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Abstract

This paper introduces a double shear axisymmepecimen (Shear Compression Disk)
and the methodology to extract flow and fractureperties of ductile materials, under
various stress triaxiality levels. A thorough nuroak investigation of the experimental
set-up is performed, which reveals that the steease quite uniformly distributed in the
gauge section during all the stages of the test. ditainable level of stress triaxiality
(with pressures of up to 1.9 GPa) ranges from t0.1, which can be adjusted by a
proper choice of geometrical parameters of theispat

The methodology is implemented to quasi-static erpents on 4340 Steel and
Aluminum 7075-T651 specimens. The flow propertiess@mpared to those obtained by
upsetting cylinders and show a very good agreenkantthese materials it is observed
that, contrary to the fracture strain, the flowgedies are quite insensitive to the level of
stress triaxiality. The fracture strain of the aioom alloy increases with triaxiality and
may be fitted with an exponential polynomial of tgpe suggested by Johnson and Cook
(1985). These examples demonstrate the potenttakaiew specimen to obtain flow and
fracture properties of ductile materials under oalfed triaxiality.
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static loading
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1. Introduction

The modern engineering environment generates ataitneeed for improved
design procedures based on new materials. Theggasepnts pose a great challenge for
a sophisticated characterization of plasticity dadure of materials under complex
loading. In particular, most of “high performancaiplications expose the materials to
extreme conditions requiring an accurate mateharacterization taking into account the
stress triaxiality and strain rate effects (e.de€t al, 2007). It is well accepted that the
common criteria for yield (e.g., Tresca or von-Misand ductile fracture (e.g., Gurson),
which are all used to transpose the one-dimensierpkrimental results to triaxial
conditions, are only rough approximations for mateslasticity and fracture (Yu, 2004).
Reliance on these bounds for high strain-rate ¢mmdi is based on the abundance of
one-dimensional experimental data on material pt@se using various specimen
geometries beyond the classical tensile/compressies, such as the Shear Compression
Specimen (Rittekt al. 2002, Dorogoy and Rittel, 2005), the hat-shapestispen (e.qg.,
Meyer and Manwaring, 1986, Couque, 2003, Couqu@52Gua and Nesterenko, 2007,
Mishraet al, 2008), the double-shear specimen (Rusinek angaglkko, 2001, Li and
Jones, 2002,), the punch specimen (Gudetral, 2007) and the butterfly specimens
(Mae, 2009). All these geometries are used in lopthsi-static and dynamic loading
configurations. Since failure of ductile materigdswvell-known to depend on the degree
of stress triaxiality (Bridgman, 1952), these spea geometries provide only a partial
characterization of the material behavior.

Yet, several specimen geometries can be found fmacic experimental
investigation of triaxiality effect. Among the moreommon configurations are a
circumferentially-notched tensile specimen (e.g.anébck & Mackenzie, 1976,
Hopperstad et al., 2003, Mirone, 2007), notchedelspecimens (e.g., Mirone, 2008),
shear and plane-notched tensile specimens (e.gni@et al., 2008), and a standard
tensile specimen exposed to hydrostatic compressiora chamber (Larose and
Lewandowski, 2002). These experiments are usedxt@at a variety of properties

including plastic behavior and fracture strain. $oof the specimens are used also under



dynamic loading (Alves and Jones, 1999, Che et2@0;7). An authoritative review of
results of these investigations can be found indreowski and Lowhaphandu (1998).
Each of these specimens introduces a limit on sashethe desirable
characteristics of the experimental configuratisunch as, large non-uniformity of stress
in the gauge region, non-constant triaxiality ledeking the loading, limited range of
triaxiality, heavy reliance on numerical analysis &xperimental interpretation. Though
altogether, these specimens provide a large vaoetgtress combinations, this large
diversity may inhibit the derivation of a considtanodel for material behavior from
early plasticity up to failure under triaxial stsestate and high strain-rate conditions.
The purpose of the present paper is to presentxperienental and numerical
study of the development of a new specimen comdigom which allows for the
investigation of stress triaxiality effect on flaamd fracture behavior of ductile materials.
The configuration of the specimen is inspired fridre Double-Shear specimen, which
was suggested decades ago by Fergusson et al.) @8&7ater revisited by Klepaczko
(1998). The main characteristics of the new specjnreferred here as the Shear
Compression Disk (SCD), are as follows:
1. Shear is the dominant loading mode of the riztas appropriate for plasticity study.
2. Easy control over the level of the normal stess(or pressure) on the sheared section
(including both positive and negative).
3. Small and easy to manufacture.
4. Same specimen geometry to be used for quagi-gtaported here) and dynamic
experiments (work in progress).

5. Simple experimental procedure and interpratatio

6. Reasonably high rangetobxiality (tr) ranget, = Sm , Where the effectivpressure

A
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is defined bys = - :—35 i ands . is the equivalent von Mises stress.

The numerical analysis of the experimental set lupws a relatively uniform

stress distribution within the gauge area, withinide range of triaxiality- 0.2< t < 1.2

(for large strains). The level of the triaxialitynihg the main load step can be made to



vary or remain rather constant during the testsThidone by choosing the proper design
parameters which fit the experimental requirements.

This paper introduces the specimen, its numericadleting and data reduction
procedures, followed by preliminary experimentaules obtained for 4340 steel and
Aluminum 7075 T651 specimens. This work descrilbesktasic features related to quasi-

static experiments, while dynamic testing will leported in a separate paper.

2. The specimen and experimental setup

2.1 The experimental set-up

The setup consists of three elements: (1) Confihivider, (2) Specimen and (3)
Spacing ring. These components are shown in Fig.ekploded and assembled views.
The confining holder and the spacing ring are useachieve the required pre-set stress
within the specimen gauge area. The inner surfat¢keoconfining holder is inclined to
the specimen’s basis by an anglenatching the inclination of the conical outer sgd
of the specimen (Fig. 2a). Upon forced insertiontlod specimen into the holder,
confining stresses are generated in the specintea.niagnitude of the stresses depends
on the anglex and the insertion distan@(Fig. 2a). The spacing ring is used to set and

limit, if necessary, the insertion distaride

2.2 Specimen geometry

The basic configuration of the specimen is inspfrech the double shear (DS) specimen
(Klepaczko, 1998), with two main modifications imder to control the hydrostatic
pressure level within the gauge.

The first modification consists of selecting a twated cone specimen of half angle
90 - a (Fig. 2a). This inclination is aimed at generatprgssure in the sheared gauge
sectionprior to the application of main loafto be detailed below).

The second modification concerns the inclinatioof the slot defining the gauge area

(Fig. 2a). This inclination, together with the insen distance, serves as a control over



the stress triaxiality of the test. The two anglésnclination,a andb, and the insertion

distanceD, are design parameters whose effect is analyzsedton 3.

specimen spacing ring confining holde

b.

Figure 1: The experimental setup. a. Before assgniblAfter assembly. Note that the
upper face of the cylinder and the specimen ahesame level after assembly.



confining holder  specimen spacing ring

b.

Figure 2: The experimental setup. a. Position éengdie-set stage. b. Position at the main
loading path.
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Figure 3: Schematic cut view of the experimentalge



2.3 Experimental procedure

The experiment is performed in two steps.

1. The first step, referred here to asre-set, consists of insertion of the
specimen into the holder up to a distafbcgredetermined by the heightof the spacing
ring. The conical contact surface between the spatiand the holder is lubricated to
decrease the applied force required for specimsertion. This step introduces stresses
within the specimen, whose magnitude depends oarigkea , insertion distancB, and
also on the material properties of the specimentlose of the confining holder.

2. The second stepmain loading, consists of application of a uniform load on
the inner disk of the specimen as shown in Fig. Piie measured quantities which
represent the main loading path are the load amdligplacement of the inner part of the
specimen. A special fixture was designed for attzmft of an LVDT to accurately
measure the displacement of the bottom face obpleeimen in both pre-set and main-
loading steps. The complete setup, in a configomateady for the second experimental

step, is shown in Fig. 3.

3. The stress triaxiality level

For a confining cylinder made of known material (agang steel), the level of stress
triaxiality within the gauge during the main loagirstep is controlled by the three
parameters, b, andD (Fig. 2a). The initial triaxiality is mainly dicted bya andD,
while b dictates its evolution during the main loadingpsti the present study a fixed
anglea = 85 hasbeen chosen. For the casebof 0, the main loading mode is primarily
shear with a transition to tension at large lewslsleformation, similar to the original
double shear plane stress specimen (Klepaczko,)199&umerical investigation is
performed to study the effect bfandD on the evolution of local and average triaxiality

within the gauge during the main loading step.



Five distinct values db were examined: -£00°, 1, 20° and 36 combined with two
values ofD = 0.0, 0.75 mm. Only the value Bf= 0.0 mm was examined for= -10 to
characterize the development of a negative pressure

The numerical procedure and results are shown fiée.results are sub-grouped in
the following sequence: 1) Plastic strain disthidtwithin the gauge. 2) Uniformity of
triaxiality within the gauge. 3) Effect df on the evolution of the average triaxiality

during loading. 4) Effect dD on the triaxiality (two valueB = 0.0, 0.75 mm) for eadh.

3.1 Numerical Scheme

Numerical simulations were been used here for tveannpurposes: to evaluate the
degree of stress homogeneity within the gauge (whimuld facilitate proper extraction
of material properties), and to assist in the prtetation of the experimental results.

The axisymmetric meshed models which corresporttigdwo extremé values are
shown in Fig. 4. The upper inner diameter is 121 while the upper outer diameter is
22.7 mm. The slot width w=1.0 mm and the gaugeicartiength L= 2 mm. The
specimen overall height is H=6 mm and its outeesaare inclined by = 85, as shown
in figure 2a,b. An axi-symmetric analysis was aactdd with Abaqus Standard 6.9 EF1.
Quadratic quadrilateral elements of type CAX8 wesed. The size of the elements in the
gauge is ~2.5% of the gauge length. The analysispfe loaded specimens was
conducted in three steps. In the first step (lispldcementD was applied all along the
upper face of the specimen. In the second steph@)oad was relieved. The third step
(3) consisted of applying a displacement of 0.5 amthe inner disk of the upper face of
the specimen. For the specimens widh=0 only the third step was applied. This third
step was also applied to the specimen witlf iBlination of the slot, since a negative
pressure was pursued. A frictional contact withdDatb coefficient of friction (cof) of
0.1 was assumed between all contacting surfaces. cbi is typical of well lubricated
contacting metal surfaces. The 4340 steel was raddat a bi-linear elastic-plastic
material model with Ep = 0.4 GPa. The elastic proge which were used are: Young’s

modulusE = 210GPa, Poisson's ratiar = 0.3 and yield stress y, =1400MPa.



a. b.

Figure 4: Meshed axi-symmetric models which weredus the numerical scheme. a.
30° inclination. Note the gap ready for pre-load stefpthe experiment. b. -£0
inclination. Note that the gap is closed, readytihie main load step of the experiment.

3.2 Pre-set

The main purpose of the pre-set is to induce vartaaxiality levels within the gauge
prior to execution of the main loading step. Fgora-determined angla, the level of
initial triaxiality is determined byD. For the particular materials investigated he@4(
and 7075), it was estimated that the maximal véhae will induce only minimal yield
within the gauge corresponds = 0.75 mm. The resulting residual strain and press
for that case are detailed here.

The distribution of the residual pressure withire thauge after the load release
(numerical step 2) for 4340 specimens Witk 0° and b = 30 is shown in Figs. 5a and
5b respectively. Some stress concentration neasltteips is evident, as expected. The
light (green) color represents a pressure of ~6@8@&Mhile in the darker (red) areas, the
pressure might reach a peak value of 1200 MPa. leNhése concentrations lie on the
"working line" (showed as a thick purple line) tor= (°, they lie outside this line fdy =
30°. This behavior implies that the uniformity of timitial stress distribution in the gauge
along the working line is better for a non-zéroThe plastic strain distribution within the
gauge after the load release (step 2) for a spesiméthb = (° and b = 3@ is shown in
Figs. 5¢ and 5d respectively. It can be observad ¢hly very small part of the gauge
undergoes plastic deformation during the pre gep(%). Forb = 30 these small plastic

zones are outside the working line of the gauge.



The question of uniformity will be further examinéat the various combinations of

D andb in the sequel.

2.31 mm

C. d.
Figure 5: Pre set effects due@o= 0.75 mm. a. Residual stress for= (. b. Residual
pressure fob = 3(. ¢. Residual plastic strain for= (° . d. Residual plastic strain for

= 3(°. Note the paths on figures a and b on which fiedtlies of the neighboring
elements were used for averaging purposes.

3.3 Main loading step
3.3.1 Stress uniformity within the gauge area

To check the uniformity of stress triaxiality dugithe main loading step, as well as the

effect of the pre-seD, the equivalent von Mises stresgq(i) and the mean stress

P(f() were extracted along the sheared surfaces, wtaike are shown in Figs. 5a,b.
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Figure 6: The distribution of the triaxiality alotige paths of Fig. 7 for two values of pre
setD=0.0mmand=0.75mm.ab=-1F.b. b=0C.c. b=1F.d. b=2F.e. b=
3.

The symbol Xx=x/ L represents the normalized distance along the gemgth
which is the abscissa of Figs. 6. The path startiseabottom of the gauge and ends at its

top. The values are obtained for the elements albegaths at a specifiép. Forb = -
10°, ép =0.1, while for all other values df, the equivalent plastic strain lies in the range

0.25£ ép £ 0.3% Forb = -1¢ the strainép is smaller because the fracture strain for a
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negative pressure is smaller. The stress triayifdit b = -1 is shown in Fig. 6a. The
stress triaxialities fob = -10° , @, 1, 20° and 36 are shown in Figs. 6a-6e. The results
show a consistent level of uniformity in the ranQel5£ X £ 0.8t while close to the
specimen's slot tip§x<0.15, x> 0.83, the triaxiality differs most likely because of
local stress concentration effects. Fig. 6 alsoamshthat the pre-set causes a consistent

increase in stress triaxiality, thus providing awenient means for controlling it.

3.3.2 Gauge deformation and plastic strain at ac#jed load

The gauge deformation and plastic strain contoupsvedter pre-set (1), release (2)
and main loading step (3) are shown in Figs. 7bH§. 7a shows the color contour map
of the plastic strains. The pre $&t 0.0 mm was applied to the specimen viith -10
(Fig. 7b) while a pre set @ = 0.75 mm was applied to specimens with ¢, 1¢°, 20

and 30@which are shown in Figs. 7c - 7f respectively.
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Figure 7: Load effects on the deformed gauge armd ethuivalent plastic straiég)
distribution. a. Color contour map @&, . b.b = -1¢ , D= 0.0 mm andé,= 0.1. c.b = -
0.0°,D=0.75 mm and&,= 0.25. db = 1¢°,D=0.75 mm ancg,= 0.27. eb = 20° , D =
0.75 mm andg,= 0.27. db = 3¢, D= 0.75 mm anc, = 0.33.

In each of the figures 7b-7f, a path which lieshivi the working zone of the gauge
is shown. The average stresses and strains whilcalculated along this path are
representative of those in the gauge area. A 'tyisiotput” along this path was obtained.
This output includes time dependent values of segsind strains at all integration points
of the elements along these paths. The average wéline plastic strain (for example) of
all the integration points within the elements adja to the path represents the average
value within the working part of the gauge. Fig-7% are plotted at an average value of

strains:épz 0.1, 0.25, 0.27, 0.27 and 0.33 respectively.
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stress [MPa]

600

400

200
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Figure 8: Averaged stress-stress curves along #tke im comparison to the applied
material model for specimens ob=0° without pre-load and with pre load of
D =0.75 mm

The numerical simulations showed that the averagegses and strains along the paths
shown in Fig. 7 closely reproduce the prescribedenma model. Fig. 8 shows for

example the averaged stress-stress curves alongathein comparison to the applied
material model. Herep =0° and for two load cases dd = 01f@m (no pre-load step

(1)), and with pre load step (1) @ = 0.78m. Some small discrepancies are evident
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close to yield point and up to 7% true strain. lBoger strains the agreement is excellent.
This result indicates that for a specific specingm known material properties, the

applied displacements and load (d-P) can be mapptdthe averaged von Mises stress

and equivalent strair(s“,é) in the gauge which represent well the material @hoA

similar technique is used with the SCS specimermd@oy and Rittel, 2005). Linear

data reduction formulas for strains and stresseseathe yield point (ie2 > g ; 5> s,)

can be written as:

. kd, d

= —-1 1
e=e il g 1)
$=s5,+5 Kk, Fp-l (2)

y
The coefficientsk, and k, are determined numerically for a specific specinael
material model, wherev is the slot width. The yield point on the loadagdecement

experimental curve iédy, Py) .

3.3.3 Effect ab and Don the average triaxiality

The "history output” included the equivalent plassirain &,(t) as well as the

pressuresl5(t) =- 5—3;' and the von Mises stress8s, (t) along the paths. The symbbol

represent a time-like parameter that vary withia tangeO £t £ 1while a hat symbol #

represents average over all integration pointhefdlements adjacent to the paths. The

triaxiality was calculated by f, (t) = P(t)/$,,(t) and presented as a function &f(t) .

The triaxiality evolution with the applied load fbr= -1¢, ¢°, 1¢°, 2@ and 36 for D =
0.0 mm is shown in Fig. 9a. The results show thatHligher the angle the higher the
triaxiality. It can also be observed that the tiadiky changes during loading. Fbr= -
10° and @ it becomes negative although it is initially pogt Forb = 1@ it remains
quite constant with an approximate value of 0.2&: i = 2@ the triaxiality increases

slightly with the loading and climbs from an initiaalue of ~0.4 to ~0.6 aép =0.25.
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Higher increase of triaxiality can be obtained with= 3. The triaxiality is initially
~0.45 and reaches ~0.9 @ = 0.25.

The triaxiality evolution with the applied load for= 0°, 10°, 20° and 36 for pre set
of D= 0.75 mm is shown in Fig. 9b. It can be obsemywd the initial triaxiality is much
higher than in Fig. 9a. Fdr = (° and 16, the triaxiality decreases with the load. The
triaxiality remains rather constant for= 20> with a quite high value of ~0.9. Since the
yield stress of 4340 steel is 1400 MPa, this meéhasexperiments with almost constant
pressure of ~1260 MPa can be performed.td~er3(, the triaxiality increases with the

load from ~0.9 a'ép =0.01to ~1.15 at ép =0.25.
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a.
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_0'20 0.05 0.1 0.15 0.2 0.25 0.3
equivalent plastic strain
b.
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Figure 9: The triaxiality evolution with the applidoad. ab = -1, 0°, 1¢°, 20 and 30
for no pre set®= 0.0 mm). bb = @, 1, 20 and 30 for pre set oD = 0.75 mm.

4. Experimental results

4.1 The materials

The numerical analyses presented above and prelisntests were performed on five

4340 steel specimens in order to check the "limas'bur equipment and reach high

pressures. Typical results of two tests performéti & 20 specimen will be presented

here.

The body of the experimental results and theirrpriation reported here are for five

specimens made of Aluminum 7075 T651 with Young&latus E=71.7 GPa, Poisson's
ratio 7=0.3, and yield stress, =503MPa. This set of specimens and experimental
parameters was designed in order to obtain a rahfpconstant triaxiality during the

main loading step.

4.2 The specimen geometry

For the present purpose of preliminary investigafmur types of specimens were used in

the experiments. The specimens differed only by thie angleb, namely
b=0°,1C,15and 20°. The inclination angle of the outer radii was @mwso be

a =85’ and the height of the specimen is 6 mm. Theislétmm wide and 2 mm long

in the vertical direction.

4.3 The experimental details

As mentioned above, tests were carried out witlD434T steel 50 HRC and 7075 T651.

Experimental details are summarized in Table 1. ddrabinations of6 and D for the

4340 steel were chosen to check the flow behawideuhigh triaxiality and pressures.
For the aluminum the reasons were: 1. Evenly spartrtaxiality levels between 0-1. 2.
Obtain an approximately constant level of triastyatiuring loading.
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Table 1: Tests details.

Specimen Material b D [mm]
S1 Steel 4340 20 0.0
S2 Steel 4340 20 0.75
S3 Aluminum 7075 0 0.0
S4 Aluminum 7075 10 0.0
S5 Aluminum 7075 15 0.0
S6 Aluminum 7075 15 0.5
S7 Aluminum 7075 20 0.75

4.4 Data reduction technique

The experimental results are load displacement) (cbPves. These curves are analyzed
to determine thdlow stress-strain characteristic behavior as wellhasftacture strain.

This is done basically by a "trial and error" itiera technique. The procedure is done for

each specimen typlb) in four steps which are detailed below:

1. For each specimen the test is simulated usiegktiown elastic properties and
assuming bi linear plastic model. The d-P curves tudifferent plastic moduli (Bare

recorded.

2. The experimental d-P curves are compared tatimeerical d-P curves which were
obtained in step 1. The closesti& chosen and the coefficientsdnd k of Eqns (1)-(2)

are generated from the numerical results for this E

3. Egns. (1)-(2) (with the obtained coefficientsstép 2) and the experimental d-P curve
are used to generate a "first guess” for the nadtehniaracteristics - € curve. This curve
is substituted into the numerical simulation andhgly modified by a "trial and error"”

technique until a satisfactory agreement betweenntmmerical and experimental d-P

17



curves is obtained. The averaged field variablethéngauge are recorded to obtain the

triaxiality during loading.

4. A "ductile failure" [1] criterion is added to merical analysis and the resulting
numerical d-P curve are compared to the experirhemtas. The inputted equivalent
plastic strain to the "ductile failure" criterionhiech causes fracture at the same point

observed in the experimental d-P curve is the tinacstrain”.

A detailed example of the data reduction techniguiech involves several technicalities,
is given in the supplementary material. It shouéddmphasized that the extraction of
flow and fracture properties in what follows is bght for the sole purpose of
demonstrating the efficiency of the proposed spenim

4.5 Results

The experimental results and analyses of specimate of 4340 steel and aluminum

7075 are given below.

45.1 4340 Steel

The raw load-displacements results of specimenang81S2 (table 1) are shown in figure

10. Specimen S2, which was pre-loaded upte it sustain higher loads than S1

which was not pre-loaded. Both specimens did mattéire at the end of the test.
Although damage started in early stages of theihgadthe gauge did not break
completely and the contact between the formed esracikhin the gauge as well the
contacting faces of the slots could maintain thpliag load. The exact point on the
experimental d-P curve at which damage initiatétliwthe gauge cannot be pointed out
exactly. Yet, the non-uniformity of the loading pahay suggest damage accumulation of
the gauge and slots. These points are marked migls and correspond to unexpected
increase of the measured load. It is quite clear tihe results for displacements higher

than 0.4 mm cannot be used since the load is maatdd because of the material
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properties but because of geometrical changes ddnyséamage accumulation. Although
the exact fracture strain can not be obtained sy2f specimen the effect of triaxiality
on the flow properties can be obtained.

Application of the procedure described in sectioh resulted in the stress-strain curve
shown in Fig. 11. A cylinder ‘6 6m made of the same material was tested in
compression and the results are compared to thdtgegbtained here by the CSD
specimens. The maximum stress of the shear spedsn&860 MPa and that of the
cylinder specimen 1810 MPa. The difference is ~&%bfairly good agreement is
observed, noting that compression tests of cylmadannot generate the correct elastic

properties which result in a much smaller slopthaelastic region.

Figure 10: Experimental and numerical load dispiaeet curves of the 4340 steel

specimens
The s - e of the shear specimen of Fig. 11 was used in timenical simulation of the

experiment and revealed a very good agreementthéthaw data of the experiment, as

shown by d-P curves in Fig. 10.
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Figure 11: Resulting stress-strain curves duééawsspecimens and cylindrical

specimen.

The triaxiality during the test was calculated frtime averaged stress on the mid line of
the gauge, and typical results are shown in FigAl2rage values of tr =0.41 and 0.72
are obtained for S1 and S2 respectively. Sincest#ees - € was used to simulate
successfully the d-P of both tests with differen&xalities, it means that the flow
properties of 4340 are apparently insensitiveitxiality (at least in the range tr = 0.41 -
0.7), corresponding to averaged pressures in thgeda 75< P,, < 1.4IGPa.

Figure 12: Triaxiality evolution during tests S2-8nd their average values. Note that

the pre load step of specimen S2 bf= QM introduces a higher triaxiality.
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45.2 Aluminum 7075

The experimental load displacements curves, withenplastic range, for the five tests
are shown in Fig. 13. The curves were shifted ab tiine zero displacements correspond
to the estimated yield point. The end of each ciswhe actual fracture point except for
the specimen S7 with = 2(°. An abrupt loss of bearing capacity in this spegimvas
not evident because of contact of the internalméaces. The slightly oscillatory nature
of the curve seen in Fig 13, at a displacemenhdrighan 0.35, can be attributed to crack

formation and propagation.

Figure 13: Experimental load displacement curves.

The characteristic triaxiality level of each expeent shown in Fig 13 was estimated
during loading and given in Fig. 15. It can be aled that the higher the triaxiality the
larger the attained displacement, which correspémdérger plastic strains to fracture.
Application of the data reduction technique of gett.4 resulted in stress strain curves

presented in Fig. 14. Validation of these curve®bgsained by comparison to curves
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obtained from compression of twd 6 n@m cylinders made of the same material. Their
resulting s - e curves are also included in Fig. 14. The good exgent between the
results obtained by the shear specimens and tledey$ provide additional confidence

in the suggested specimen.

800
700 <5 corag
600+ .
g
z500—E —° .
g 400—5 ---10° ]
17 i == 15°
g 300—5: 200 1
- | cylinder 1
200 ; . ]
i """ cylinder 2
1005 ]
i
O'. | | | | |
0 0.05 0.1 0.15 0.2 0.25

true strain

Figure 14: Obtained stress-strain curves for thmeum 7075 T651 shear specimens

and cylinders.

The evolution of the triaxiality and its averagdwsaare shown in Fig. 15. The averaged
triaxiality values for tests S3 - S7 is: 0.0&,M.41, 0.72 and 0.9 respectively. It can be
observed that the stress-triaxiality is reasonatagstant throughout the main loading
step.

The fracture strain is calculated in step 4 of taa reduction technique detailed in
section 4.4. This was done with Abaqus explicit Y%ing the "ductile damage" with
damage evolution option. Large solution times (~¢ for the main loading step) were
chosen to minimize the inertial effects. The expental and numerical d-P curve of test

S4 are shown in Fig. 16. The numerical results vedtained by applying the obtained
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s - e curves of Fig. 14. Numerical d-P curves for vasiquastic strains to fracture
(0.15, 0.3, 05, 0.7 and 0.8) are shown as well. &plicit results are a bit more
oscillatory because of the inertial effects. It d@nobserved that a plastic strain of 70%

fits the fracture of test S6 which is done at &.22.

Figure 15: Triaxiality evolution during loading étriaxiality averages for the 5 tests of

table 1.

Figure 16: Comparison of experimental and numedéda curves with application of
"ductile failure" criteria with 15%, 30%, 50%, 708ad 80% plastic strain to fracture, for

test S4.
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Fig. 17 summarizes the plastic strains to fractesus triaxiality for the five tests. The
triaxiality was calculated by two methods. The tfimme was obtained by applying
implicit analysis which does not incorporate faduiThis triaxiality which is shown in
Fig. 15 was determined from the average stresseg)dhe mid-line of the gauge. The
second one uses the explicit analyses results whadrporate failure. The triaxiality is
calculated as an average of the stresses in 19e20epts which have failed at the

specific plastic strain. The Johnson-Cook fractureodel [13] is used.

ef (tr)=C, +C, »exp(C, #).

Table 2: Johnson - Cook fracture parameters fanelum 7075 T651.

coefficient Implicit - no failure Explicit - failure
Cl 0.096 0.045
C2 0.049 0.063
C3 3.465 3.384

Failure is applied in the explicit analyses by tabtg elements which have reached the
limit value of the reported plastic strain. Heneearding the stresses of those elements
and calculating their triaxiality evolution is a moaccurate method for triaxiality
calculation. But it can be observed that the diffices between these two methods is
small, probably due to the uniformity of the stesssvithin the gauge and the fact that
most of the failed elements lie on the "workingelin on which the stresses are calculated
in the implicit analysis which does not incorporéaéure. Bau and Wierzbicki (2004),
[3] report on a cut-off value of the stress tridixyaequal to 1/3 (compression), above
which fracture never occurs. This value was obthioye them empirically from upsetting
tests. The present results do not reveal theemastof such a threshold.
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Figure 17: The obtained fracture strains for Alloum 7075 T651 versus triaxiality.
Results obtained by using tests S3-S7. Johnsok-[18} fracture model is fitted.

5. Discussion

The need for accurate determination of the flow fadture properties of materials under
varying levels of stress-triaxiality prompted tbitsidy in which a new specimen geometry
and data reduction technique were developed. Theirsgn was thoroughly modeled
numerically with the aim to investigate separattilg influence of each controllable
geometrical parameters on the confining pressudesamess triaxiality. The bottom line
of the numerical study is that a variable and ailatble degree of stress-triaxiality can
be achieved with the main feature that the stremsiality is rather uniform in the gauge
section. Another important feature of the specinsethe capacity to smoothly address
both positive and negative stress-triaxialitiegreif negative (tensile) ones are still of a
limited extent. The specimen and the data redudgahnique were applied to quasi-
static loading cases but it can reasonably be exgbthat this concept will equally well
apply to the dynamic regime, thus bridging a largege of strain rates in a seamless

manner, with a single specimen geometry. This amraes the need to "patch" data
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obtained from various experimental configuratioyist, as discussed in the introduction,
the proposed technique relies heavily on numestallations to identify the flow and
failure parameters of the investigated materiale Dherall numerical procedure is not
complicated and requires an initial guess folloviegdan iterative process in which the
load-displacement curves are reproduced to a aetsly extent. While a purely
analytical approach might have been preferable avamlld have been more
straightforward, the problem at hand does not lggelf to a straightforward simple
analytical solution, so that the practicing engmedl need to apply some numerical
calculations to process the measured data. Thid kih situations is not new in
experimental mechanics, and almost all the teclasiquhich were proposed in the recent
years to investigate this and related issues Bilar a hybrid experimental-numerical
approach.

Past the initial modeling and characterizationhedf specimen, some experimental tests
were carried out to confirm the overall approacbppssed here. Preliminary tests were
carried out on 4340 Q+T (50 HRC) steel specimbnsthe main body of experiments
were carried out on 7075-T651 aluminum alloy. Thampurpose of the experiments
was to demonstrate the feasibility to extract watlmeasonable effort and accuracy the
material properties under various controlled tiddiky conditions. The same purpose was
behind the detailed analysis of the two materiad®duin the experiments. These
preliminary experiments and analysis seem to sugherJohnson-Cook failure criterion
[15] and they also pave the way for a systematiestigation of other types of materials,
including the more brittle or pressure-sensitivesasing the SCD suggested here.
Finally, the next part of the investigation, undarrent consideration, is the extension of
the proposed methodology to dynamic characterizatib the mechanical and failure
properties.

It is believed that the proposed methodology iscerg for the practitioners because of
its overall simplicity and should open the way foore routine-type of characterizations
of the mechanical and failure properties of engimgematerials.
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6. Conclusions

A new methodology for testing the flow and failygeoperties of materials

subjected to a stress- triaxialityp.2< t, < 1.2 was successfully developed.

The specimen (Shear Compression Disk) consists tfurgcated conical

slotted disk which is inserted into a confiningesie.

The measured load-displacement data is reducedegquovalent stress-strain
data using a hybrid experimental-numerical procedur

The numerical study shows a constant level of sttgaxiality that can be

controlled through the choice of geometrical parizmse

Quasi-static experimental results were reportedt8d0 Q+T steel and 7075-
T651aluminum alloy.

The experimental results support the proposed mdethgy.
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