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Abstract

The tensile deformation and fracture behavior of alloys containing

rounded porosity and with differing levels of matrix strain hardening has been

examined both experimentally and analytically. The stress-strain response in

uniaxial tension and, to a limited extent, plane-strain tension has been
• " -4

determined at room temperature for powder-fabricated Ti and Ti-6A1-4V contain-

ing porosity. The strength and the ductility of both alloys decrease substan-

tially with increasing porosity level. A large strain elastoplastic finite

element model based on a regular array of equal-sized spherical voids is used

to predict bulk porosity effects; the analysis is in good agreement with the

experimentally observed rates of void growth, but it underestimates the

degradation of strength with increasing porosity. In an analysis unique to

P/M alloys, the effects of porosity on a local scale are examined successfully

by a continuum imperfection model which predicts the fracture of porous

materials with differing matrix strain-hardening characteristics. The analysis

is significant in that it implies that a primary effect of porosity on fracture

is to introduce into the material a network of planes of high local pore

content ("imperfections").
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INTRODUCTION

Ductile fracture in engineering alloys is usually the result of the

nucleation, growth and link-up of voids or cavities. In fully dense mate-

rials, voids are formed during straining, usually by the decohesion or frac-

ture of large inclusions or precipitates (for a review, see Goods and Brown

(1)). While the statistical nature of void formation results in cavities

being nucleated over a range of strains, void nucleation in most alloys begins

early in the deformation process, and as a result the fracture behavior is

controlled by void growth and void link-up. Furthermore, many technologically

important materials contain pre-existing porosity, such as may be present in

castings and powder metallurgy (P/M) consolidated alloys. The present

research is an examination of the effects of pre-existing porosity and of

matrix strain hardening on the deformation and fracture of high strength engi-

neering alloys in general and of two P/M Ti alloys in particular.

The influence of porosity on plastic flow and instability/fracture has

been studied experimentally (for a review, see refs. 2 and 3), with physical

models (5-8), with simple models based on elastic stress concentrations and

porosity level/geometry in sintered metals (9-15), and with mathematical

models (for example, see refs. 16-21). A limitation of previous studies is

that little critical comparison has been made between models which take into

account plasticity and the observed flow and fracture behavior of the porous

material. The result is that the validity of the modeling techniques (especi-

ally at large strains) remains unproven, and no basis exists to suggest

modifications or improvements. The purpose of this study is not only to

identify the parameters which control the deformation and fracture of porous

or cavitating alloys but also to relate these to experimental data. In

particular, we shall distinguish between behavior which may be adequately

.
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interpreted in terms of bulk porosity content and that which is dominated by

planes of high local pore content.

The experimental aspects of the study are based on the contrasting

deformation and fracture behavior of two Ti alloys, commercially pure (CP) Ti

and Ti-6Al-4V, which possess considerably different strain hardening charac-

teristics and which have been consolidated via P/M techniques to similar

levels of rounded and mostly isolated porosity. The yielding, flow, void

growth and void link-up behavior are examined experimentally, and metallo-

graphic and fractographic analyses are used to define the bases for quantita-

tive model formulations. The analyses distinguish between that behavior which

can be interpreted on the basis of bulk porosity content as compared to that L

which must be interpreted on the basis of local pore content. For the former

approach, a large strain elastoplastic finite element model (22) based on a

"microcell" approach is used. A contrasting approach is that porosity (or

strain-induced voids) introduces into the material planes of high local pore

content: "imperfections". The continuum analysis of Saje, Pan, and Needleman

(23) may be used to predict the fracture behavior of alloys containing such

imperfections including the effects of matrix strain hardening.

THEORETICAL AND EXPERIMENTAL PROCEDURES

Finite Element Modeling of the Plastic Deformation of a Porous Material

The goal of the finite element (FE) modeling portion of this study was to

examine the influence of various initial levels of bulk porosity on yielding

and on subsequent stable flow behavior (not including fracture). In order to

obtain a geometric symmetry for FE modeling, it was assumed that the dispersion

of pores which exists in the P/M materials can be replaced by a periodic

regular array of equal sized voids with an AAA... stacking sequence; Fig. 1

shows a schematic illustration of the assumptions made in applying FE modeling

e • ,". ,*-.u" ,-* , * - . , .*o .' - - -. . . . . . ... **- - . .- - - - . - . . ° . . .. ." .
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to the P/1 materials. To reduce the problem to one which might be treated in

two dimensions, the periodic array is subdivided into a regular array of

individual cells with the porosity equal to the bulk porosity content of the

material as indicated in Fig. lb. One of these cells is then transformed into

a right circular cylinder (whose height is equal to its diameter) containing a ---

central cavity, Fig. lc. This "microcell" (22) was felt to be a reasonable

approximation of a thtee dimensional structure while still using a two dimen-

sional calculation scheme. An example of the resulting mesh, consisting of

880 triangular elements, as well as the boundary conditions used is shown in

Fig. ld. In order to examine the possible influence of pore shape on void

growth, both prolate and oblate spheroids, with aspect ratios of 2.0 and 0.5,

respectively, were substituted for the spherical cavity in modeling of the

4.5% porous CP Ti material for comparison with experimental density change

measurements.The FE analyses were performed using the large strain elasto-

plastic program FIPAX (23) for isotropic work hardening materials.

Continuum Imperfection Modeling of Failure of a Porous Material

Previous research (22) has indicated that the regular array models ate

too stiff to analyze the plastic flow localization and failure process caused

by variations of local pore content: specifically, planes of high pore content

or "imperfections". It was thus decided to use continuum flow localization

models for this purpose. In order to examine the influence of non-uniformity

of pore distribution, the continuum imperfection analysis of Yamamoto (25), as

modified by Saje, Pan and Needleman (23) for tensile necking, was used. It is

felt that given the statistical nature of pore size/spacing in the P/M alloys,

regions of material with high porosity likely control the localization and

fracture behavior of these alloys. The physical basis of this model (here-

after denoted the SPN analysis) is that there exists across an element of

porous material an inclined, planar imperfection of some higher level of

* _ *,*ey t _% .. , e_.-P. ,..*-'.,*.".'.... ...'..'.. ...,......,., ., ... ,.-... ..-....... .....-, .. ... .. ... .. . ... .
~~~~. . . . . . .. ........ ,......_ . - . ..... .. .... . -,..-.-.
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porosity. The element is representative of the bulk material, while the

imperfection band is sufficiently thin so as not to contribute to the pre-

instability strain of the element. The element of material is subjected to

uniform quasi-static deformation and the flow behavior of the imperfection and

the surrounding material are computed in accord with the elastoplastic

constitutive rate relations for porous materials developed by Gurson (26).

Fracture of the material is assumed to be coincident with the development of a

localization bifurcat.ion (point at which all continued plastic deformation is

constrained to the imperfection) due to accelerated void growth within the

imperfection. In order to account for the change in stress state during

necking of a tensile specimen, the enhanced stress triaxiality at the center
S

of a neck is incorporated into the analysis via Bridgman's solution (27). The

results of this analysis do not take a simple closed form solution, but rather

are numerically approximated. The analysis is performed for both uniaxial

tension and plane strain tension (for the Ti-6A1-4V) to study the influence of

deformation path on instability/fracture. In order to apply the analysis, the

imperfection may be assumed to extend across the entire width of the specimen

or to extend across a critical length which, upon failure, causes the remaining

ligaments to fail. Although the analysis specifically considers the existence

of only one imperfection, it must be recognized that a porous engineering

material will contain a network of imperfections. Within that network, one

surface, or plane, however tortuous its geometry may be, eventually

dominates, and causes shear localization, and becomes the fracture path.

Material Preparation

The materials used in this investigation were commercially pure titanium

(CP Ti) and Ti-6AI-4V consolidated by P/M techniques. Electrolytically

refined titanium sponge (obtained from Dow Howmet Corp.) processed by a

a:::)i)
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hydride/dehydride method to -80 mesh powder (by Teledyne-Wah Chang Corp.) was

used as the base material for both alloys. The Ti-6A1-4V composition was

achieved by blending of a 60/40 aluminum-vanadium master alloy powder during

processing (by Imperial Clevite Corp.). To obtain the desired range of

porosity levels in these two alloys, it was necessary to employ a variety of

preparation methods, listed in Table I. The resulting materials contained, on

average, 0.1, 0.8 and 3.5% porosity for the Ti-6A1-4V alloy and 0.3, 4.5 and

7.8% porosity for the CP Ti. Full densification of the HIP'ed and swaged

material apparently was prevented by the residual chlorine present in the Ti

powder (28). After powder fabrication, the porous alloys contained (by weight):

<S80ppm Cl, <150ppm H in the Ti-6A1-4V and <10ppm H in the CP Ti, .15-.24% 0 in

the Ti-6Al-4V and .13-.15% 0 in the CP Ti.

Hicrostructura] Characterization

Metallography and fractography were performed on a JEOL JSM 35-C scanning

electron microscope. Electron microscopy was used instead of optical micros-

copy to obtain better resolution of the pore structure on polished surfaces

where some pore rounding is unavoidable. The microstructures of the six

materials used in this study are shown in Figs. 2 and 3. As can be seen, the

porosity is quite rounded. The grain sizes of the Ti-6A1-4V specimens are 94,

89 and 85 im, respectively, for the 0.1, 0.8 and 3.5% porous materials. For

the CP Ti alloys the values are 97, 75 and 69 pm for the 0.3, 4.5 and 7.8%

porosity levels. The grain structures of all six materials are equiaxed.

Mechanical Testing

Tensile testing was performed at room temperature at a nominal strain

rate of 1.7 x 10 sec In order to obtain large strain flow curves for•..

numerical modeling,the Bridgman correction (27) was applied to axisyumetric

tests of the 0.1% porous Ti-6AI-4V and the 0.3% porous CP Ti materials via

measurements made from sequential photographs of the specimen profile taken

*.**.. .-7* .. . .
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during testing. This approximate analysis was used despite the fact that

recent computer simulation studies by Needleman (29), Chen (30) and Norris,

w. Moran, Scudder and Quinones (31) suggest that it somewhat underestimates the

magnitude of the stress triaxiality present within the neck of a deforming

tensile bar. The resulting data were then least squares fit to two empirical

stress-strain equations. The finite element modeling utilized the Swift

equation:

-na K(Ep + Eo) (1)

* where K, E and n are constants and U and E are the equivalent stress and
0 P

equivalent plastic strain for an isotropic material(assumed appropriate for

our P/M alloys).

The uniaxial stress-strain behavior of the material representative of

fully dense alloys with the same microstructures/chemistries as the porous

alloys was approximated by the the tensile response of 0.1% porous Ti-6A!-4V

and 0.3% porous CP Ti. The appropriate flow curves indicate that the yield

strength of the Ti-6Al-4V is more than twice that of the CP Ti (850 vs. 330

MPa) whereas its strain hardening rate, "n" in the Swift equation (eqn. 2), is

less than half as large (0.077 vs. 0.188). The plastic flow parameters

calculated from Lhese tests and the appropriate elastic constants obtained

from the literature (32) are summarized in Table II.

The imperfection analysis of Saje, Pan and Needleman (23) assumes a

piecewise power law form for the stress-strain response of the material:

u- (cu/cy) for ou <Oy (2)

na =a (E/c) for Cu> c (3)
u y u.y u y

where a and e are the true stress and true strain in uniaxial tension,
u u

respectively, a is the yield stress, is the yield strain (c a /E, where

Y y y r y/Ewhr

C ...
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E is Youngs modulus), and N is a constant. Thus, the experimental stress-

strain data were also fit to Eqn's 2 and 3 for purposes of the analysis.

Incremental density measurements were performed on the 4.5% porous CP Ti

to determine the void growth rate during tensile straining. Immersion density

measurements were performed prior to testing and after each strain increment
S

using the "hydrostatic weighing" method (33). Briefly, this technique deter-

mines density by measuring the difference in a specimen's weight in a) air and

b) when suspended in a liquid of known temperature and density. The density

of the specimen, p,is given by

WlP B -p = (4)
Wl+W 2 -w3  S

where pB is the density of the liquid medium (mono-bromobenzene was used in

BB
this study), w I is the weight of the specimen in air, w 2 is the weight of the

specimen suspension wire dipping into the liquid medium, and w3 is the weight

of the sample and suspension wire immersed in the fluid. The weighings were

performed using a Sartorius Selecta single-pan type balance precise to 0.05

mg. The monobromobenzene was contained in a glass vessel immersed in a

constant-temperature water bath held at 25 ± 0.10C. The entire apparatus was

located in a temperature and humidity controlled room on an isolation table to

minimize fluctuations in the measurements. Testing was stopped prior to

maximum load, the gage section removed, and its density measured to provide a

basis for scaling earlier measurements (assuming the plastic strain was S

limited to the gage section).

AN EXPERIMENTAL BASIS FOR AN ANALYSIS

The tensile behavior of materials with pre-existing porosity is charac-

terized by large decreases in both strength and ductility with increasing

porosity level (2,3). An example of such behavior is shown in Fig. 4 in which

S
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both the P/M Ti-6AI-4V and CP Ti show a decrease in yield strength (Fig. 4a)

as well as tensile ductility (Figs. 4b and 4c) with increasing porosity level.

However, the CP Ti with its higher strain hardening capacity proves to be

significantly more ductile for a given level of porosity than the low strain-

hardening Ti-6AI-4V. All materials tested exhibit a post-maximum load deforma-

tion regime followed by an abrupt, catastrophic failure. The data for the

0.1% porous Ti-6A1-4V compares favorably with data for near fully dense

Ti-6A1-4V with a different microstructure (34) as well as handbook data for

fully dense Ti and Ti-6AI-4V. The similarity of these data to those of the

nearly fully dense (0.1% and 0.3% porous) Ti-6A1-4V and CP Ti of this study

lends support to the use of these materials to represent the matrix properties

of the higher porosity materials. Figure 4 also includes data obtained from

plane-strain tensile tests on the Ti-6AI-4V materials. The local fracture

strain in plane strain tension is approximately 60% of that in uniaxial

tension, independent of the porosity level tested. This compares favorably to

previous results for several fully dense materials of similar yield strength

levels (35).

In addition to the tensile flow behavior, a critical feature of the

fracture of porous materials is the large amount of pre-existing porosity on

the fracture surface when compared to bulk porosity levels. Representative

fractographs are shown in Figs. 4, 5 and 6 for CP Ti and Ti-6AI-4V axisymmetric

tension specimens. The single-phase CP Ti material, with its high strain

hardeniinq capacity and good ductility, is characterized by deep dimples and

extensive slip markings within pores. In contrast, the low strain hardening

two-phase Ti-6A1-4V shows less slip markings and shallow shear dimples. Most

important is that in both cases the area fraction of porosity measured from a

planar projection of the fracture surface is about eight to ten times the

initial porosity level in the bulk; see Table III.

. ...... t..-. - ........ ....................-- . ...-.--..
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A process which must contribute to the high area fraction of porosity

observed on the fracture surface is strain-induced pore growth. Figure 7

shows that for the 4.5% porous Ti, pore growth is nearly linear with strain,

consistent with theory (17,25). More significant to the present study is

that, given the fracture strains in Fig. 4, the rate of strain-induced pore

growth can account for no more than about a 30% increase in pore content at

fracture. Even assuming some stress triaxiality due to specimen necking will

accelerate pore growth, the high level of porosity (8-10x) on the fracture

surface cannot be accounted for by bulk strain-induced pore growth. Thus we

conclude that ductile fracture in these porous materials occurs preferentially

on planes of high initial pore content.

Finally, it should be noted that, on a microscopic scale, the effect of

increasing porosity level is to increase the degree of tortuosity of the

fracture path. A qualitative examination of plane strain tension specimens

sectioned parallel to their tensile axes shows clearly the increased tortu-

osity with increasing porosity level as the material attempts to link-up

those pores constituting the largest defect in the material.

AN ANALYSIS OF THE DEFORMATION AND
FRACTURE BEHAVIOR OF POROUS MATERIALS

A. Yielding and Flow Behavior: Microcell Analysis of Bulk Porosity Effects.

Load-elongation predictions of the finite element microcell model described

previously (see Fig. 1) are summarized in Fig. 6, where stress-strain curves

for the spherical-cavity microcells at the appropriate densities are compared

with experimental curves. For yield stress and small strain calculations, the

modeling assumes spherical-cavity microcells. Pore growth measurements (see

Fig. 7) indicate reasonable agreement between predictions based on spherical

microcells and experimental data at least in the early stages of pore growth.

The model clearly underpredicts the observed dependence of strength on porosity,

* ~ ~ - - - *---" " '2 ' - ." , - . . " .. '- . ." - . . . " . " ," - . " "- " "." " .- " " • . . . . . . " " " " " " "" " • , - ' . . . . " , - " • . . - '
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. but properly predicts the observed trends (see Fig. 8). It should also be

noted that a simple rule of mixtures which would decrease the yield stress by

the volume fraction of porosity would also underestimate the observed decrease

in strength with increasing porosity.

Figure 7 summarizes measured and calculated rates of hole growth for 4.5%

porous CP Ti in uniaxial tension. The experimentally determined growth rate

lies intermediate between the spherical and oblate spheroidal FIPAX microcell

predictions, and is about double the rate predicted by the Gurson model (25).

The analysis also predicts that the void growth rate is nearly independent of

matrix yield stress and work hardening (36), which is in basic agreement with

Gurson (25) that void growth is dependent only on the hydrostatic stress

component. The FE microcell calculations also predict that the rate of void

growth normalized against the initial porosity level is nearly independent of

the magnitude of the initial porosity level (26), also consistent with the

Gurson model (25).

B. Deformation and Fracture Behavior: An Imperfection Analysis.

The observation that fracture occurs preferentially on "planes" of high

pore content clearly suggests that a porous material contains a network of

imperfections which eventually trigger a shear instability which dominates

flow and causes fracture. As described earlier, the continuum imperfection

analysis of Saje, Pan and Needleman [SPNI(23) may be used to analyze the

fracture behavior of these P/M materials. A difficulty in applying this

analysis is in identifying the size of the imperfection present in the

material. One possibility is that the pore distribution in our powder

consolidated materials can be reasonably inferred from a simple model of the

fabrication process.

*...-
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The scheme used for modeling the pore-induced imperfections is illustrated

in Fig. 9. Although the Ti powder used in producing our materials is, in

fact, irregular in size and shape, we will approximate it as a close-packed

periodic and regular array prior to sintering, shown in Fig. 9b as spheres.

Upon sintering, rounded pores are formed at interstitial sites between par-

ticles, Fig. 9c. The resulting structure is a periodic array of spherical

voids lying along prior particle boundaries. The net effect is that the

distribution of porosity formed by P/M consolidation introduces throughout the

material an "imperfection network" of material containing much higher than

bulk porosity levels.

Depending on the bulk porosity level and the choice of packing polyhedra

used to model the powder particles, various levels of porosity can be calcula-

ted within the imperfection network. Similar to previous analyses (9,14) the

general form of the dependence is:

f K f2/3 (5)
p p

where f is the area fraction porosity along prior particle boundaries, f is
p p

the bulk porosity level and K is a geometric constant dependent on the choice

of packing polyhedra with a spherical pore located at each vertex. For cubes,

K 1.1 while for tetrakaidecahedra K Z 1.3. We feel that these models should

provide a lower reasonable limit estimate of the surface porosity levels which

might be expected to exist in a well-sintered material. In reality, the

randomness of porosity in a typical specimen will create planes of high pore

content which are quite tortuous as they connect closely spaced pores. As a

consequence, the level of porosity predicted by Eq. 5 is a lower level estimate;

experimentally observed values should be higher. This is confirmed by the

comparison between observed levels of porosity and those predicted from Eq. 5

as shown in Table III. The pore contents predicted from Eq. 2 are at least a

factor of two lower than those observed.

-.. --.... ,.***.*-**.
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As has already been pointed out, the void growth rates predicted by the

Gurson constitutive model are lower than those measured; see Fig. 7. To

correct for this, the finite-element predicted growth rates from the microcell

analysis (Fig. 5, also ref. 37) were used to modify the Gurson model (26)

using techniques described elsewhere (21,38). This procedure matches the

initial growth rates of the SPN analysis (23) and the finite element predic-

tions. However, the growth rates accelerate more rapidly in the bifurcation

analysis than in the finite element results. The result is that the predicted

localization (and fracture) strains are less than those predicted from the

imperfection analysis based on the original Gurson model (Fig. 10). When

compared to Fig. 10, the resulting agreement between the modified theory and

. experimental observations is improved somewhat for the Ti-6A1-4V but is worse

for the CP Ti.

That the imperfection network described above is the defect responsible -

for flow localization/fracture in P/M consolidated materials is also supported

by the results of the SPN analysis (23), shown in Fig. 10. The solid lines in

Fig. 10 represent the mean predicted instability strains for the bounding

values indicated by triangle and square symbols. The agreement is found to be

quite good for the CP Ti materials over the full range of porosity levels

examined. The model also successfully predicts the ductility of the 3.5%

porous Ti-6A1-4V material. Only at small (<1%) porosity levels in the

Ti-6A1-4V is there poor agreement between theory and experimental data.

%lie imperfection analysis also clearly predicts the stabilizing influence

of increasing work hardening in resisting flow localization and failure in

. porous materials. This can be seen by comparing the theoretical values of f

for Ti-6AI-4V vs. CP Ti in Fig. 10. For example, Fig. 10 shows that, at 5%

porosity, an imperfection ratio of 3 (f/f ) would result in an instability
p p

strain of 0.08 in Ti-6Al-4V but 0.20 in the CP Ti. This difference is due to

. . .. N
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the high work hardening exponent of CP Ti ("n" in the Swift equation is .188

vs. 077 for Ti-6A1-4V).

DISCUSSION

The experimental behavior and the analyses presented indicate that the

deformation and fracture behavior of porous metals may be understood on two

levels: bulk porosity and local porosity effects. In particular, fracture,

and possibly flow behavior as well, appear to be dominated by effects caused

by the distribution of porosity on a local scale.

The principal observation with respect to the flow stress behavior in the

P/M consolidated materials studied is that, in general, the flow stress

decreases with porosity at a rate which is much more rapid than is predicted

by either the FE microcell analysis (see Fig. 1) or a rule of mixtures calcu-

lation. This effect is typical of sintered, porous metals (2,3), and several

analyses have been suggested, most of these being based on elastic stress

concentrations and on the level of porosity on planes of high pore content

assuming a periodic array of pores (2,3). This seems overly simplistic but

neither the microcell nor the imperfection analysis is able to predict this

effect in their present form.

While the microcell analysis is quite adequate for predicting mean void

growth rates in which the behavior of large numbers of pores are averaged, it

cannot account for behavior controlled by local porosity. This occurs as a

consequence of the assumed idealized pore distribution consisting of a periodic,

regular array of equal sized voids with an AAA... stacking sequence. Such a

distribution maximizes near-neighbor distances and thus minimizes local pore

interactions. By way of contrast, the pore structures in the actual P/M

alloys allow a given pore to interact with much nearer neighbors. Tnteraction

will thus proceed primarily between those pores with the most favorable

.o .. .-
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relative positions and shapes, particularly in clusters, to allow deformation

of the joining ligament. It seems likely that such ligaments would be prefer-

ential sites of straining throughout the deformation history of the sample and

that they would ultimately constitute the fracture surface.

The fact that the area fraction of pores in the plane along which fracture

occurs is eight to ten times that in the bulk material clearly indicates that

the fracture process is controlled by the non-uniformity of pore distribution,

specifically by bands of locally high porosity which act as imperfections.

Comparison of the calculated and observed results in Fig. 10 show that the SPN

analysis (23), which is based on a pre-existing imperfection, is in good

agreement with nearly all of the observed results. Poor agreement at small

porosity levels is to be expected since the SPN analysis requires an imperfec-

tion for failure; thus for fully dense material with no pores (and no imperfec-

tion In our case) the analysis will tend to overpredict the ductility.

In addition to the above major factor, there are also several other

factors which will limit the accuracy of the SPN calculations in predicting

the ductility of P/M alloys. Choice of imperfection size has already been p

mentioned and is clearly a difficulty, although the upper and lower limit

methods used for Fig. 10 seem to be reasonable estimates. More subtle are the

effects of pore distribution in diffusing slip and in accelerated void growth

and stress/strain localization between voids. In the SPN analysis, the planar

imperfections, which have a well-defined interface with the matrix, yield

before the adjacent bulk material and continue to maintain higher strain .

levels until instability occurs. In a porous material, as straining proceeds

there will be a constant competition for deformation to occur, from large

poxes or groups of pores (or other "imperfections") which, while they possess

the necessary characteristics for easy deformation, do not lie on a surface

sufficiently defective so as to comprise the final fracture surface.

- -



Given the "single void" model of Gurson used in the imperfection analy-

sis, an additional limit is the presence of accelerated pore/void growth and

stress/strain localization within clusters of voids contained within the

imperfection. As has been shown by the comparison between the FE microcell

model and the Gurson model predictions, Fig. 7, void growth appears to be

enhanced by the presence of neighboring voids. This effect was examined in

the SPN analysis based on the modified Gurson model discussed previously. The

result was a significant decrease in localization strain at a given pore

content. In addition strain localization within clusters of pores definitely

promote strain gradients within the imperfection, and these gradients will be

responsible for failure occurring at a lower average matrix strain than would

be predicted on the basis of the Gurson analysis, where such strain gradients

are neglected.

The effect of strain rate sensitivity on instability is the final factcr

which limits the SPN analysis. A recent analysis due to Pan, Saje andi::i
Needleman (39) indicates that the incorporation of positive rate sensitivity

in the imperfection analysis can delay the onset of instability in porous

materials. The actual effect of rate sensitivity could be even larger than

predicted by the imperfection analysis, given the strain gradients present

within intervoid ligaments. As these regions deform faster than assumed in

the Gurson model, they will experience a larger stabilizing influence due to

positive strain rate hardening.

Conclusions

This study has examined the microstructural and mechanical parameters

which control the deformation and fracture behavior of porous high strength

engineering alloys. The experimental behavior of two P/ Ti alloys possessing

different strain hardening characteristics and containing various levels of

porosity has been modeled on a bulk porosity basis using a large strain FE

.- 1.
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analysis and on a local porosity scale utilizing a continuum imperfection

analysis. The FE model is in reasonable agreement with the measured values of

void growth but underestimates the observed degradation of strength with S

increasing porosity level. In large part, this appears to be due to the

excessive stiffness of the "microcell" model used and the presence of a

network of imperfections within the material due to random nature of the pore S

distribution.

- In a novel approach to examining the influence of porosity on the

ductility of P/M alloys, a continuum imperfection model has been used to

analyze measured values of tensile ductility. The imperfections take into

account variations in local pore content and consist of planes of weakness

containing a higher-than-bulk density of pores. Direct evidence for the S

presence of such planes is the observation that the observed porosity on the

fracture surface is much greater than that in the bulk even taking into

account strain-induced pore growth. A minimum size of the imperfection is

estimated by considering a periodic array of powder particles which, upon

sintering, form an imperfection network with an area fraction f of porosity
p

along the prior particle boundaries related to the bulk porosity level f by
p

2/3 -.12
f a f2/ Although the imperfection theory used is limited by simplifying
p p

assumptions, it is in reasonable agreement with experimental observations.

Finally it should be noted that the analysis also predicts the stabilizing

influence of strain hardening on flow localization and failure in porous

materials.
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TABLE I

Processing schedules used to prepare Ti-6AI-4V and CP Ti test materials.

compaction sinter
Alloy 2!piosity method/pressure(4Pa) temp(OC)/time(hr) additional

Ti-6A1-4V 0.13 Die 620 1325 4 HIP 925-C/ -

103 MPa/
2 hr.

Ti-6Al-4v 0.85 Die 620 1325 4 ---

Ti-6A1-4V 3.5 Die 620 1325 4 ---

*CP Ti 0.3 CIP 276 1400 4 Swage 50%RA
H.T.1400OC/

4 hr.

ACP Ti 4.5 Die 690 1400 4 ---

CP Ti 7.8 CIP 276 1400 4 ---

HI* eoe o sottcpesn

HIP denotes od isostatic pressing

sintering performed under a dynamic vacuum of 10 mm Hg.

rS
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TABLE II

Mechanical parameters used in the finite element
modeling and continuum imperfection analyses.

Ti-6A1-4V CP Ti

3 3
E (Youngs modulus) !4Pa 110 x 10 110 x 10

v (Poissons ratio) 0.33 0.33

K, MPa 1277.10 688.07

CO0.0056 0.0190

n 0.0773 0.1885

a MPa 858.43 211.68
y

C0.0078 0.0019
y

N 0.0843 0.1882
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TABLE III. Initial bulk porosity contents (a) as compared
to the porosity levels determined (b) on the
fracture surface (as measured by a planar
projected), and (c) along a plane of high
pore content as predicted by Eq. (5).

Volume or
Area Fraction Ti-6Al-4V CP Ti
Porosity

(a) Initial bulk 0.0085 0.035 .045 .078
measurement

(b) On fracture surface .09 .30 .42 .56

(c) Along imperfection as .05 .12-.14 .14-.16 .20-.24
predicted from

f =kf2/ 3 (Eq. 5)
P p

%

t . .
. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .
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- Figure 3. Scanning electron micrographs of Ti-EAl-4V containing (a) 0.1, (b)
0.81 and (c) 3.5% porosity.
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Figure 5. Scanning electron fractographs of (a) 0.3, (b) 4.5, and (c) 7.8%
porous CP Ti.
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Figure 9. A schematic illustration of an idealized pore distribution based on
(a) packing of hydride/dehydride powder used in this study as
simulated by (b) an idealized packing of spherical powder particles
and (c) a rounded pore structure obtained after sintering.
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