rivets immediately before driving. Two
practical problems for which aging curves are useful arise
in deciding whieh class of rivets to use: <first, the
requisite lengith.of timé £o6r dging that must elapse after
solution heat treating rivets before -thes etructﬁre is
ready for use; and ‘second; the permissible period’of time
after solution heat treatment during whlch rivets may be
driven. o :

The use of aging curves in dealing with the first
problem involves determining the strengith that the rivets
will attain before they are loaded in service. This valus
may be termed the Yeverntusdl strength." Since, for properly
heat-treated rivets, the aging curve presumably never drops
off no matter how long the aging 1s prolonged, the eventual
strength is higher the longer the time before the rivets
are loaded. Of course, the rivets continue to age after
being placed in service, but the subsequsnt increasge in
strength canndt be relied upon to resist the initial load-
ing of the. structure and so cdnnot properly be considered
part of the eventual strength, - In this paper the eventual
strength values are those attained after about 2 /2 years
of aging. In practice, the increase in eventual strength
-after an aging period of a few weeks is no longer suffi-
cient to Justify the additional deley in putting a struc-
ture into service.



‘In connection with the second of these problems, 1f
the more workablé rivets are used,-the force required to
drive them and their. eventuel strength depend on the aging
time before driving. If the stronger rivets are used,
aging curves give: an indication of the: 1imitation on the
- $ime between quenching and driving.

This period ‘of - time may be prolonged indefinitely by
storage at suffliciently low. temperatures. (See references
14 to 18, with accompanying bibliographies.} Resoftening
at temperatures above room temperature, without complete
reheat treatment (referéence '19), has also been propossd as
a substitute for repeated quenching. These matters are
not within-the scope of this paper.

The aging curves given in this paper present infor—
mation pertinent to these two problems..

MATERIALS AND METHODS - -

Alloys Investigated

.Date are presented ‘concerning four alumlnum rivet
alloys, three of the AQurelumin type, rnd one of the magne-
sium-silicide type. .The mateéerials complied with the re-
gquireménts for chemical composition and:mechanical proper-
ties in Navy Department Specification 43R54. The alloys
are listed Iin table 1, and the results of chemical anal-
ysls of samples of the wire from which the rivets used in
.this investigation were . fabricated are given in table 2.

Heat Treatmeﬁt'

The solution heat treatment (table 1 and reference =20)
was performed 1in an electrically heated.salt bath. Recom=-
mended practice for solution heat treatment as set forth
in Navy Department Buresgu:of Aeronaunticé Process Specifica-
.tion SR-53a (for duralumin-typeé -alloys); and Bureau of

- Construction and Repair General Specifications, appendix

4, part II, sections 1 and 8 (for 535S alloy rivets) was
followedin 81l details not specifically mentioned.

.
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TABLE 1.- RIVET 4LLOYS INCLUDED IN THIS INVESTIGATION

A1l oy
desig-
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(Navy Dept.
Specification
. . 43R5d)
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 'PABLE 2. CHEMICAL
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COMPOSITION OF RIVETS
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Chemical composition (percent)
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Cr -
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245

17s

555

AL7E

4.5 [1.a

4.1 ] .a9
2.4 | .29

0.62
.52
<:0L1

<.01]

0.17
.27

.38

.66

- — g —

0.27
.60
» 40
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During the solution heat treatment of any one batch
of material, the furnace was continuously attended. No
mechanical agitation of the bath was provided. In order
to reduce the scatter in the aging curves due to slight
variations in heat~treatment technique, specimens that
provided data for one '‘aging curve were, for the most
part, solution heat treated together.

Specimens were guenched in tap water, which was
changed occasionally but was not agitated nor circulated.
Each piece was guenched individually withln a few seconds
after removal from the salt bath.

Precipitation heat treatment was carried out on some
of the 5385 alloy specimens in an electrically heated air
oven maintalned by thermostatic control at a temperature
of 315% + 5° F for-a heating period of about 18 hours.
After removal from the oven, the specimens were cooled in
air. : - '

Room—-temperature aging took place in a laboratory 1n
which no temperature control was operative except for or-
dinary steam heat during the winter momnths. The tempera-
ture varied normally from 55° to 95° F and may have fallen
as low as 350 F during some winter week ends. It was felt
that the scatter resulting from these nonuniform aging
temperatures should not be eliminated by constant-temper-
ature storage because the variable "room temperaturet
corresponds more closely. to conditlions obtained in prac-
tice than would the controlled constant temperatures.

The fully aged condition of any alloy (including 538
after precipitation heat treatment) 1s denoted by the suf-
fix T after the alloy designation. The condition of
alloy 535 when aged at roon temperature but not given pre-
cipitation heat treatment is designated 538W,

'

- Specimens

411 specimens of both rivets and rivet wire were of
8/16-inch nominal dismeter. Rivets hed button manufac-
tured heads (type 8, fig. 2, Navy Specification 43R5d,
which is the same as type B-1, fig. 1, Bur. C. & R. Gen.
Specs., appendix 4, pt. II) and were driven with cone-
point driven heads (fig. 8, Bur. C. & R. Gen. Specs.,
appendix 4, pt. II}. Riveted specimens for shearing-
strength determinations consisted of gsingle-rivet, single-
sbearing Jolnts made of two sheets of alloy 175-T. The
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sheets were 1/8 inch thick by 11/, inches wide and were
overlapped 11/3 inches with the rivet hole at the center

of the overlap. Rivet holes were subdrilled arnd reamed

to a diameter of 0.1935 inch, resulting in an upsetting

of the rivet shank of 3.2 percent during driving. Rivet-
ing was done by the squeeze method, using the Jjig descrlbed
in reference 21 (sec. IV, 3 and fig. 3).

Iriving stress is defined as the guotient of the com-
pressive force required to form the driven head of a rived
by Ycold squeesing," divided by the nominal area of the
(undriven) rivet. The driving stresses for shearing-
strength specimens were determined by trial so as to pro-
duce driven heads approximately 9/32 inch in diameter.
The length of shanks was 9/32 inch, giving a head allow-
ance of 1.5 shank diameters and resulting in driven hesads
slightly deeper than standard, when driven to 9/32 inch diam-
eter. (See fig. 8, reference 21.)

Rivet-wire specimens for tensile and shearing strength
determinations were cut about 10 inches long. & length of
approximately 2 inches was cut from the end of each sample
after heat treatment for & double-shearing specimen; the
8-inch pieces were used for tensile specimens.

Testing Methods

Shearing~strength tests on riveted specimens were
made with the fixtures 1llustrated in figure 16 of refer-
ence 21. The strength was computed by using the nominal
cross-sectional area of the undeformed rTivet, 0.02761
square inch. . '

Each rivet used for driving-strese determination was
driven at three successive loads; the riveting technique
and the thickness of sheets were the same as those used
for shearing-strength specimens. The diameter of the
driven head was measured with a vernier caliper after each
increment of driving load. For each load the driving
stress was plotted against values of the ratio of head di-
ameter & +to shank diameter 4 (3/16 in.). From each
such curve through three points representing one specimen,
the value of driving stress corresponding to a/d = 1.50
was read off.

Tensile tests of wire specimens were madse in Templin
grips, and the strength was computed by using the area
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obtained from dlameter measurcments made on each specimen
before testing. Shearing tests of wire specimens were
made in the special double—shearing fixture illustrated

in figure 14 of reference 21. This fizture was adjnusted
to provide a cleairance of 0. 009 to 0.010 inch between each
pair of hardened steel shearing edges and to shear out a
segment 3/8 inch in length from the specimen, with prac-
tically no bending nor axizal deformation. The strength
was taken as the maximum load divided by twice the area of
the wire. :

411 testing machines used in thils investigation con-
formed to the requirements of A.5.T.M, -Standard Methods
of Verification of Testing Machines: I14-36.

The time at each operation was noted to the nearest
minute for each specimen. The "aging time' used as ab-
scissa in plotting results was the interval between quench-
lng and testing.

PROGRAM aAND RESULTS OF TESTS

Alloys 245 and 178

For alloys 245 and 175, two series of rivet-wire
specimens and one series of riveted-joint specimens were
prepared, aged for various lengths of time, and tested.

In the riveted specimens, 21l rivets wers driven within &
minutes after guenchlng. The valiues determined were the
tensile strength and the skhearing strength (double shear)
of rivet wire, and the shearing strength of driven rivets
(single skear)., The results are shown in figures 1 to 6.
Each point in these figures represents one specimen, ex-
cept the last point (100 percent eventual strength) on.
each plot. The eventuel strengths and the number of
specimens used to determine them in each case are given

In table B. A4dditional tensile tests were made on samples
of rivet wilre from the coils from which the rivets head
been fabricated. These coils had been heat-treated before
delivery to the laboratory and samples were tested as re-
ceived. The results are given in table 4.
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¢ TABLB 3.- EVENTUAL STRENGTHS -OF ALLOYS- 17S-T AND 24S-T
-Reéults Aging ﬁumber of
Type "of - .| shown. .| Eventual time for |specimens
Alloy specimen Type of test| in strength |eventual for
.. - - |figure [(1b/sq in.)|strength|eventual
(br) strength
Rivet wire Tensile 1 70,900 | 20,200 3
248-T K-—-um do--~-- | Double ghear| - 2 42,500 20,150 - 3
Riveted- joiat| Single shear 3 46,200 20,050 1
Fa
{ 860,200 | 20,200 4
. - - 4 ? . ]
Rivet wire Tgpglle ! bs8, 600 21,700 1
-
38,100 20,150 4
17§-T [——mmm ——— b : 120
5-T do Double shear 5 {_b37’200.-_ 21,700 ° 1
Riveted joint|Single shear 6 38,700 20,050 1
. I Y . . .
8goil A. ®goil B.

TABIE 4.~ TEST IBSUILS ON WIRE FROM WHICH RIVETS WERE MADE

[These samples were tested as received.

The aging time is com~

puted from information furnished by tke rivet manufacturer. ]

Aging | Tensile ‘Sheering Yield ‘Elong-
Alloy| time strength, | strength, '| strength ation S/T
(br) T "8 |(1bfsq in.)| in 44
(1b/8q in.) {(1b/sq in:)| = =~ {percent)
2457 40| 72,200 |-rmmmmem—to 46,300 24.8 |-——m
: 28,300 | 72,000 43,400 ' - 0.60
S { 1,750 60,900 |————mmm s (87,8000 25.9 |-—-
175-T 30,600 | 60,900 38, 600 .63
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Tests were also made to determine the driving stress
reguired to produce a standard cone-point head (a/d =
1.50) on & rivet driven within 5 minutes after quenching.
The results gave a value of 168,000 pounds per square inch
for 175 rivets and 216,000 pounds per square inch for 2465
rivets.* I+ was found that, in many 245 rivets, cracks
formed during driving before the a/d ratio reached 1,5.

The driving stresses used in preparing the riveted-
Joint shearing specimens were 150,000 and 200,000 pounds
per square inch for 175 and 248 rivets, respectively. o
data from speclmens having cracks in the rivet heads are
included in flgure 3. TFo difficulty with cracks was ex-
perienced in driving 175 rivets.

Alloys Al7S and B5385

The program described in the preceding section was
repeated for alloys AL7S and 538, In addition, rivets
for two-rseries of specimens for each alloy were given solu-
tion heat treatment. These rivets were driven after varil-
ous aging times. One series for each alloy was tested
immedigtely after driving for shearing strength; the other
series was used %0 provide data for an aging curve of driv-
ing stress reguired to form a gtandard cone-point head.
The results are shown in figures 7 to 16. The eventual
strengths are given 1in $able 5. PFesults of tensile tests
made on samples of the rivet wire from which the rivets
hed been fabricated are given in table 6.

*Head diameters produced by driving stresses different
from these standard values are reported in reference 21,
fig. 8, for 175 rivets of 1l/4-inck diameter. The tests
show that the driving stress required to produce a given
a/d ratio is not appreciably dependent on the, diameter
of the rivet. Furthermore, the driving stress reguired %o
produce a glven afd ratio is the same fraction of the
standard driving stress, within limits of observational
error, for any elloy driven immediately after quenching.
For rivets driven after aging, the slops of the driving
stress~head diameter curve is slightly steeper.
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4 limited number of tests was made on 535 material
subJjected to precipitation heat treatment in obrder to
throw light on ths following problems: (1) the values of
strength attalned through the recommended precipitation
heat treatment; (2) the driving stress required to form a
standard cone-point head, after the recommended precipi-
tation heat treatment; (3) the effect of room-temperature
aging after precipitation heat treatment; (4) the effect
¢f room-temperature aging between the solution and pre-
cipitation heat treatments; and (5) the effséct of repsat-
ed solution heat treatment before.and after.precipitation
heat treatment. The results of these tests are given in
table 7. Each secitlon of table 7 is divided into three
parts: The upper two parts of each section give, for '
comparison, strength values obtalmned immediately after
quenching and after quenching and roon -temperature aging,
respectively., The lower part of each section gives val-
ues obtained as a result of precipitation heat treatment.
In no case wers any rivets subjected to a heat treatment
after driving. The exact sequences of operations for
these specimens are indicated by the letter symbols in
the first column of the table, with its accompanying foot-
notes. s
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TABLE 5,- EVENTUAL STRENGTHS OF ALLOYS Al17S-T AND 53SW

Aging |[Number of
Results| puentual |time for |specimens
Alloy Type of Type of test shown | sgrepgth |eventual for
specimen in (ib/sq in.)}|strengthl eventual
figure (hr) |strength
Rivet wire Tensile 7 45,100 20,200 2
————— do~~—~-—~| Double shear 8 30,200 20,150 2
A178~T-| { Riveted joint| Single shear® g 29,800 | 23,250 3
SO, § I— Single shear 10 35,350 | 21,650 2
----- do~-~--~|Driving stress®| 11 176,000 - | 20,150 . 3
Rivet wire Tensile 12 35,750 20,150 2
————— do~-=--=~1 Double shear 13 24,250 20,150 .2
B3SW | { Riveted Jjoint| Single sheara 14 22,400 23,000 2
————— do~-~=-=| Single shear® 15 - 26, 400 23,100 2
----- go——--—— |Driving stress®; 16 128,500 23,100 2
i
8pBA, driven before aging. PpAA, driven after aging.
Cyalues given are eventual values of driving stress required to form .

standard cone-point head.

TABLE 6.~ TEST RESULTS ON WIRE FROM WHICH RIVETS WERE MADE

[These samples were tested as received.

The aging time is com-

puted from information furnished by the rivet manufacturer)

Aging Tensile Sheering Yield Elonga-

Alloy| time strength, strength, strength tion S/T
(nr) T S (1b/sq in.)|, in 4d

(1b/sq in.}|{(1b/sq in.) (percent)
A178-%] 2,150 45,900 |———————em 36,400 32.7 ———
Do~ 31,000 47,080 31,800 - 0.68
53s5%W t 1,750 24,200 [~—m———e———m 18,300 33.8 ————
Do-|30, 800 386, 800 25,200 |-~ . 69
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TABLE 7.- RESULTS OF TESTZS ON 533 ALLOY

[A1l material was given an air-furnace solution heat treatment S by
the manufacturer before delivery to the laboratory. 1In cases in
which this treatment is believed to bave affected the strength
value,}the parenthetical prefix (8) has been employed in the
table.

Wire
Sequence of Tenglle Sheari
operations | Number of Strength Number of Strength
(1),(3) specimens (1b/sg in.)| specimens [{(1b/sg in.)
ST Minimun® | 22,150 Minimum- 15,800
SPST 2 22,400
(s)2PST 2 33, 300
gbr Maximum3 535, 750 Maxinmont 524, 250
(s)arT 2 38, 300 _ -
SECP ' 10 43,600 8 28,900
( SgaP"’ T 2 37,400
spdgpe T 15 43, 500 15 26,100
Riveted joints
ggggzgggngf Number of |{Sheari gtrength| Number of 1ps
(1),(2) | specimens (1b/sq in.} |speocimens|{1b/sq in.)
SCT Minimum® 16, 700 Minimum? 89,000
SPSCT 1 17,100 -
{8)ePsOT 1 17,000 -
sber Maximumb 523, 400 Maximun?| 5128, 500
( s%e OT 1 25,000 -
sCOT Maximum® 23, 400 - -
SPSQT 17 31,400 - 18 143,000
Spelr 14 31,000 -_
( s&e P°CT 4 28,200 -- -
spigp “OT 8 31,800 _
spdspocT 14 31,300

lsymbols used for designations are defined:
D8, driving strsss reguired Tor standard cone-point head;
S, solution heat treatment; P, precipitation heat treatment;
C, driving the rivet; 7T, testing.

21ne lapse of aging time between operations is denoted by superscript
letters a to e: ®greater than 22 weeks; Pvarious intervals
from 5 min to 21/2 yr (see figs. 13 to 18); °various intervals
from 15 min to 21/2 yr; no significant trend with time is indicat-
.ed by the data, 91110 hr (approximately 61/2 weeks; ©23550 hr (ap-
proximately 15 weeks). Where no superscript letters appear, the.
time between successive operations ranged as follows: S and T,
5 %to 13min; 8 and P, 5 to 35 min; P and 8, 1 to 6 hr;
S and O, 1 to 5min; P and ¢, 10 min to 31/p hr; C and T,
2 to 50 min. .

®Data taken from fig. 13. 4Data taken from fig. 13.

SrResults of usual sequence of operations for producing 53SW temper.
%Data taxen from figs. 14 and 15. 7Data taken from fig. 16.
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DISCUSSION AWD CCMPARISOH OF RESULTS

General

The data show, in confirmation and extension of con-
clusions reached by Tsed (rsference 22, ch. IX) from data
on a British alloy eguivalent to 175, that the aging
curves for ftensile sftrength and Shearing'strength of rivet
wire for any ome of the alloys are pracsically identical
when plotted in terms of pesrcentage of reveniual strength.
The time reguired to reath a final strength value (%that
is, the aging +time beyond which further increments of
strength are no larger than tke scatter of data from like
specimens), however, varies widely from alloy to alloy.
This time for complete zging is less in the case’ of the
wire tests then for riveted Joints of the same alloy.
This ovservation is in apparent contradiction to the con~
clusion drawn by several investizators that cold work
immediately after quenclhing acceierates the age-hardening
process while reducing its total effect. (See reference-
11 and references 23 .t0 26; see also later discussion.)
Burns (reference 27) reaches a conclusion in accord with
the present data, altnough besed .o meager tesis.

Smoothed curves representing the shearing strength
of driven rivets for-all the alloys are shown 1n figure
17. This figure provides direct numerical comparison of
rivet strengths attained for the four alloys, under tiae
various conditions of heat treatment, aglang, and driviang
ordinarily employed. A slimller comparison o; driving
stresses required for a standard:cone~point head is af~
forded by the curves shown in flgure 18.

Table 8 is a skeleton summary of the shearing strength
data, giving dlrectly comparable values foz thejstrength
of undeformed rivet wire and driven rlvets. Account has
been taken. of the increased ares: resuLfing from ériving
rivets. The data for alloys Al7$ and 533 given in figure
17 indicafe that rivets driven after aging are substan-
tially stronger *than rivets of the same al1oy driven be-—
fore aging. It appears from table 8 that this effect
arises from & differgnce in the aging curves of deformed
and undeformed material rather than from any considerable
difference ln the immesdiate effect of driving on the
strength of aged and unaged rivets. :



TABIE 8.- SHEARIHG STRENGTES OF DEFORMED MATZRTAL (DRIVEN RIVEDS) AND UNDEFORMTD MATERIAL

 (RIVET WIRE), ADJUSTED® TO PROVIDE DIRECT COMPARISON

Ae quenched Aged 4 days sged 2> years
100 percent
1 shearing ) : o
A110F | gtrepath |Undeformed| Deformed |Undeformed! Deformed | Deformed |Undeformed!Daformed |Deformed
(1b/eq in.) | (percent) | (percent)| (percent) | beforse after |(parcent) | before after
aging egling aging aging
(perceunt)| (percent} (percent) |(percent)
245 =3, 400 80 84 97 b R — 100 101 e b e
175 38,600 73 73 100 86  |em—eemm—m 100 94 |—mmemmee
a7s| 31,600 64 67 93 80 99 100 " B9 105
bas 24,500 63 65 %1 7 86 100 86 101 -

lneta for this table required adjustment to be directly comparable, because figs. 2, 5, 8, snd 13
(wire data) represeat different lots of matarisl from fig. 17 (rivet dsta) snd also because
rivet atrengthe for fig.. 17 were computed Dy using the nominal area of the undriven rivet rather
than the ectusl ares of the drivan rivet.
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Alloy 248

Wire specimens of 2lloy 245 .attained more than 96
percent of their fiinal strengith within 7 hours aging time,
driven rivets attained the same emount within 2 days.
Thereafter a. further. period of slight strength increase
occurred in the range from 3 weeks $o0 3 months aging time,
after which no further increases were noted. The tensile~-
strength data are in excellent agreement with those pre-
sented by Hansen and Dreyer (reference 28) on an equiva-
lient experimental German alloy. The effect of the rivet-
driving defcrmation on the strength, immedlately after
gquenching, was an increase of about 4 percent; the accom-
panyling delay in aging of driven rivets was slight; the
final walues for driven rivets were higher than for unde-~
formed wire by an insignificant amount.

" Alloy 178

The aging of rivet wire of alloy 175 completed its
entire, course between 30 .minutes and 3 days aging time.
During the first half hour after guenching, the strength
did not increase; thls period has been called the incuba-
tion time. The research of Fraenkel and HBzhn (reference
29) on a German alloy (duralumin 681-B) equivalent to 17S
bas shown that long incubatlon time can result from long
heatlhg befors. quenching, or from increased iron content,
but the esgential conditions: for the occurrence of an in-
cubation period remain undiscovered.

With regard to the strength immediately after gquench-
ing and the time required for complete aging, the data are
in good:.agreement with results presented:by Anderson (ref-
erence 30), Schmid and Wessermann (reference 31), Teed
(reference 22, ch. IX), Hansen and Dreyer (reference 28),
end Brenner and Kositron. (reference 32) on alloys equivalent
to 178. . None of these investigators present data adequate
to defime the incubation period. For aging times between
2 hours and 3 days, the. data of figure 4 are in good agree-
ment with the curves of Anderson, Hansen and Dreyer, and
Brenner and. Kostron; values reported in references 22 and
2l are lower by as much as 8 percent in this range. This
discrepancy can be.explained .on the basis of differences
in room temperature. Abraham (reference 16) presents data
.on material of German. alloy duralumin 681-& with.slightly
lower copper. content (3.4 percent) than 175 (3.5 to 4.5 per-
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cent) which was aged at various constant room tempera-
tures. Von Zeerleder (reference 18) presents similar data
on "Avional D" alloy in fair agreement with Abraham. A4n
analysis of Avional in reference 33 shows it to be equiv-
elent to 17S. The data of figure 4 (for which work on
specimens aged a short time was carried out 1n the summer
at temperatures of 759 to 959 F) agree well with Abraham's
data for an aglng temperature of 82° F; Teed's data, which
were taken at temperatures of B55® to 656° F, agree well
with Abraham's data for 59° F.

The final strength of 178 driven rivets was attained
only after aging for at least 1Y; years. The shearing
strength immediately after quenching (tadle 8) was the
same for driven rivets as for undeformed wire, bui siance
there was no incubation periced for the driven rivets,
they were stronger for aging times up to 2 hours than un-
deformed wire, The final strength of driven rivets was
about 6 percent less then that of undeformed wire, For 2
weeks aglng time, the strength of driven rivets was about
8 percent less than for undeformed wire. This result is
in good agreement with the results (shown in fig. 15 of
reference 21) from 175 wire that had been heat-treated,
immediately upset, aged about 2 weeks, and tested.

The results stated in the preceding paregraph are in
contradiction, in some respects, to conclusions based on
numerous data that have been drawn by several investiga-
tors. (See reference 11 and references 23 to 26.) An
explicit representative statement of these conclusions has
been made by Teed ‘(reference 22, p. 25, or refaerence 23)
and discussed at length by Kostron (reference 26). The
points of difference and possible explanations are:

1, Deformation is supposed to produce an instantane-
ous cold-working effect, whereas driven rivets
in the present tests are found to be no stronger
before aging than undeformed wire. Almost all
of the previous date on this point have been
hardness measurements. Schmid and Wassermann
(reference 31), however, show tensile-strength
curves glving the same value for deformed and
undeformed material before aging. Apparently
the deformation immediately increases the hard-
ness but not the strength.

2. The initiel rate of age-hardening is supposed to
" be increased by deformation immedlately after



NACA Technicel ‘Note Xo.. 805 v 1%

quenching, whereas-the présent data indicate

a2 decrease in the inltial hardening rate
accompanied by suppression of the incubation
period, The suppression of the incubation
period seems to be the important effect, which
accounts for deformed material belng stronger
than undeformed in the early stages of agilng.

3. Material deformed immediately after guenchling 1s
: supposed to reach its final strength value

- earlier than undeformed material, whereas the

) present data show the reverse to be true.:- The
aging curve for driven rivets, however, shows
a tendency to a double rise, =2 nearly station-
ary value obtaining for aging times of about
1l day to 3 weeks. Previous investigations on
strength of driven rivets (references 34 and
35) have not been carried to long enough aging
times to show the additional increase of some
8 percent occurring after 3 weeks aging. Fur-
thermore, the present data may not be sirictly
comparable with previous results:-in whkich the
effects of small deformations heave Pesn ob-
served on stretched or rolled rather than up-
set materiel.

Alloy Al7S .

The shearing strengths for alloy Al7S5 of undeformed
wire and of rivets driven after aging reached their final
values after about 8 months aging time, while the aging
,of rivets driven before aging was not completed before

2 Y, years aging time. The deformation of rivet driving
produced a small increase in shearing strength (about 5
percent) immediately after quenching, but driving rivets
that had been aged from 20 minutes %o 4 hours in the un-
deformed condition weakened.them slightly, TFor aging
times of more than 4 hours,.the lmmedlate imnerease in
strength on drlving rose;. for material aged 2 weeks or
more, it was about 6 percent end practicelly constant,
Rivets driven immediately (1ess tharn 5 min) after gquench-
ing aged more. slpwly Shan undeformed wire. at.2ll times,
and it is doubtful whether the eventual strength (after
2 Y, yr aging), 11 .percent .less than the final strength
of undeformed. wixre,. represented the final strength of
rivets driven before egiqg. .No data were obtained on the
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aging after driving of rivets driven meore than 5 minutes
after quenching, although such aging undoubtedly ocecurs.

Agin curves for duralumin—type alloys of less than

Ve percent copper.content, 81m11ar to.Al7S, presented
by Matthaes (reference 36) and by Haneén and Dreyer (ref-
erence 28) are in qualitative agreement with the present
data, although not directly comparable. Results obtained
by Fraenkel %reference-24). Meissner (reference 25),
Teed (reference 22, pp. 23-31, or reference 23), and
Irmann (reference 37) on the comparative effects of defor-
mation before and after aging on strength of duralumin-
type 2lloys are also in qualitative agreement with the
present data. '

Alloy 53S

The data show that the time required for attalnment
of final strength of alloy 535 was greater than 2%
Years, for either deformed or undeformed specimens, The
cold work of rive+t driviug had no effect on the immediate
stirsngth of material ag=<d up to & hours; for material aged
- from 6 hours to 11/ yuars, the immediate effect was to
weaken the material by amounts up to 4 percent; material
aged over 11/, years was slightly strengthened by such de~-
formation. No data were taken on the aging after driving
of rivets that had been aged before driving, but the re-
sults of Kientz and Hartmann (reference 38) show that,
for a given total sging tlme after quenching, the strong-
.est rivet 1s always the one for which the least amount of
the aging occurred after driving. This result agrees with
the present data on aging of rivets driven before aging,
the strength of which was always much less (by amounts up
to 22 percent) than that of undeformed wire aged for the
same length of. tlme. The curve for rivets drilven before
-&ging showsra well-marked double rise, the strength being
'rpractically constant: for aging times from 6 hours to 1
week. This result may be responsible. for the apparently
erroneous conclusion that cold-worked material completes
its aging £aster tnan un&ﬁfonmed material (reference 39).

- The testarinvqlv1ng precip;tation heat treatment of
535 alloy (table. 7). suggést. that; a golution heat treatment
obliterates: the effects of -previous operations so that
the strength of a .specimen depends only on its hlstory
subsequent to the last solubion heat -treatment. The value
of. 26,100 pounds- per square, inch given in table 7 for the
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shearing strength of 15 . specimens of wire. indicates a
possible. exceptlon to:this concluslon.. XNo significant-
effect on strength could be attributed to room-tempera-
ture aging after precipitation heat treatment. Room-
temperature aging between. the solntion'and the precipl-
tation heat treatments markedly reduced the strength
attainable by the precipitation heat treatment. The data
are inadequate to evalumte the relation of this effect
to the amount of time beitween the heat treatments, All
the foregoing results are in.qualitative agreement with
the conclusions of Brenner and Kostron (reference 39)
concerning German .alloys of the -magnesium-~silicide -type.

COWCLUSIONS

The ratio of shearing sftrength to tensile strength
of undeformed wire remelned constant, for each alloy"
tested, independent of aging time &t .room temperature.’
This ratio varied from 0.60 to 0.70 a2nd the higher the
tensile strength the lower the ratio, -in the order: 24S5-T
178-T, Al7S-T, B53SW., The aging times at room temperature
required fqor undeformed wire of each alloy to reach prac~
tically 1ts final value of strength were, approximately:
24S, 7 hours; 17S, 8 days; Al7S, 8 months; 53S, more than
21/, years. The strength of 17S material did not begin
to increase until after an .incubation period of about 1/2
bour. e

The aging times at room temperature required for
rivets driven before aging to reach practically thelr
final strengths were, approximately: 245, 3 months; 178,
1/, years; A17S5 and 535, more than 2'/; years. Ninety-
five percent of their final strength was attained by riv-
ets of alloys 245 and 175, driven before aging, after ap-
proximately 11/2 days and 6 weeks aging time, respectively.

The immediate effect on strength of the cold work
involved in driving rivets was sometimes an increase,
sometimes a:decrease, depending on the alloy arnd the ag-
ing time before driving. The effect on subseguent aging
of this cold work was in all cases a retardation, except
only that thare was no iancubation period for 175 rivets
driven before aging. Thus, for a given total aging time
after quenching, rivets driven after aging were always
stronger than those driven before. Data covering consid-
erably longer aging times would be required to determins
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certalnly whether the final strength attained by a rivet
driven before aging Is less than that of undeformed wire.

The finel vealues of driving stress for AlL7S and 538
rivets were reached after aging times of approximately 6
months and 11/, years, respectively. The final driving
etress for Al7S5-T rivets was slightly higher than that
required for 175 rivets immediately after guenching. The
final driving stress for B3SW rivets was slightly higher
than that for A17S rivets lmmediately after guenching.

The high driving stress required for a standard cone~
point head on a 245 rivet driven immediately after quench-
ing resulted in frequent crack formation.

Precipitation heat treatment of alloy 535S had %o be
carried out immediately after quenching to obtain the
highest possible strength values. No furither aging of
this alloy occurred after precipitation heat treatment.
The strength of a 535-T rilvet dafter precipitation heat
treatment was about the same 'as that of & 175 rivet im~
mediately after gquenching or of a freshly driven ALl7S
rivet. driven after aging 1 day. The driving stress re-
guired for a 535-T rivet was about the same as for an
.. 4A1l7S~T rivet driven after aging 4 or 5 hours,.

National Bureau of Standards,
Washington, D, C., February 7, 1941,
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