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ABSTRACT

A review is provided of the fracture toughness characterizations that have
been published on discontinuous SiC reinforced aluminum alloys. Surprisingly
few investigations have been conducted on these materials, particularly when
viewed 1in the context of the significance of this property for widescale
application of these materials. It was also found that the majority of the
available data failed to conform to ASTM E 399 plane strain fracture toughness
criteria, creating considerable difficulty in properly assessing the
meaningfulness of the data. A thorough tabulation of the data is provided,
along with a critique of the experiments and the data. The major factors which
affect fracture resistance 1in these materials are also discussed. These
factors include: material thickness, SiC reinforcement effects, aluminum
alloy chemistry, mechanical working and secondary processing, and powder
metallurgy vs. ingot metallurgy.
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INTRODUCTION

Discontinuous SiC reinforced aluminum alloys offer great potential for many
demanding structural applications because of their high specific strength and
stiffness properties. These materials are made by both powder metallurgy (PM)
and ingot metallurgy (IM) processes, employing either whisker (w) or
particulate (p) SiC reinforcements typically ranging in size from 0.5 pm to 20
pm. In spite of the promise these materials exhibit, a major drawback to
their widespread use has been the poor fracture toughness these materials have
displayed. Despite this major restriction, it is surprising how little
concentrated effort has been given to improving the fracture resistance of
these systems. This paper seeks to review the documented properties of these
MMC in the open literature and comment on the directions that are being
pursued for improving toughness.
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FRACTURE TOUGHNESS EVALUATIONS OF
DISCONTINUOUS S1C REINFORCED ALUMINUMS

A summary of research investigations detailing fracture toughness measurements
on discontinuous SiC reinforced aluminums is given in Table 1. (See Table 1
for reference citations.) These references [1-21] provide fracture toughness
values of a wide variety of these composites, including both PM and IM process
metal matrix composite (MMC) formulations. Table 1 provides information that

is critical to evaluating toughness values of the materials: the base alloy,
the reinforcement volume fraction and type, the material form, and the
approximate date when manufactured. The 1last item 1is essential for

understanding the data’s relevance to current improved technology for
producing these MMC’s. It is also noteworthy that so few references can be
cited in the open literature regarding fracture toughness evaluations and that
very few research groups have been active in this area. It might be presumed
that considerably greater information is available in U.S. aerospace industry
contract reports that have yet to be published widely; however, this is not
the case, with only four major efforts being directed at this subject (Bates;
Carroll; Chellman, 1985; Steelman et al., 1987) beyond those being pursued by
the materials suppliers themselves.

TABLE 1. RESEARCH INVESTIGATIONS OF THE FRACTURE TOUGHNESS
OF DISCONTINUOUS SiC REINFORCED ALUMINUM ALLOYS

Reinforcement
Alloy Material Approximate Reference
Matrix Form Manufacture
% Type Date
2014 15 & 25 Particulate Casv/Extruded 1986 [1] - Davidson
2024 15 Particulate CasVExtruded 1986 [1] - Davidson
2024 15 Particulate Extruded 1980 [2] - Divecha, et al.
2124 13 Whisker Extruded 1986 [3] - Marchand, et al.
2124 15 Whisker Rolled 1986 [4] - Cook & Mohn
2124 15 Whisker Rolled 1986 [5] - Mohn & Vukobratovich
2124 15 Whisker Rolled 1987 [6] - ACMC data
2124 20 Whisker Extruded 1985 [7] - Goolsby & Petty-Galis
2124 20 Particulate Extruded 1986 [8] - Harrigan
2124 20 Particulate Rolled 1986 [8] - Harrigan
2124 25 Particulate Rolled 1985 [8] - Harrigan
5456 15 Particulate Extruded 1980 [2] - Divecha, et al.
6061 15 Particulate Extruded 1980 [2] - Divecha, et al.
6061 20 Particulate Rolled 1982 [9] - Goolsby
6061 20 Whisker Extruded 1984 [10] - Hasson, et al.
6061 20 Whisker Extruded/Rolled 1984 [11] - Crowe, et al.
6061 20 Whisker Extruded 1984 [12] - Goclsby
6061 25 Particulate Rolled 1984 [12] - Goolsby
6061 25 Particulate Rolled 1984 [11] - Crowe, et al.
6061 30 Particulate Rolled 1985 [13] - Tsangarakis, et al.
7075 30 Particulate Rolled 1985 [13] - Tsangarakis, et al.
7090 25 Whisker Rolled 1983 [14] - Goolsby & Austin
7091 30 Particulate | Extruded/ Rolled 1985 [15,16] - Austin & Goolsby
MB78 20 Particulate Extruded 1987 [17] - Shang, et al.
MB85 15 & 20 Particulate Extruded 1987 [18] - Gurganis
7475 15 Particulate Casv/Extruded 1986 [1] - Davidson
IN-9021 14 Particulate Extruded 1985 [1] - Davidson
IN-9052 15 Particulate Extruded 1985 [1,19] - Davidson
Al-4 Mg 15 Particulate CasvExtruded 1986 [1] - Davidson
A356 30 Particulate CastHipped 1987 [20] -Stephens, et al.
A357 10 & 20 Particulate CastHipped 1987 [21] - Austin & Saathoff
A357 30 Particulate CastHipped 1987 [20] -Stephens, et al.
2424

Specific data reported by the references enumerated in Table 1 are given in
Tables 2 through 5. These tables have been organized to show data for 2XXX
based PM materials, 6061 based PM materials, other PM materials, and cast
materials. Almost all of these data fail to meet ASTM E 399 criteria for
plane strain fracture toughness, so these data are simply listed as critical
stress intensity factor (KC) values. This is consistent with the nomenclature
that many of the referenced authors chose to use, especially for
investigations where thin sections were tested. This K. value was routinely
determined using the maximum load observed during test and not with a Pq load
determined via ASTM’s 95% secant method. More appropriately, these K. values
should be reported as apparent fracture toughness K,,,, following the
procedure recommended in the Damage Tolerant Design Handbook.

Two columns provided in Tables 2 through 5 have been included for more
meaningful interpretation of the data: (1) a column reporting the ratio
B/(Kc/sy)2 and (2) a comments column. (B is defined as specimen th“ckness and
s as material yield strength.) The B/(K./s )2 ratio is crucial for deciding
whether the data reported can be considered plane strain. For metals, a ratio
value greater than 2.5 is considered a conservative indication of plane strain
behavior. For this type of MMC material, no guidelines have been developed to
differentiate plane strain data from K, values that would be geometry
dependent. Data reported in this paper will be discussed subsequently in this
regard. With respect +to the comments column of Tables 2 through 5, key
factors are noted which need to be considered in interpreting the reported

fracture toughness values. Data will probably be anomously high for those
investigations employing: subsize specimens [2,3] (Divecha et al., 1981;
Marchand et al., 1988); failure conditions observed in fatigue crack growth

tests [1,19], (Davidson, 1987); no fatigue precrack [10] (Hasson et al.,1985);
or short rod tests [2,8,20] (Divecha et al., 1981; Harrigan; Stephens et al.,
1988).

CRITIQUE OF TEST PROCEDURES AND DATA

The tabulations of Tables 2 through 5 point out the extreme lack of valid K1c
data that have been generated on these materials, if ASTM E399 criteria are
assumed applicable. This has been due primarily to: (1) the limited amounts
of material available for characterization in most studies, (2) the 1limited
forms of available material, (3) the initially high cost of these materials,
and (4) the difficulties encountered in successfully fatigue precracking many
of these materials. With the improved material availability and 1lower
material costs that now exist for these materials, investigators must be much
more diligent in properly testing and fully reporting fracture toughness
values and procedures. Until the MMC community sees fit to wvalidate other
criteria, ASTM E399’s criteria should be used for evaluation. At present
there is no evidence that these criteria are not appropriate for discontinuous
SiC reinforced aluminums.

It should be noted that irregardless of test procedures, the fracture
toughness values of these MMC materials are typically considered to be no
better than one-half to two-thirds of those values for the unreinforced
aluminum alloys from which they are composed. For example for the 2124 alloy
(considered to be the toughest matrix for these MMC), the unreinforced alloy
at 10.2 mm thickness and yield strength of 380 MPa has a plane strain fracture
toughness of 75.8 MPa-ml/2 in the LT orientation (Damage Tolerant Design
Handbook). From Table 2 the comparable MMC material closest in thickness (6.35
mm) for achieving plane strain has a fracture toughness K. of 44 MPa-m1/2 [6]
(Advanced Composite Materials Corp.,1988). It should be pointed out that this
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material also has a higher strengtl (557 MPa), but, nevertheless, is probably
not a plane strain value.

Before discussing materials and processing factors which affect the fracture
toughness of these materials, one final comment should be made regarding the
data of Tables 2 through 5. This relates to identifying what wvalid plane
strain K. data are really available for these MMC’s. From careful evaluation
of test procedures and comparison to ASTM E 399, the following K1. values seem
most appropriate for consideration as approximate upper limit values of plane
strain fracture toughness for these selected systems:

Materials System KIC(MPa'ml/z)
Extruded 15% Sij/2124 21 [3]
Extruded 20% Sij/6061 15 [12]
Rolled 25% SiCp/6061 16 [12]
Rolled 25% Sij/7090 8 [14]
Extruded 30% SiC,/7091 14 [15,16]
Rolled 30% SiCp/709l 18 [15,16]
Extruded 20% SiC,/MB78 16 [17]
Cast/Hipped 10% SiC_/A357 21 [21]
Cast/Hipped 20% SiCp/A357 19 [21]

These are the only systems tested to date that satisfy wvalid plane strain
criteria for identification of K- Much of the remaining data reflect K¢
values generated on thin sections, and it is unclear how much improvements in
fracture toughness in recent years are due to geometry or to real material
improvements.

FACTORS AFFECTING FRACTURE TOUGHNESS

Keeping in mind the restrictions noted previously regarding valid plane strain
fracture toughness data, the available data will be used to illustrate some of
the major factors which are considered to influence the fracture resistance of

these materials. The primary factors generally acknowledged to affect
fracture toughness are:

(1) Material thickness

(2) SiC reinforcement effects

(3) Aluminum alloy chemistry

(4) Mechanical working and secondary processing
(5) Powder metallurgy vs. ingot metallurgy

Each of these factors is discussed briefly below.

Material Thickness. As with unreinforced metals, these MMC materials exhibit
significant increases in fracture toughness as material thickness decreases

below the plane strain level to the plane stress transition region. This is
illustrated in Figure 1, where the f. data of Tables 2 through 5 are plotted
against the ratio B/(K¢/s )2. For metals, the plane stress region B is

normally identified (Damage Tolerant Design Handbook)as that region
corresponding to a ratio value from 0 to 0.2, the plane stress to plane strain
transition corresponding to a ratio from 0.2 to 2.5, and the plane strain
region corresponding to a ratio greater than 2.5. As is evident from Figure
1, significant increases in K. are 1ot observed until this ratio is less than
1.5. However, it should be remembered that these data include various
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material types, conditions, and strength levels, and thus,.this pl?tiln Flgurz
1 is not a direct indication of plane stress to plane strain Fran51t10n. §uc

an unambiguous plot is not readily available for any MMC, with the pos51§1e
exception of 2124 Al reinforced with 15% SiC, [6] (Advanced Composite

Materials Corp., 1988).
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Figure 1. Fracture toughness vs B/(K1c /Sy) for discontinuous

SiC reinforced aluminum alloys

SiC Reinforcement Effects. The SiC reinforcement effects .d?minate the
fracture toughness behavior over other materials factors. SPeclflcally, the
major reinforcement factors affecting toughness includef relnforcem?nt type
(particulate vs. whisker), volume fraction, size, and dlspers;on
(homogeneity). While the materials suppliers and users deb?te over whéther
particulate reinforced or whisker reinforced aluminums have.lnherently higher
fracture toughness, unequivocal data to illustrate this effect apPear
nonexistent. Variations in material preparation techniques (e.q., P?l%l?g,
extrusion, amount of work) and strength levels have prec%uded deflnlt}ve
comparisons. It is well known, however, that the whisker ?e}nforced material
is more directional in properties, thereby in general exhibiting poorer TL
toughness than particulate reinforced material.

With regard to volume fraction of reinforcement,it is well recognized

that lower volume fractions result in higher fracture toughness..Indeed,
Advanced Composite Materials Corp. in conjunction with some of its ?usFomeré,
has directed its most recent activities at lower volume fraction MMC’s in thl?
sections [4-6] (Advanced Composite Materials Corp., 1988; Cook an? Mohn, 1987;
Mohn and Vukobratovich, 1988). Reinforcement levels of 15% S}C have been
observed to provide the best balance of toughness, strength, stlffnefs, ang
ductility in these whisker reinforced materials. For particulate reinforce
materials slightly higher SiC levels appear to be possible.

2431



Finally, SiC size, size distribution, and dispersion homogeneity have all been
recognized as potentially significant factors influencing fracture toughness.
In particular, obtaining homogeneous SiC dispersions has been identified as
providing the best method of improving toughness in recent materials in
contrast to earlier manufactured materials. Improvements in homogeneity have
been attributed to both manufacturing methods and better awareness of aluminum
powder and SiC reinforcement size and size distribution control.

Aluminum Alloy Chemistry. The aluminum alloys that have been used in all
discontinuous SiC reinforced MMC's to date have been taken from existing
aluminum chemistry used for either PM and IM unreinforced applications. With
only a few exceptions have these basic chemistries been altered even slightly
for a SiC reinforced application. With mounting evidence of solute diffusion
both toward and away from SiC reinforcement interfaces and silicon depletion
of SiC during MMC processing, increasing attention is being given to aluminum
matrix chemistry specifically tailored for SiC reinforced MMC’s.

The significance of alloy chemistry for improved fracture toughness can be
seen in comparing the 2124 and 6061 PM data of Tables 2 and 3. The 2124 based
MMC’s have displayed higher toughness than the corresponding 6061 materials,
being particularly higher in thinner sections where non-plane strain
conditions exist. Alloy chemistry has also been recognized as very
significant for melt processed materials where silicon depletion from SiC
during high temperature treatments must be accomodated via matrix chemistry.
This is discussed more fully in a later section.

Alloy chemistry that has been addressed in somewhat greater depth has been the
restriction of minor element levels, such as Mn, and tighter controls on
major alloy elements such as Cu ang Mg. These approaches have followed along
the lines that have been used successfully for PM aluminum alloys in general.
Although not strictly alloy chemistry, major improvements in these MMC’s have
also been achieved via better control of residual gas levels in the fabricated
PM material compactions.

Mechanical Working and Secondary Processing. The amount of mechanical work
that is given to these MMC’s is a very significant factor influencing the
mechanical properties. This mechanical work includes extrusion, rolling,
etc., and applies to both PM and II processed materials. In general, the
greater the amount of work the better the mechanical properties, including
fracture toughness. The increased mount of mechanical work primarily serves
to homogenize the material and to refine the matrix microstructure through
combined dislocation, precipitation effects. Excessive working can result in
breaking up the SiC reinforcemerts and preferrentially orienting the
reinforcements. These effects on reinforcements are most pronounced on the
SiC whisker materials, which are noticeably anisotropic and which in effect
become particulate in form if they are extruded and rolled to any great
extent. The data tabulated in Tables 2 and 3 show these effects on fracture
toughness (and yield strength) most clearly.

Secondary processing via heat treatments, mechanical working coupled with heat
treatments, and thermomechanical methods have been investigated to a limited
degree. It was found in the early studies of this decade that the SiC
reinforcements accelerated the reaction kinetics appreciably in the aluminum
matrices compared to the reinforced states. Thus, special heat treatments
have been experimentally developed for the MMC’s to achieve the peak strength
condition in the most widely used alloys, such as 2124 and 6061. Little has
been done beyond this in regard to heat treatments designed to improve
fracture toughness. With regard to incorporating mechanical working or
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thermomechanical concepts to improve fracture toughness, less has been

investigated in comparison to heat treatment methods. Certainly, new meth:ﬁs
are in order which would effectively utilize or perhaps counterbalance e
inherent effects caused by the large differences in thermal. conduction and
thermal expansion between the SiC reinforcements and the aluminum matrix.

Powder Metallurgy vs. Ingot Metallurgy. The present metho?s. available for
producing discontinuously reinforced MMC materials are limited to pow?:r
metallurgy and ingot metallurgy techniques. Utilizing the PM approach, a W} e
variety of materials can be produced including the high strength 7000 series
materials as well as the elevated temperature aluminum alloys' available ?y
mechanical alloying. While PM MMC’s can utilize both SiC w?lsker and SiC
particulate reinforcements with the full range of alloys available, the IM

MMC’s are presently limited to using SiC particulate re%nfcrceiSQZs ig
ting alloys with high silicon levels (i.e., an
standard aluminum cas g y ok e

i ith low silicon
A357) and Aly03 reinforcements in wrought alloys w
(2124 and 6361) (Schuster, 1988). Data in Table 5 illustrate the poor
properties observed in earlier studies on IM materials based on 2XXX and 7XXX

alloys.

Although the castable grades of MMC typically show infer%or fractgre toughness
compared to PM grades, the majority of net-shape casting used in ae?ospiﬁz
applications are in non-fracture critical areas. Thus, particularly in .

A356 and A357 premium casting alloys reinforced with SiC .particulate, the
strength, modulus and ductility are the prime property requirements that must
be met for optimum performance.

The major impetus for limiting SiC additions to alloys containing high sllgg?
levels (>3-4%) in IM grades of MMC lies in the extreme temperatures (>700
used during primary fabrication of billets. In low silicon a%loys §uch ?s
2024 and 6061, the driving force to remove silicon from the SiC particles is
much higher than in the high silicon alloys typically used. for netsh;Pz
castings (Austin and Saathoff, 1988). The resulting degradation of the 1d
interface by the formation of Al4C3 can result in lower ductility an
concomitant decreases in ultimate strength when compared to PM grades of MMC.

Additionally, aluminum casting alloys with low silicon levels, such as §201,
show that silicon 1leached from the SiC particles can also Tesult 1n. a
reduction of the eutectic melting temperature. Differential Scanning
Calorimetry results for a SiC reinforced A201 casting alloy (Austin and
Saathoff, 1988) show the reduction in the eutectic melting as well as the
a considerable changes in the precipitation kinetics compared to.the
unreinforced material. High silicon alloys such as A357 show only minor
differences in the precipitation kinetics compared to the unreinforced

material.

Other factors in the primary fabrication of IM MMC materials which affect
final mechanical properties and fracture resistance include gas porosity,
particle dispersion (solidification rate), and alloy cleénli?ess: The
solidification rate and its concomitant effect on the final dlStrlbuth? of
SicC,is extremely important in net-shape castings since additional
thermomechanical processing is not available to redistribute the reinforcem?nt
as is the case with extrusions, sheet, and forgings. A slow SOlidlflCat?OH
rate causes particulate to segregate along the solidification front producing
a nearly continuous path for fracture. A faster solidifica?ion rate produces a
more uniformly dispersed reinforcement which would exhibit higher fracture

resistance (Chamberlain, 1988).
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SUMMARY

A review of the open literature has shown that there have been relatively few
fracture toughness determinations on discontinuous SiC reinforced aluminum
alloys. Additionally, most of the data failed to pass ASTM E 399 criteria for
plane strain. The MMC technical community must exercise much greater care in
fracture toughness test procedures, data analysis, and reporting to resolve
this unacceptable situation.

From the sparse data that does exist, it can be seen that substantial
improvements have been achieved over material toughness levels observed at the
beginning of this decade. However, some of these "improvements" are
geometrically based (i.e., derived by avoiding plane strain thickness), and it
is unclear how significant some of the improvements really are. Nevertheless,
key factors which affect fracture toughness in these materials have been
identified, and materials suppliers and their customers are becoming
increasingly aware of controlling these factors for a better balance of
mechanical properties.
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