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The Influence of Strain Hardening and Strain-
Rate Sensitivity on Sheet Metal Forming

The current understanding of sheet melal stamping processes is discussed in the light
of malerials’ ability to distribute plastic strains in unierial and biaxial deformation.
The focus is on the plastic flow propertics, namely strain hardening and strain-rate
sensilivity. Distribution of strain from wniaxial tensile specimens and sheels strefched
over a rigid punch are presented for a number of sheet materials o illustrate the im-
portance of these propertics. Svme effects of deformation rate are also presented.
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Introduction

The most common mode of failure in cold-forming of sheet
metal components is the development of a loealized (through-
thickness) neck or tear [1, 2],! which nceurs generally over a puneh
radius as the sheet surface area is increased Lo conform to the
punch shape. The probiem is one of distributing deformation
uniformly throughout the sheet, since a punech radius aels as o
strain-concentrator, by virtue of its curvature and frictional
resistance [3, 4). A peak develops in the strain distribution and
ultimately produces a neck or tear. Success in manufacturing iy,
therefore, directly related to (i) the materinl's ability to distribule
strain more uniformly under an externally applied stress-gradient,
and (i) the strain limits that can be tolernted prior to the de-
velopment of a neck? or tear. As illustrated schematically in Fig.
I, to successfully make n flat cireular cup depends upon achieving
the required length of line ABCI) (given by the aren under the
strain distribution curve S5 without reaching the forming
limit. A poorer distribution of strain FF' enuses the penk strain
to reach the forming limit earlier and failure results.

Gentler tool curvature and incrensed lubrieation reduce -the
external stress gradient. For a given external stress gradicnt,
however, a material’'s inherent ability to distribute strain
coupled with its forming limit determine its overall formability.
Although the contribution of these two elements change in a
complex manner with the nature of the external stress-gradient,
the purpose of this paper is to examine their dependence only un
the malterial properties, namely the hardening and softening
processes occurring during deformation. In the material to fol-

! Numbers in brackets designate Referances at end of paper.

A diffuse neck developed in a sheet tennile mpecimen in reganled na ne-
ceptable, while a through-thickness neck (or aliear hand) that appeam sul-
sequently is objectionable.
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low, the influence of the hardening properties on strain gradients,
the necking phenomenon and detailed strain distributions are
examined for both uninxinl and binxial deformation, Finally, the
influence of the rate of deformation on the necking process and
overall formuability is discussed.

Sources of Hardening. “The two primary sources of hardening
during deformation nre: (i)  strain hardening, and (ii) strain-
rate hardening. A simplified consitutive descriplion is given by

51
o = Keém (1)

where, K = constanl, n = strain hardening exponent, and m
= slrain-rute hardening exponent. (n — 0 for superplastic ma-
terinl, while i — 0 for most duetile metals at room temperature.)
In n workpicee, the region undergoing thinning strain-hardens
and hecomes resistant o further deformation, and thereby forees
the deformation (o the less deformed neighboring  elements.
Similarly, ns loenl strain-rale increases in areas  undergoing
thinning, the strain-rale hardening of such regions forees de-
formation 1o vecur in arens experiencing a slowdown in tho rate
of deformation. Both processes thus resist strain localization.

Uniaxial Deformation

Influence on Straln Gradients. Melnl deformation is always
accompunied by gradients in plastic strain and strain-rate, In a
carefully machined tensile specimen, such gradients, which are
initinlly small, begin to grow with deformation, Cousidering a
specimen of homogeneous material, strain gradient can be de-
termined from the gradient in cross-sectional area initially
present.  Sinece the lond, P(x), at auy location = is given by

P(r) = o(z)A(z) (2)

using equation (1) for stress, o(r), nnd expresing the cross-
sectionnl nren, A(r), in terms of the originul aren, Aqo(x), one
oblaing
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Fig. 1 Schematic radial strain distribution for punch forming of a
flat cylindrical cup. The area under the strain distribution curve S5*
equals the length of line ABCD and represents a successful part,
while FF' produces a visible neck.

P(z) = Kle(z)]r[é(x)]™Aq(x) exp [—e(z)) (1)

Now, differentiating equation (3) with respect to = and setting
dP/dz = 0 for constancy of pulling lond along = axis, the strain
gradient ean be expressed as

1
(—de/dz) = G [(1/A)dAo/dr) + (m/é)(dé/dr)} (4p

Thus, the strain gradient depends on three quantities: (i) A
strain hardening factor, 1/((nle) — 1), (ii) the gradient,
(1/Ao)(dAo/dx), in the original aren, and (iii) (he strain-rate
gradient term, (m/é)(dé/dr). Step-by-step  computntion ix
necessary to determine this Inst term. The dependence of strain
gradient on ¢/n for an arbitrary value of (1/Ac)dAo/dx) = 1074/
mm is shown in Fig. 2. For a fixed vulue of n, —de/dz is found to
increase rapidly with €; while for a fixed ¢, —de/dr decrenses
with increase in n. When m > 0, the quantity within brackets
in equation (4) decreases since dé /dx hecomes incrensingly nega-
tive with deformation. This slows the rate of incrense of —de/dr,
and if m is sufficiently large (as in superplastic deformation) the
strain gradient remains relatively low., '

The case of m < 0 is more complex.  During deformation
dé/dz can periodieally change sign (ns long ny n > 0) a3 strain-
rate softening is offscl by strain hardening in order 1o mnintain
load equilibrium [7]. A similar change in the sign of de/dr oeeurs
during dynamic strain Aging in various solid solution alloys and
results in the characteristic serrated flow behavior [8].

Influence on Tensile Necking. The relatively slight gradients
in strain and strain-rate in a tensile specimen begin lo grow as
deformation passes through the lond maximum. This oceurs, as
shown in Fig, 3(a), when the rate of hardening (do/de), while
decreasing during deformation, comes to a balanee with the in-
creasing flow stress (o). Asis well known, when m = 0 and strain
hardening follows a power law, this occurs at € = n. Since strain
gradients are extremely small up to this point, n provides n
measure of uniform strain (eu) and marks the onset of diffuse
necking. Further deformation is diffusely unstable (or (rnsi-

_"\u_!lhin grasdient becomen appreciabile, the maximum prineipnl ntreas
-ill:ﬂ'llun everywhere in the specimen no longer remaing parnllel Lo the tensile
axis and equations (3) and () muat be muditied to include the nonpnrallel

P ta (ns will in reference [8]).
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Fig.2 The growth of straln gradient (=d«fdx), az a function of («/n)
Is shown for varlous values of m

atnble) ns it oceurs under stendily falling load. Strain continues
to loenlize with eventual formation of a thickness neck occurring
when do/de = a/2, ic.,, nl € = 2n for power law hardening ma-
terinls (m = 0) [9].

Since dé/dr is small up to the maximwm load, even large
values of m do not apprecinbly increase the uniform strain (IFig.
(1)), Beyond this point, however, dé/dx rises enough to cause
n strain-rale indnced flow stress increase, with an even greater
incrense in do/de. “The rate of stability loss is thereby reduced
and local necking condition is not satisfied until strains are
greater than 2n. Ay predicted from equation (4) (also shown in
Fig. 2), n smaller —de/dr is maintained throughout this stage,
and necking may not be visunlly apparent until considerable ex-
tension has aceumulated in the specimen. Bven though this de-
formation is quasistable in nature, it is practically “uniforin’’
and useful.

An annlysis of stability loss during diffuse necking was made
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; Heching 1
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Flg. 3 Schematic plots of true stress and straln hardening rate as
functions of true strain (Considere construction): (a) For m =0,
diffuse necking begins when (dofdt) me, and local necking when
(da/de) =a/2; (b) For m >0, diffuse instabllity strain Is relatively un-
affected, while « and (do/dv) change appreciably beyond this point to
Increase the local necking strain.
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in reference [10], and it was found that even a small m can pro- = 2036-T4 Aluminum
duce quasistable flow (with a nearly constant maximum load) © 3003-0 Aluminum
over an appreciable strain range. Fig. 4(a) compiles some of o 4 5]182-0 Aluminum N
these data. Low carbon steels (aluminum-killed or rimmed x 51820 Al (150°C)
variety) with m as low as 0.01-0.016 (at quasistatic speed), can 2 0k a 10-30 Brass |
postpone the onset of localized necking and accumulate large - © Zn-Ti Alloy
amounts of post-uniform strain to account for nearly 40 percent S .
of its total elongation to failure! (mensured over 50.8 mm gage ? - e
length). In 3003-0 aluminum (n ~ 0.23, m ~ 0.003), nearly S s
22 percent of the total elongatlion comes from bLeyond the maxi- e ;
mum load, while in high strength low alloy (1ISLA) steel (n ~ s ]
0.16, m ~ 0.008), this is approximately 30 percent. In disper- =
sion hardened zinc (n ~ 0.05, m ~ 0.06), nearly 90 percent of % .
the elongation is post-uniform, and although its m is small com- g
pared to superplastic alloys, the deformation characleristics nre
similar. Even cold-rolled aluminum in Fig. 4(a) derives 50 per- -
cent of its extension from beyond the maximum load (m = 0.003). 4
In materials exhibiting serrated flow or negative m, on the other 3
hand, deformation rapidly localizes beyond maximum load (Fig. T
‘The plastic anisotropy pa ter (r) also infl the post-uniform de- 0 6 4 OTDZ 0:34 ! 0.06
formation through its influence on Mow alresa in the neck na the local atrena- y . '
state changes [10]. This effect is greater for larger values of r [0]. and explaias m L
the somewhat larger post-uniform elongations of A-K steel (r~1.7) in com- ;
parison to rimmed stoel (r~1.0). Flg. 4(c)
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Fig.5 The dependence of limiting englneering straln, upon locallza-
tion of deformation In a neck from Imperfection sizes (1-f) = 0.001,
0.002, calculated by using equation (5)forn = 0, Is shown as a function
of m (for large values of m, limiting engineering straln itself equals
total elongation.) Trend line for experimental data from referance
[15) Is superimposed.

4(b)). Despite respectable strain-hardening properties, brass
(n = 0.53) and aluminum alloys (n = 0.28 for 2036-T4, n = 0.36
for 5182-0) show small post-uniform extension beeause m is
either zero (brass) or slightly negative (—0.005 for 2086-T4
end —0.01 for 5182-0 aluminum). The post-uniform elongntions
for materials in Figs. 4(a) and (b), and 5182-0 aluminum at
150°C (from reference [11]) are plotted as a function of m in

Fig. 4(c), clearly indicating n monotonic dependence. The some-
what greater elongation for A-I steel is believed to be a result
of (i) ils high value of r, and (ii) an increased effective strain
hardening in the neck as the loeal stress-state changes (12].
While the functional dependence of Fig. 4(c) is complex, at
clevated temperature (generally as m increases and n decreases)
the flow is primarily controlled by m and the post-uniform
clongation nearly equals the total elongation. For such cases,
n growth madel of an initial specimen imperfection (nssumed to
be n varistion in cross-sectional aren) predicta (13, 14] the de-
pendence of engineering strain at failure, e*, ns

e = (1 = fimym — 1 (5)

where, f = 1 — (fractional size of imperfection (~0.001-0.002)).
A plot. of this prediction is compared in Fig. 5 with the trend
line of data for & lnrge number of materinls from reference [15).
The ngreement for lnrge m (i.e., low 1) is found to be remarkably
goad, while equation (5) does not direetly apply to the lower m
(i.e., higher n) materinls,

Influence on Strain Distribution. The influences of n and m
an, respectively, the uniform and post-uniform elongations be-
come obvious upon examining the distribution of axinl strain
from failed tensile specimens of the materinls shown in Figs.
4(a) and (h). Mensured with a 0.50 min square grid, these strain
distributions nre shown in Figs. 6(a) and (b). The interesting
feature in Fig. G(a) is that the diffuse neck is well-defined and
small (for m < 0), oulside of which the strain is nearly uniform.
On the other hand, for m > 0 in Fig. G(b), the neck region is
diffuse und broad aud strain drops continuously from its peak
value without ever attaining a uniform value. Dispersion-
hardened zine is a good example. The post-uniform deformation
i3 distributed outside the localized neck so gradually that an ex-
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Fig. 6 Strain distribution In a tensile neck plotted as a function of
distance from the center of neck: (a)for m < 0,(b) for m > 0. Sheet

thickness ranges between 0.90 and 1.

5 mm for which the zone of local-

ized neck (visually determined) does not a
ppreciably differ in size.
The short horizontal arfows Indicate the local necking strains.
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Fig. 7(a) Logarithmic plot of true stress versus true strain for 70:30
brass and the two aluminum alloys showing that the terminal value of
the strain hardening exponent (n') Is substantially less than the
earlier constant value. These matarials exhlbit a three stage harden-
ing behavior.

tremely long specimen would be required to capture the entire
diffuse neck. For all practical purposes, a major part of the post-
uniform flow thus becomes part of the “uniform'’ strain. In the
case of dispersion-hardened zine, this kind of strain could be ns
large as 0.35, while its n is only 0.05.

The zones of localized neck, determined visunlly, nre nenrly
equal for these sheets of about the same thickness (0.9-1.5 nun).
Short horizontal arrows indicating the limiting strains (im-
medialely outside the localized neck) in Fig. 6(h) also show that
loeal necking strains nre significantly greater than 2n for these
materials. The importance of a small m in conventional strain
hardening materials just discussed is not commonly recognized.
In contrast to this kind of behavior, however, Iig. G(a) shows
that uniform strains for brass and aluminuwm alloys are less than
n and their local necking strains are less than 2n. This efMoct ix
discussed more fully in the next paragraph.

Variation in n and m with Strain. The value of n, determined
from the slope of the best linear fit through the log ¢ versus log
€ data for brass, and 20:3G-T4 and 5182-0 aluminum nlloys over-
estimales the strain-hardening exponent for strains nenr maxi-
mum load. Fig. 7(a) shows that a smaller n can be obtained on
the basis of the last portion of the stress-strain data prior to
maximum load. Clearly this terminal n value, designated us n',
is related to maxinunn lond condition and becomes equal to
uniform strain, indicated in Fig. 6(a). Similarly, local necking
strain becomes nearly equal to 2n'. The reason for this drop in
n immediately prior to the maximum load is unknown. One
possible mechanism is the ease of cross slip leading to an ex-
haustion of strain hardening {16). An additional effect may nrise
from strain-rate softening for materials with m < 0. Since the
peak strain element is slightly advanced in strain and strain-
rate compared to its neighbors, any strain-rate softening it may
experience could cause an apparent loss in the rate of strain
hardening.®

"While this terminal value of n is related Lo the necking event, a low value
of n is also observed nt amall plastic strains (up to about 8-0%% in mild steals)
in most polycrystalline metals. Including thin fimt stage, lirass, 2030-T4

lumi , 5182-0 alumi I [17]. austenitic atainlcss ateel [17] and aome
HSLA steela (18] actually exhibit & three-atage hardening belinvior, while mild
steels and 3003-0 aluminum alloy and moest HSLA steels do not show the thind
stage,
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Hockett [20]). A nearly constant Ac between the curves is observed.

Similur to the varintion in # ns a Tunction of strain and its
influenee on ductility, the varistions in m as functions of strain
and strain-rate produce annlogous results,.  Whiel m is nearly
independent. of strain for alnminum-killed and rimmed steels
{19] (Fig. 7(h)), and pure nluminum nt room temperature [20]
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Fig. 8 The forming limit dlagrams of 70:30 brass, A-K steel, cold-
rolled aluminum and 2036-T4 aluminum from reference (25] and [26],
determined by a punch stretching technique described in reference
[25]. Engineering strains have been determlined by 2.54 mm circle
grlcils. The n and m values of the materlals are shown here for com-
parison.

(Fig. 7(c)), in the ense of Cu-Al entecties (ul 430 C) [21] it hns
been shown that m increases with strain at low strain rates nnd
decreases with strain at high rates. Iquation (1) with n constant
nt is thus a poor approximation in many cases. A simultaneous
drop in n and rise in m are observed with increasing deformation
{emperature in many materialsé [21, 22], and a change in m as
function of strain is a common feature in such eases. It has been
shown that the terminal value of m for such materials must be
considered in order to relate to ductility. An overall constitutive
description: o(e, €, T'), would however be more desirable in that
case than isolated measurement of n and m.

Biaxial Deformation

Localized Necking: Forming Limit Concept. Forming n sheet
metal component involves the application of binxinl londs in
the sheet plane. Although the understanding developed for
uniaxial deformation basically applies also to this kind of load-
ing, the presence of an intermediate stress can significantly alter
the strain level prior to the development of a localized neck,
From an applications point-of-view, a localized neck constitutes
failure and therefore, the dependence of local necking limit strain
(comrr_mnly known as forming limit) on material properties is of
great interest.

Originally developed by Keeler (23] and Geodwin [24] from
mild steel production stampings, forming limit dingrams rep-
resent the major strain in the sheet surface at the onset of n visible
neck as a function of minor strain. Fig. 8 shows the forming
limit disgrams for a number of materials oblained from Inb-
oratory tests [25] involving stretching sheels over a hemispherical
punch. The strain combinations below a given dingram indicate
success while those above are failures ( necking or tearing). (IJe-

*This is a typical charnc_l.er_istic of thermally activated (and time-dependent)
dtf_cl‘rnlllo!: proceases (within a certain temperalure-strain rate regime). in
which the imporiance of m i with i g temperature [22).
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Fig.9 Theoretical imiting major (true) strains are plotted as a func-
tion of minor (true) strain, within the range of uniaxfal (¢1=0) and
balanced blaxial tension (o =e,). DIffuse necking limits are shown for
two different (Swift [27] and Maximum Load) criteria (dashed lines),
while local necking limit due to HIIl [3] Is shown for negative minor
strains (solld line). Local necking was not predicted from these
analyses.

formation with positive minor strains is called strotch-type, and
the negative minor strains indicate drawing-type action). These
Inborntory dingrams ngree well with results from actual stamp-
ings; however, thoy are at o higher strain level than forming
limits from in-plane deformation. The punch geometry and its
frictional constraints influence the strain gradient and strain
path to failure and are believed to be responsible for this effect
126]. The understanding of punch forming limits therefore must
take these factors into account [3, 4]. It must be noted, in this
connection, that an increased friction lowers formability pri-
munrily by increasing the strain concentration.

The classical plasticity predictions of local necking limits due
to Hill |9) and diffuse necking limits due to Swift [27] are sum-
marized in Fig. 9 for an isotropic, power-law hardening (m = 0)
materinl under uniform, proportional strain paths. Within the
range of stress-states between uniaxial and balanced biaxial
tension, the Swift criterion (which is nearly the same as a maxi-
mum traction criterion) predicts that the diffuse necking strain
is about n. On the other hand, Hill [9] identified localized necking
(or shesr band formation) with the attainment of a plane strain
condition (de; = 0). In the negative minor strain side there is a
sheet direction with de; = 0, and local necking strain drops from
2n in uninxial tension (doy/der = 1/2) to a value of n in plane
strnin tension (doy/de; = o) (see Fig. 9). In reality there are
alwayy gradients in strain and strain-rate before localized necking.
If m > 0, the strain limits would therefore increase on account of
rate-induced hardening.  For example, A-IC steel (in ~ 0.012)
exhibits an in-plane forming limit for the plane strain condition
that is greater than n.  Either increasing sheet thickness or de-
crensing punch radius raises these limits, particularly for m > 0.
As shown in Fig. 8, the punch forming limit (plane strain) for
A-K steel is greater than its n, while that for aluminum alloy is
nearly equal Lo n.

In the binxinl stretching regime (&2 > 0), however, localized
necking is unexplainable by the Hill theory since no direction of
zero length change exists in the sheet plane. A rationale for
loenlized necking for & > 0 was provided by Marciniak and
Kuezynski [28] (M-K), who nssumed that an inhomogeneity
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Fig.10 (a) Areglon of iInhomogeneltly (thinned region, B) bounded by
homogeneous material (A) undergolng blaxial stretching, according
to the model of Marciniak and Kuczynskl (28] () Proportional straln
paths in region A (solid line) and those in region B (dashed line) are
shown In blaxial straln space. When reglon B reaches the fracture
limit curve, straln accumulated In region A defines the forming limit
(localized necking). (c) The shiftin stress-path in reglon B shown in

biaxlal stress-space Is equivalent

to the strain path change In (b).

The attainment of plane strain state {(din =0) or fracture In region B
signals the end of deformation for reglon A. This representation is

after Sowerby and Duncan [23).
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Fig.1l Theinfluence of (a)straln hardening exponant, (b) straln rate

sensitivity, and (c) fracture strain

on the forming limit diagram (for

« > 0), calculated from the model of Marcinlak and Kuczynskl. These
data sre Irom reference [13]. Nole thatany / < 1.0 produces plane
strain limits less thanaform <0, It m > 0, howevaer, the plane sirain
{imits could be substantlally longer.

present in the material could be adequately modeled by a thinned
trough-like region lying perpendicular to the direction of maxi-
mum principal stress (Fig. 10(a)). Compared to the surrounding
material, the trough would thin faster under an imposed biaxinl
stress-state, i.e., € (trough) > € (surroundings), while & (traugh)
= & (surroundings). The strain path in the trough would turn
toward plane strain and eventually reach fracture, ns shown in
Fig. 10(b). On the basis of an isotropic hardening theory of large
plastic flow, the stress paths followed by the potential fnilure
element [29] are illustrated in Fig. 10(c). From the basis of either
stress path or strain path, the M-IC analysis predicts an increasing
forming limit with increasing binxinlity (e/e; — 1); sinee as the
imposed €/¢ increases, the trough tnkes longer to rench a state
of plane strain, thereby accununulating greater strain in the
surrounding material.

270 / suLy 1977

The trends predicted by the M-IX analysis agree, in general,
with the experimentnl forming limit diagrams for various ma-
terials (Fig. 8). There are some quantitative disagreements, how-
ever, discussed in reference [26]. The general predictions [13] are
illustrated in Figs. 11(a), (b), and (c). These are: (i) the level
of the forming limit disgram is raised with increases in n and m,
(ii) the rise is greater near plane strain than balanced biaxial
tension, (iii) the fracture strain (indicated by &y, i.e., thickness
strain at fracture) can have a strong influence on the forming
limit dingrum near &/e 1.0. The last two observations mean
that failure in plane strain is nonnally more “instability-con-
trolled,’” while that near & € is influenced more by fracture
processes.  The signifieance of n small m is realized from Fig.
11(b), which shows that the plane strain limits could indeed be
greater than n (when m > 0) ns observed in Fig. 8.
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Fig.12 Radlal straln (e.,) and circumferential straln (es, ) distribu-
tlons as a function of orlginal radlal distance from the pole of domse
stratched over a 50.8 mm radlus hemispherical punch [4). More uni-
form strains during the early stages and a narrower strain peak in the
later stage characterizes brass, while steel shows much broader

peaks In both radial and circumferential strains.

Strain Distribution Under Blaxial Loading. Distributions of
radial and circumferentinl strains during ineremental stretching
of A-IC steel and brass sheets [4] over n rigid hemispherieal punch
are shown in Fig. 12. These distributions show that n penk de-
velops in the radial strain distribution early during deformation.
Because of strain hardening snd frictionnl resistance on the
punch, this peak progressively moves nway from the pole and, at.
some stage, deformation concentrates in it enough o cnuse
localized necking. The interesting fact is that the strain dis-
tribution is substantinlly more uniform from stages 1 through 6
in brass due to its higher 2 (0.53) compared to steel (n = (.23).
Thiz means that with a smaller penk strain, bhrass ean produee
the same size dome ns steel at these stages.  However, beyvond
stage 5 for steel, deformation spreads primarily around the peak
strained region without much shift in its loeation, while brass
peak continues lo move. This behnvior for steel nrises from ity
enrly attainment of diffuse necking strains (~n), beyond which
the spread of deformation is primarily due to its high m (0.012).7
Brass, on the other hand, reaches diffuse necking much lnter nnd
rapidly concentrates struin subsequently without any apprecinble
broadening of the peak (since m = 0).

The result of this effect on the punch load versus displacement
plots for these materinls is shown in Fig, 13(a). In thix ense,
the inflection point in the curve signals the onset of diffuse
necking (roughly a condition of maximum interface pressure),
similar lo the maximum lond in a tensile test. Substantial in-
crease in the punch displacement beyond the diffuse necking
point is found to occur for steel, while this amount is less for braws.
In a similar manner, dispersion-hardened zine (m = 0.06) shows

Tecause _nlrnin gradienta (and t} lore, also gradienla in atrain-rate) are
present d_unng punch stretching from the very heginning of defonnation, the
distribution of strain is influenced fromm the very outset, huwever the effect
! more pr ed sul t to diffuse necking.
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u substantial increase in the post-inflection displacement while
this effect is very small in 2036-T4 aluminum (m = — 0.005).

The influence of n and m can also be related to the circum-
ferentinl strain distributions during punch stretching (Fig. 12).
Clearly the punch geomelry plays a very significant role in these
distributions. Circumferential strain, defined as ¢ = ln (r/ro),
where ro = original radinl distance from center and r = its cur-
rent value, must inerense with € in an equal manner near the
pole region since this nrea is relntively flat and constraints are
equal from all directions.

Awny from the pole, however, the sheet plane inclines closer
townrd the verticnl and a larger increase in & can be accommo-
dated with o smaller inerease in the radinl distance from the
punch axis, i.e., with a smaller ¢. This causes € to drop nenr the
edge. The edge actunlly deforms in plane strain, while the pole
experiences balanced hinxial tension.

While braas shows this behavior well, in the case of steel, the
positive m resists rapid strain localization and causes € to rise
around the e-penk. Observatlion (12 of a decrease in n with in-
erensing binxinlity (and particularly, n rapid decreaso in n with
atrain under hinxinl loading) in the case of brass explains the
extreme sharpness of ils ¢-penk. Furthermore, the rise in es
with ¢ allows both A-IC steel and dispersion-hardened zinc to
shift their strain path Lo a more positive minor strain (Fig. 13(b)).
As scen from Fig. 8, this means moving to a higher point on the
forming limit dingram. A positive m therefore improves sheet
formability in three ways: (i) by raising the forming limit,
tii) by improving strain distribution around the strain peak,
and (iii) by moving to a higher point on the forming limit dia-
gram. In coutrnst to this, the strain path for brass shown in
ig. 13(b), is closer Lo plane strain nnd corresponds to a lower
point on the forming limit diagram. Thus the beneficial influence
of n high n for brass is somewhnat obscured since it helps the
strnin penk move toward the edge. Its dome height at failure
i only 36 nun, in comparison to 32 mm for A-I steel, even
though its n is nenrly double.
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Fig.13(a) Punch load vs. displacement plots during stretch forming
over a 50.8 mm radius punch [4). The short vertical arrows indicate the
points of inflection and roughly signals the onset of diffuse Instablility
(b) The strain paths (engineering strains) followed by the peak strain
elements during the punch stretching operation (from Fig. 12), shows
the points of locallzed necking (open circle). Major and minor strains
refer to radial and circumferential stralns, respectively.

While the contributions of the two hardening processes on the
overall formability of a component (that involves combined
stress-states) are rather complex, contributions are derived from
both the *“uniform’ and “post-uniform'’ components of de-
formation. Interestingly, the combined role of these coustit-
uents in the total tensile elongation (50.8 mm gnge length) and
dome heights at failure vver a 50.8 mm radius punch appenr to
be similar. Fig. 14 shows n plot of dome height for two different.
clamping conditions (different failure strain-states) as n function
of total tensile elongation for a variety of materinls taken from
reference [18]. This kind of correlation is considerably stronger
than dome height versus n value alone. Parl geometry and lu-
brication conditions would, however, modify such a correlntion
and formability prediction in such eases would require develop-
ing adequate plasticily analyses incorporating these factors,

Influence of Deformation Rate

Since the actual forming operations involve high speed punel
motion, its influence on materinl formability is of importance.
Normally, regions of stamping undergoing large deformation
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Fig.14 Dome helghts atfallure (stretched over 50.8 mm radius hemi-
spherical punch) for sheets plotted as a funclion of their total elonga-
tion (50.8 mm gage length) In a tensile test. [18] Fully stretched case
rafers to sheats that were clamped with a lock bead all around the
periphery to prevent any draw-In. Somewhat narrower blanks, by
virtue of slight draw-in produce plane strain states at the fallure
location.

nlso experience incrensing rates of strain. It does not appear
aimple, howover, to determine actual strain rates in various parls
of n complex stamping although one enn estimate that strain
rate will lie generally in the reango of 0-10/s.

Incrensed deformation rate is detrimental to materials in
which the primary deformation mechanism is thermal activa-
tion, sinee it does not allow sullicient time for diffusion to occur.
In conventional stamping materials, the effect of speed is not
well documented: however, it does not appear to be very large.
The influence of rate on tensile necking can be understood from
an appropriate description of constitutive law. Equation (1)
predicts (for m > 0) incrensed load with increased rate of de-
formation without influencing the necking behavior. However,
n better constitulive deseription for mild steel and 1100-0
aluminum (based on Figs. 7(b) and (c)) appears to be

a(é:) = a(&) + Ao (6)

where a(é;) at the lower strain tate is assumed to be described
by Ke® alone and Ag is expressable in terms of ¢ and é by

Ac = Km'In (é&/é) (M)

Shown by a schematic construction in Fig. 15(a), if the two
slress-strain curves (corresponding to two constant rates) are
separated by n constant Ag, their slope (do/de) curve will be
identieal. This means that maximum load will be reached at a
smaller strain when the strain rate is increased.

T'o put this in a quantitative form, if n is known for the lower
rate of €, the maximum load (do/de = o) condition requires:

(n/e. — 1)eu” = (Ag/K) = m'In (&/é) (8)

With m' = 0.026, caleulated from Fig. 7(b), and n = 0.23 for
mild steel from reference [4), equation (8) predicts the dependence
of strain at maximum load (e.) ns a function of rate (solid line)
in Fig. 15(h). Experimeutnl data from Chatfield’s work [30] is
superimposed on this Lo show that €.(é) can be predicted well
from values of n (ab n lower rate) and m. It must be emphasized,
however, that m defined by equation (1) is different from the
m' value given by equation (7). Finally, since da/de is greater
fur smaller strains, the stability luss beyond e, is more gradual at
higher €. This lends to n braoder diffuse neck at higher strain
rates.  Fig 15(0) nlso shows total clongation as a function of
deformation rate from reference [30]. The effect is less well-de-
fined and normally such data contain a lot of scatter.
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Flg. 15(a) Schematic Consldere construction for stress-straln curves
at two different strain-rates (differing by a constant A¢) show that
(de/de) = can be satisfied at &« smaller uniform strain for higher
strain rates. (b) The prediction of this decrease in uniform strain as
afunction of strain rate, according to equation (8) in the text, Is shown
(solld line) for low carbon steel. The As(reference [19]), K and n (refer-
ence [4]) values are Indicated and comparison Is made between the
prediction and data (open circles) from reference [30). (c) The de-
pendence of dome helght (50.8 mm radlus) on punch speed for fully
constrained sheets. The dome height trend Is somewhat simllar to
that of total elongation (Flg. 15 (b)).

Measurements of dome heights (from stretching over a 0.8
mm radius hemispherical punch) as a function of rate for A-IC
steel also show large seatter (Fig. 15(c)). There is n general trond
of some increase initislly, followed by n gradual decrense in
dome height &s a function of punch speed. This kind of behavior
may arise from the combined influence of changes in material
properties and interface frictional characteristies as a function of
speed, and has not been explained in a quantitative manner.

If Ao in equation (6) is not constant and increases with strain,
€. would not drop as much, if any, with increase in strain rate.
In fact, some elevated temperature studies suggest that e, in-
creeses with rate in Al-3 percent Mg alloy deformed at 300°C
131], and in low carbon steel, deformed between 1000°C and
1200°C [32]. If, on the other hand, Ao decrenses with strain, an
even more rapid drop in €, would occur with incrensing strain
rate. All spectrums of behavior are thus possible depending upon
the intensity of the thermally activated process (time-dependent)
atl the prevailing deformation rate and its competition agninst
the athermal hardening (glide based) process.

Conclusions

Detailed examination of sheel stamping materials indientes
that the strain hardening exponent, n, is the most important

Journal of Engineering Materials and Technology

R ————

factor in the distribution of strain prior to the onset of diffuse
necking. The presence of a small but positive strain-rate sen-
silivity (m) exercises an important stabilizing influence on the
deformation beyond that point. Combination of these effects
with a high fracture strain provides low carbon steel with ex-
cellent formability. These effects also influence the forming limit,
i.c., strain level prior o localized necking in a similar manner.
Aluminum alloys, on the other hand, exhibit inferior formability
al room lemperature, since n diminishes with deformation and
m is slightly negative. When m > 0.02, as in zinc alloys at room
temperature and many metals at elevated temperature, the im-
portance of n on the overall deformalion process is reduced, and
flow becomes extremely uniform exhibiting some of the charac-
teristics of extended ductility materials. Increase in deformation
rute decreases the uniform component of strain in rate-sensitive
materinls and may either increase or decrease the non-uniform
component of deformation. The proper constitutive law, which
depends upon the intensity of the thermally activated slip
processes, must be characterized adequately, however, to allow
predictions of this type.
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