
\ ,-

‘ “LA-U3-80-1649

TITLE: co~ARIsoN OF FLOW CURVES OF 6061 ALUMINUM ALLOY AT HIGH AND Low
STRAIN RATES

AUTHOR(S): A. E. Carden, M-4, Visiting Staff Member from U. of Alabama

P. E. Williams, M-4, Naval Research Associate

R. R. Karpp, M-4

SUBMITTED TO: Tn[.ernational Conference on clleMetall(lr~ical Effect:,
Of High Strain-Rate Deformation and Fabrication,
Albuquerque, NM, .June 1980

cd.-
C
L

0
.-

‘5 By OCCX?I)IWIWof this whcle, tha publi$her recoonizet thst tha
US. Government retmrm ● ncmexclusm, royaltyfrea Iirxnw
to publish or rwproduar thn I)(tt)llshwi form of thit contribu.
tion, or to Bilow o!hen to do so, for U.S, Gowrrwwnt pur.
pourt

The Los AIaIIIOt !Went)ftc Laboratory reqIIrMII that the pub.
I,shrrr idrrntify tlIII m!tcle M work ~)orformtrd under the DM.
pIcw of thrr US Departtnnt of En4rr~,

L%%LOS ALAMOS SCIENTIFIC LABORATORY
Post OffIceBOX 1663 Los Alamos, New Mexico 87545
An AffirmativeAction/EqualOpportunityErnpbyer

rornl No, &3t3 R3

S1. No. 2679
1#78

UN ITMt) STATES
DIsTRIBUTIONOrY’litUC!HJMENTISUtil\MITEO

I) KPAIQ?MCNT Or sNK~OV

CO NT MACT W.740B, ~N0, S6

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.

For additional information or comments, contact: 

Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



COMPARISON OF THE FLOW CURVES OF 6061 ALUMINUM ALLOY

AT HIGH AND LOW STRAIN RATES

A. E. Cm’dmd
P. E. williuJrls**

R. R. Iimp[

Los Alamos Scientific Laboratory
Los Alamos, New Mexico, USA 87545

*Permanent Address - AME Department
University of Alabama

University, Alabama 35486

~esear~fl Asso~iat~

1. 114’I;{O[)UCTION

In the dr’siqn of dy)lamicall.y lo,Id’~dst,r~lct.ures,there is a
1)[’edto know the ftJllCt,ior)ill r(!l~itiott’,llil) 1)(’t,w(’(?tl $tt’(’’,~, ~Lt’tiit),

litl(l Sl, t’{i if] I’llt(’ (Or t,tlo Illtlt, (!t” i ill S ltt)(i(~r (’otls i(ll!t”iltiot]. 1h(?
~(!lltt’ic,,IxiiilIo,ldil]gof (Ismooth,” str(li!jhttol i(lI)(II”is a )(Jf’ur-
(111([1!IIst.,th(’I.I’sIJltsof which (:(itl1)0 11’,P(l ,1s (I I)tl’,isfor
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predicting the behavior of structural elements under other states
of stress. These reference tests, called tensicn tests, are
usually performed at low, constant rates of displacement. The
laboratory tensile test is the primary source of materials behav-
ior for monotonic loading. Frorr,the load and displacement data, a
“flow curve” (stress vs strain) is derived and several mechanical
properties are determined.

of particular interest is the stress value at which plastic
flow becomes significant. There are various methods and labels
used for this yield condition or flow stress. This stress is
dependent on several factors: namely, the material, its prior
thermal-mechanical history, test temperature, strain rate, and
stress state.

To continue the plastic deformation process, the stress must
increase. This prcccss of strain hardening continues until
fracture tr:rmirlatesthe process. In uniaxial loading, the
geometric instability of necking modifips the plastic deformation
process trnd the tel’minal condition is fracture.

Thcrs is a del;cienc.y in our knowledge of materials behavior,
howe’lel, in that the flow curve and mechanical properties of
waterials at hiqh strain rates are not commonly available. More-
~ver, high str~in r~te t~sting c~nnot be perforllledin the usual
tensile t.est.ingmdctlifle, The exl)andinq ring te~t (1) subjects an
ex~~alldingr!ng to ut]iaxial loading, ~nd the stress-strflin f(lnction
ciinhe ob:~ined from the raciial-velocity versus time function
(V-t). Although the strain rate v~ries dllrinq an expilnding ring
t.(?st,the t.cchnique does offer a potential for studying sL.rain-
r{itueffects, since several experiments can be used to devplop a
stress-qLrain-sL’rain r,]te rel,lt,ionship(1). The ob,ject of Lhis
pdpcr is to prpsent stress-str,lin d,~ta for 6061 aluminum alloy
from both the low stri~in-ri]t.(’I.(’llsiont(’sti]nd t,hchigh strtlin-
rfitc t!xpillldi~~ riflq I.(?sto Th(} rr?sult,siire,Iu,ll.y?(’dto d(’tcrminc
t.h[I(?fr[~ctof sLr,i;n riltcOH Lh(! .yicid (:otldit.lon. ru).ttlt?)wmre,
I,w[l lll,]tllrlll,lt,ici~lIIIO(ICIS Lllilt I]ilvt? l)(~(?tlIIS(!(I to (lcsc~ilm Lh(! flow
(;III’VP il~p Ils(!dfor Lullsilr t(~~t(It]tt]ilt~i]l,ysi!i, Thu sLr’(’ss-str’ilif]
(1(1tl l~sud if]Ll](?drlillj’:;is d~(> lilllil,(xl to \Lt’~litls III) to thr fluckillq
>Lt’(llrl,s i~lc[’Iwyond Ll)dtImint. uni,lxidl stt’(’s’ic(jllditiollsII()
l[)rlq(’1(’xist.

1I, IXIIIRIMI NIAI. I’R(l(:I[1[11{[

l’lu’Lf’st IH(ILII()(I fot I ilII f’xl~(:fl(li II(I tmil]ll i< IIIII,t.l”llIP(lif](I).
I“tl(’[J(H:Ji’itl~l’tW(IrII111(1(IlitlldII(mI II(lfl I 1’(1 Ill(llom III(I till(l I.1111( i-

1111111~lillhjt;’ti[ltl’l wIIt’f I (,1) , ;’, (10 itl. i, fl. , ;’, I;’!J it], [1. rl, . (J,;’!I it].

Ilillll, ,11111 (t)) I.(1H ill.i.dm. l.lMIi’!)it).~1.11..ltlfl().1;’!)itlmtli~lh.
l’11(~? in, ,,[1,litl(l’.,ItrI illl’tlli(lllI(}Itll)’,f’111’’.(lill~1~lill(;’), IIll’



specimen diameters were measured post-test to determine the final
inelastic circumferential strain. Initially, the rings had ~bout
0.006 in. and 0.003 in. diametral interference to insure good con-
tact between driver and ring. Heating the ring to 350°F allowed a
shrink fit.

The tensile tests were performed with both an Instron and a
MTS testing machine. The Instron tests had a controlled constant
crosshead speed, with strain rat~s varying from 10-5 to 10-2 S-l.
The strain rates in the MTS tests wer~ controlled and varied from
10-5 to 10-? s-l. The sheet-type test specimens had uniform gauge
dimensions of 0.0625 in. thick, 0.50 in. wide, and 2.5 in. long.
These specimens were blanked frcn 6061-T6 sheet as 9 in. by
0.75 in. coupons in the transverse direction and template-milled
in a TensilKut machine to a standard ASTM tensile specimen dimen-
sion. Aone-inch gauge length extcnsometer was used in all MTS
tests and the load-elongation recorded on a X-Y recorder. No
Pxtensometer was used for the tests in the Instronm Crosshead
mation was recorded on a strip chart and an effcctivc gauge length
was used to convert the inelastic deformation to inelastic strain.
The tensile tusts were generally terminated shortly ~fl.erthe
imum load was reached. Only data up to the maximum load were
t.odetermine the flow curve.

II]. RI”SUL”TSAND [)1S(:IISSION

l.o~das iIfunction of strpin (P vs ?J./L,.)from the tcllsi”
tmsts are shown in Figurc?s1 ,~ndZ for stri}i~lr~tus firm 10-PI
10-” s-l, These (iiitil WPrP convcrtod to LI-IIC :.f:.pqs-t.rll~ Stril

~nd are plotted log~rithnlicallyin ~igurc 3, III(!-“16- tIwI[)~r

can bc described by a power funclion
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much scatter in replicate tests (at 10-3 s-l we performed seven
replicate tests) as there is between the flow curves at different
strain rates. At least two tests were performed at each strain
rate. The heat of thematerlal (i.e., chemistry of the original
ingot) and product form (sheet vs plate) were different for the
tensile and expanding ring specimens. The tensile test data,
therefore, are most valuable for determini;lgif there are strain-
rate effects at the low strain rates. The absolute value of the
flow stress may be different for the ring and tensile specimens at
the same strain rate. The strain at the maximum load (i.e., the
uniform strain, c,,if) was from O.O6 to 0.08 for the -T6- and from

B0.16 to 0.20 for t e -O- temper.

Results from 13 expanding ring tests are shown in Table I.
The maximum strain rate is that determined at the maximum velocity

[3]

The time period, At*, required for the velocity to become zero
must be estimated in some c~ses because the laser velocity !nter-
fcrometer record (V-t) becomes noisy before the ring velocity
decreases to zero. In some cases, the cause of the noise is
hclieved to be the fracturing of the specimen and~or driver before
the end of the expansion uf the ring. The V-t data are invalid
after that event. We have chosen to extrapolate the V-t curve to
zero velocity tc estimirtethis time period. The value of str[~ss
at ?;:strain and at an ilrbitrarystrain-rate (illlax)Jis used as an
index of the flow stress an~ is determined from the V-t diagram
and t,huequations of motion of the ring as the stress

Tho time perind for this 21~strain to occur is approxiumtcly

t, ‘: ,lt* (1J“’’=,) ,

[4]

[5]
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EXPANDING RIJVG - 8061 ALUMINUM

P = :.70 g/m3, Co = 5328 IR/11
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displacements are extremely small, the velocity changes at the
ring surface, dS determined by the interferometer records, are
significant. Consequently, an accurate determination of the
stress in this region cannot be made. Because the primary inter-
est in ring behavior is the plastic deformation of from 1% to the
condition of necking, slid because this alloy has a relatively
“flat” flow curve after about 1%, u (2%) is a reasonable measure
of the strength level of the material for plastic deformation.

The final strain ~alues Ef were obtained from the tested
rings by measuring the final diameter and using the relation

[6]

where Df and Do are the final and initial diameters, respectively.
The maximum radial displacement can be determined from the V-t
function by

1
t=~t*

Ar = Vdt s
t=o

and the final strains are consistent with [6] where

[7]

[8]

The values of stress at 2% strain, u (2%), are plotted versus
maximum strain rate in Figures 4 and 5. The tensile test values
are shown for comparison. The flow stress for the -T6- temper is
about 27 ksi greater than that for the -O- temper at low strain
rates. Diita for the -T6- temper (Figure 4) are shown with data
from Hoggatt and Recht (2) who alsr tested 6061-T6 with 2-in.-diam
rings. Our data compare well with theirs. Smzll, if any, strain-
rate effects are seen in the region of 4000 s-l and below. Above
this strain rate, however, we observe a difference between the
l-in.-diam rings and the 2-in. ones. Our tentative understanding
of this phenomenon is that some shock hardening occurs in the
mate)’ial during the kick-off and early ringing of the radial wave
in the ring. For the same IIkIXiIIIUIII sLrain rdte, the intensity of
the shock in the l-in.-(liam rings is about one-half that in the
2-in. rings. In Figure 5, for example, for equal values of o (27),
the strain rate in the l-in.-diam rings is twice as great as the
strain rate in the 2-in. rings. Those two rings have nbout the
~dmc m~ximurn velocity and ~pproxilli~telythe si]me shock intensity.
Corlscqumtly, the data show a size effect. The size effect in the
annealed materi(ll (Figure 5) is different fronlthat in the -T6-
mdterial (~igure 4). Wc plan additional experiments to study this
phenomenon.
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In tests of annealed copper rings where we have several
complete V-t curves, we have observed a large u (2%) at the
beginning of the deformation followed by a decreasing stress
during the subsequent deformation. One set of these data are
shown in Figure 6. The Y-t curve for this annealed copper 2-in.-
diam sample is shown in Figure 5(a) of Reference (l). The quasi-
static tensile flow curve is given in Figure 6 for comparison.
The strain rate decays from 4.85 to 2.45 (103) S-l during the
expansion shown. If the increase in u (2%) were due only to shock
hardening, one would not expect to see the decay in stress during
the expansion of the copper rings.

The strrss, u (2%), shown fGr Test No. 2516, Figure 4, is
greater than the ultimate tensile strength of the material, but
the ultimate tensile strength value is not a value representing
fracture; rather, it is a condition representing the initiation of
a geometric instability. In the expanding rings, the 2% defor-
mation is so small that the condition of necking is not present,
We, therefore, postulate that there are several phenomena that
interact to raise the flow stress, u (2%), for the expanding ring:
one is ~ true strain-rate effect in the material; another is a
geometric and/or shock-hardening effect. There may be others.

The flow stress u (2%) values for the -O- temper rings are
shown in Figure 5. Again, as in Figure 4, we observe a difference
in the relation between the flow stress and strain rate for the
2-in.- and l-in.-diam rings. Furthermore, the rate of change of
u (2%) with strain rate is much more pronounced for the annealed
alloy than it is for the -T6- temper. The results from specimen
22 are rather convincing, in that specimens 26, 19, and 22yield
data that are consistent and have large changes in the u (2%)
values with increasing strain rate. The 2-in.-diam rings show the
same trend, but we lack data for strain rates greater than 5200
s-l. The observation that the rate of increase of u (2%) with
strain rate is much more pronounced in the -O- temper than in the
-T6- temper suggests that shock hardening may be present.

We have also considered the e=fect of temperature on the flow
curve. Thermal effects can ~rise from two suurces—shock-wave
heating and pl~stic-deform~tion heating. The maximum possible
temper~ture rise resulting from the plastic deformation is

whtrc C is the heat capacity and 11is the mass density.

[9]

For ~n aluminum ring expanding to IOX at a stress level of
40 ksi, the temperature rise is about 24”C. In slow strain-l-ate
tensile imting, the flow stress would show a small decrease with



a 24°C temperature increase. The shock induced temperature would
rise early and persist; the thermal rise due to plastic deforma-
tion would monotonically increase throughout the test. A temper-
ature increase would lower the yielc! strength.

The expanding ring data of Hoggatt and Recht (2), shown in
Figure 4, were derived from ring-driver configurations that were
identical to our 2-in. rings. Their test r~ ‘Jltswere obtained
from a streak camera and produced displacement-time functions. In
order to determine the stress, the data had to be differentiated
twice. In order to circumvent the double differentiation of
experimental data, a parabolic form was assumed for the disp~ace-
ment-time function. Such a function would be obtained from a
linear V-t function. in our 6061 experiments, we observed V-t
functions that are nearly linear.

Other ring tests on 6061-T6 rings were reported by Walling
and Forrestal (3), but these rings were larger (6-in. diam) and
loaded by a short duration magnetic pressure pulse, the strain
being measured by a strain gauge cemented to the outer surface of
the ring. The strain signal was perturbed by strong mag~etic
field interference during the first 20 ]ls of expansion. The
stresses were calculated from current measurements in the ring and
the driver coil. The maximum strain rates were about 1000 S-l;
only one test result is given and no stresses are reported.

A sanlple V-t relationship taken from Test 2515 is shown in
Figure 7, and the irltegrated V-t function (radial displacement) is
shown in Figure 8. Taking the mean value of Vfllaxduring the early
oscillation to be 96 m/s and the time duratior At* of 22 lJSto
decelerate to zero velocity yields an average deceleration of 4.36
106 m/s2. The strain at the line marked 10 US is about 2% (radial
displacement of 0.586 mm) and the time of expansion is 7.4 vs.
The stress at this point is calculated to be 47 ksi. An error of
1° on the slope (’f the V-t function will cause an error in the
calculated stress of 4% or about 2 ksi.

The vibration in the early expansion, marked H, shows a
transit time of the wave across the ring of abuut 0.33 ]IS. The
transit time of an elastic wave is 0.798 IJStaking Cc)in aluminum”
as 5.328 km/s. The multiple reflections of this radial wave my

influence the local yield conditicn, char)ge the dislocation den-
sity of the material, heat the sample, and possibly cause other
phenomena. It is obvious tnat the reflections affect the initial
velocity-time profile. In ~lulninum, the wave dampens rrut in about.
4.7 ~Is (about. 13.5 transits i]cross the ring). By this time, the
ring has expdnded about 1% tind is well into the plastic regime in
the circumfcrerlt.ialstrair procx’ss, The deceleration is ilpprox-
imately constant for about anotllcr 17.5 ~ls. l;venthough the
deceleration is approxinlately constant, the stress incrmrses
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because it depends on the instantaneous radius, r, which iricreases.
For this test, the maximum radial expansion is 1.06 Imnas deter-
mined from the integral of the V-t diagram. This produces a strain
of 3.9%, which includes 0,32 elastic strain. The strairlcalculated
from the diameter at the end of the test was 3,2% ? 0.5%.

At “E”, shown in Figures 7 afid8, the outward radial velocity
is zero, but the ring still has stored elastic strain energy. The
ring elastically rebounds to point “F”. At this point, the velo-
city is 16.5 m/s and the inward radial displacement is 0.082 mm.
This corresponds to a strain of 0.0288 or a stress of about 29 ksi
at “E”. Setting the kinetic energy at 16.5 m/s equal to the
stored strain energy, a hoop stress of 31.4 ksi is obtained. The
observed p~riod of oscillation is 39.8 IIS. The period of natural
vibration is proportional to r, E, and p, and is given by

period = ?llr~-f . [10]

The calculated time period is 35 Ilsor a frequencyof 29 kHz.
TIlt!beand other comparisons indici~tethat the interfcronleter
;,wnzul’cmentsof velocitmytime and the iissumptionsof motion of the
ring are vnlid.

A conlputerprogrm W;ISwritten to )-diJ~e the V-t d~ta to
st.rcss-sLrdin-strainrnte villues. Also, ~ Vocc equntinn (4), with
strdin-rilte-nridtclllp(?r~t~~)-c-dc!l~[~rldel~t.p~rinnctcrsW(ISinc(!rporllt[!d
into the program to p~ramettirizethe flow curve. The program
iterated unt!l the pi~rmut!tcrs,which nlinimizetithe difference
hntwcen th~ stress-strain values derived from the V-t data iind
those calcul.~tedfrom the collll~uLcr-(lcterlllilledVc)ceequfltion,were
calculated, The tensile test str(!ss-strainresults show th~t a
power function better describes the -“r6-flow curve, and this
function will be used in future ilnnl.yses. The first progri~mh,ld,
as input, the digitized V-t ciati~.TtIr! int(~rfc~rt)lll(~t(!ris so
sensitive that nlinutesurface disturlj,lnl:cs(possibly {~sso~liltpd
with surfac[!rump linqLhiltilccompaniesplilsticd(!folqllli]tion)”pro-
(iIica small, short duriition,p(!rturbdtionsin the V-t r(!(;ord.
Th~!sedisturlmnces ar~ of ‘~uct~short.duriltionthnt l.hcyii)”(!not
visible in the intu!jrilt(?dV-t function. i.e., thu d iSII1d[.wont
tilne,but they do producp l[IrgtIch~ngns in the illstilnLcln[~~lls
dcriviltive, ilnd, cons(?qurntly, thu hoop struss, Snwot,hing
tfx;hniquos ilr(~ hoinq illl~)l{~lll(~llt(!(linto thu l)]wgrdnl,W(*,Irv u)llLin-
uinq work on ili]tiiruductinn. s(!luw:Lionof tl~)[lP()[Jt’lilL(’ (:on!ititul,ivu

(!qlidtions, iitl(l(l(~L[!rlllitlcltiollof thr stlg~~in-r’lli.[?-[l[’l~t~l)il(!lltl)ilrl~-
Illrtorsin the oquiltiorrs.
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tension test. Specimen 20 had the beginning of four necks. These
local necks were in the initial st(lges, not as severe as those in
the tension tests. It is significant that they had begun and that
there were more than one. Any unloading that accompanies the
initiating neck requires a significant time to be sensed by
material remote from the neck. The transit time for an elastic
wave to travel one-half the circumference is 7.5 us and 15 IISfor
the 1- and 2-in. rings, respectively. Many of the samples had
surface rumpling. The V-t record shows all of the ring motion,
including the minor surface perturbations that occur on the ~urface
where the beam is focused.

IV, CONCLUSIONS

From the data presented in this report, strain rate and size
effects are found for 6061 ~lulninum expanding rings. Strain rates
of up to ?3,000 s-: have been produced. The geometric (size)
effpct may be rel~ted to shock hard[?ning. The data from our
fi061-T6, 2-in,-diam rings agree well with similar d~ta published
in the literature, The strain-rate effect is not ii~)preciablein
this dllo,yat strairl rates b[~low 2(100 S-l.
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