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Abstract

Multilayer laminates of A16090/SiC_5p MMC and AI 5182 were prepared by hot
pressing alternating layers of the component materialsat 450"Cin an argon gas atmosphere.
Tensileproperties, interlayernormal and shear bond strengths, and fracture toughnesswere
measuredin the T6-treatedand untreatedconditions. Fracturetoughness was also measured
as a functionof the volume fractionof the MMC component. Yield and tensilestrengths
increasedsubstantiallyby the T6 treatmentwhile thetotal elongationand interlayer bond
strengthsdecreasedeven moresubstantially. Fracturetoughness, on the other hand, did not
change appre_ably by the T6 treatment. The fracture toughness increased perceptibly with
an increasein the volume percentof the MMC component.
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Introduction

Metal matrix composites (MMCs) are generally recognized for their high specific
strength or stiffness and the capability to achieve certain prescribed performance
characteristics. However, for structural applications, most of these materials can benefit from
improvements in certain damage critical properties such as fracture toughness. Structural
factors that influence the fracture resistance in discontinuously reinforced aluminum (DRA)
materials have been recently reviewed by Hunt et al[x]. Making laminated composites
consisting of reinforced and unreinforced alloys has been identified as one of the effective ,
ways for the toughness enhancement. In fact, it has been demonstrated that the fracture
toughness[ 2"4]of 6090/SiC/25p MMC and the Charpy impact energy[5,6] of X7093/SiC/15p
MMC can be substantially increased by laminating with 5182 and )[7093, respectively.

It has been shown that laminates of metal.-base alloys exhibit substantial increases in
toughnessff, s]. in Charpy impact energy and in reductions of the ductile-I_rittle transition
temperature[9,10]. Interfaces in these laminates were observed to delaminate during the crack
propagation. Such delaminations were shown to eliminate the triaxial stress state[7.91,
leading to plane-stress fracture condition[7.91,and to bluntingt11.121or deflection[ 12]of the
crack. Similar behavior was observed in laminates of DRA interleaved with the matrix
alloy[5, 6]or other with A1 alloys[2-4].

The purpose of this paper is to investigate the fracture toughness and behavior of multi-
layer laminated metal composites (LMCs) containing A1 6090/SiC/25p MMC and A1 5182 of
varying volume fractions and interlayer bond strengths. Fracture surface morphology,
delamination behavior, tensile ductility and toughness values of the laminates are compared
in the as-processed and in the T6 heat treated condition.

Exvefimental Details

An A1 6090/SiC_5p MMC was obtained from a cor_'nercial source in the form of 2.6, 6,
and 10 mm thick warm or hot rolled sheets. AI 5182 wa,,lobtained from a different
commercial source in the form of warm or hot rolled sheets of 0.25, 2,1, and 2.6 mm
thicknesses. Both materials were sliced to 51 mmx 51 rJrwnsquares and chemically cleaned
to remove the surface oxide scale. No heat treatment w_ performed prior to lamination.

l,aiag:

Laminates were fabricated by preparing stacks of the component material layers
assembled in an alternating sequence. Each stack was hot pressed from an initial thickness
of about 50 to 60 mm to a final thickness of about 15 to 17 rnm resulting in about a 3.5/1
thickness reduction. Such a large reduction by plastic deformation ensured good bonding at
interfaces. All pressing was performed at 450°C in an argon gas atmosphere. General
guidelines for processing and additional details concerning the materials and processing are
described elsewhere[3].

¢

After deformation processing, some of the AI laminates were heat treated by soaking at
530°C for 75 minutes, water quenching and then aging at 160°C for 16 hours. This
procedure provided a T6 heat treatment to the 6090-25 vol.% SiCp layers while not affecting
the 5182 layers.



Mechanical Property T_¢.._

Tensile Tests. The tensile stress-strain behavior of the component materials and
laminates was characterized using fiat tensile specimens. The tensile axis was parallel to the
rolling direction of the original sheet materials. Test specimens, see Fig. 1(a), of 12.7 mm
gage length and 5.08 mm gage width were machined by the EDM method. Specimen
thickness was 3.175 rnm for the press-bonded laminates and equal to the thickness of the

, plate for the component materials. Tensile tests were conducted at room temperature at a
nominal strain rate of 4 x 10-4see d using an Instron machine.

Bond Strenmh Test_: The interlayer interracial bond strength of the laminates was
evaluated by using tensile and shear specimens. The gage length, width, and thickness of the
"normal" tensile test specimens, see Fig. l(b), were 3.2 ram, 2.5 ram, and 5.1 mm,
respectively. The thickness, width, and length of the shear test specimens, see Fig. 1(c),
were 5.1 ram, 10.2 ram, and 25.4 ram, respectively, and the separation between the two slots
was 5.1 ram. Both the "normal" tensile and "lap" shear tests were conducted at room
temperature at a nominal strain rate of 4 x 10-4sec -z on an Instron machine. The normal and
shear bond strengths were calculated,from the loads at which the fracture or shear separation
occurred at an interface within the gage length.

(a) (b) (c)

Fig. 1. Geometries of tensile samples in the parallel (a) and normal (b) orientations and
the lap shear test sample (c).

Fracture Toughness Tests. The size of the laminates prepared precluded the use of full
size fracture toughness test specimens. Toughness for press-bonded laminates was measured
by using subsized chevron notch three-point bend bars as illustrated in Fig. 2. The depth,
thickness, and span length of the chevron-notch bend bars were 10.2 mm, 15.2 mm, and 61.0
mm, respectively. Since a laminate is highly anisotropic, the orientation of a test specimen
with respect to the layers of the laminate can have a large effect on the toughness. In the
present study, specimens of the "crack arrester" and "crack divider" orientations[ 4. 91were
prepared. Since no standardized test procedure for the chevron-notch bend bars has been
established, the procedure described by Wu Iz3]was followed. The procedure does not require
fatigue pre-cracking of the test sample. The maximum load of the load-crack opening
displacement curve was used to calculate the fracture toughness

Fractom'apby:

Tensile and fracture toughness tested samples were examined by optical and scanning
electron microscopy to determine the fracture and interface delamination behavior. Tensile
tested samples were cross-sectioned for further investigation of the delamination and

, microstructural fracture behavior.
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Fig. 2. Chevron-notch three-point bend bar specimen for fracture toughness tests. Arrows
represent the loading points and directions. The darkened area corresponds to the
machined chevron notch.

t

Results

Structurg.

A typical as-pressed AI laminate
after its edges were trimmed is
shown in Fig. 3. Dark layers in Fig. 3
represent the A1 6090/SiC/25p and
light layers AI 5182. The laminate
shown in Fig. 3 has ten layers of AI
6090/Si_25p and eleven layers of A1
5182 constituting a nominal 50-50
volume percent laminate. Microscopy
of the interlayer boundary in the as-
processed or T6 treated laminates .......... .... -::.... ,:.
showed no unbonded areas, as

reported elsewhere[3]. Fig. 3. Example of as-pressed AI laminate.

Tensile Pro_rties.

Tensile properties are summarized in Table 1 for the laminates containing 50-50 volume
percent of the component materials in the as-bonded and T6 treated conditions. Table 1 also
includes the tensile properties of the component materials for comparison. Tensile properties
are listed here as a data base for subsequent discussion of the fracture behavior later. The T6
treatment increased the yield and tensile strengths by ~30%. The total elongation or ductility
after the T6 treatment was reduced to about 7% from that of about 17% in the as-pressed
condition in the laminate, but is still more than 100% higher than that of the 6090/SiC/25p
component.

Table 1. Tensile properties of AI 6090/SiC/25p-AI 5182 laminates containing of 50-50
volume percent of the component materials and component materials

IIIII

Processing AverageLayer YieldStrength UltimateTensile Elongation
Thicknessrkun MPa_ksi_ StrengthrMPa_si_ %

As-Pressed 750 1.62(23.5) 266_38.5) 16.9 . _
Pressed,T6 . 750 232(33.6) 333(48.2) 7.2
AI 5182 130(18.9) 275(39.9) -_25 ,
A16090/SiC/25p - 265(38.4) 310(45.0) - 4
AI 6090/SiC/25p,T6 - 422(61.2) 510(72.7) _ 3.2



Bond Strength:

Bond strengths were measured for the 50-50 volume percent laminates in the as-pressed
, and T6 treated conditions, and the results are plotted in Fig. 4. Fig. 4 shows that substantial

reductions [-70% for the "normal" and -40% for the "shear" directions] in the interfacial
bond strengths after the T6 treatment, indicating that the T6 treatment can be an effective
way to change the interfacial bond strength of these A1 laminates.
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Fig 4. "Normal" and "shear" interface bond strengthsbefore andafter the T6 heat
treatment.

Fractl_ Toughness:

Toughness values measured for the 50-50 volume percent laminates with and without the
T6 treatment are shown in Fig. 5 for the crack divider (C. D.) and crack arrester (C. A.)
orientations. Fracture toughness of the component materials, AI 6090/SiC/25p MMC with
T6 treatment, and A1 5182, was not measured in the present study, mainly due to the lack of
sufficiently thick materials. For the AI 6090/SiC/25p MMC component, two toughness
values have been reported[ ]4,zs], and the higher value of the two is included in Fig. 5. Since
the toughness value for the A1 5182 component is not available in literature, the value for AI
5083 H3211161,whose composition is rather close to that of the A1 5182 is used in Fig. 5.

The toughness of the laminates does not change noticeably from the average value of
-30-Z'_lMPa.m 1t2regardless of the T6 treatment for both crack divider and arrester
orientations. These results contrast with the substantial change in the tensile properties and
interfacial bond strengths before and after the same T6 treatment.

The fracture toughness variation for both crack divider and arrester orientations as a
function of the volume percent of the MMC component is shown in Fig. 6 for the T6 treated
laminates. It is significant to note that the toughness shows a slight but definitely increasing
trend with the volume percent of the MMC component for both orientations. The horizontal

"_ axis in Fig. 6 also shows the global volume percent of the SiCp reinforcement.
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Fig. 5. Fracture toughness of A1 6090/SiC/25p-A1 5182 laminates (containing 50-50
volume percent of the component materials) with and without T6 treatment for
the crack divider (C. D.) and crack arrester (C.A.) orientations.

Fract_'¢ Bohavior:

Fracture surfaces of tensile and fracture toughness tested samples and cross-sectional
microstructures of tensile tested samples were examined to determine fracture morphology
and the interfacial delamination behavior of the laminates. Fig. 7 represents the cross-
sectional views of the tensile tested samples in the as-pressed and T6-treated conditions. It is
clearly seen in Fig. 7 that the T6 treatment leads to large scale interfacial delamination as a
result of the reduction in interfacial bond strength [Fig. 4]. Despite the large effect of the T6
treatment on the delamination behavior in the tensile tested samples, the influence of such
treatment on the fracture surface seems to be rather subtle. Fig. 8 shows the fracture surfaces
of the laminates with 50-50 'volume percent in the as-pressed [Fig. 8(a)] and T6-treated [Fig
8(b)] conditions when tes'.ed in the crack arrester orientation. In Fig. 8, the fracture crack
was initiated in the lower right hand comer and propagated to the upper left hand comer. In
the as-pressed condition, every other interface of the layers was delaminated while every
interface was separated in the T6-treated condition. Fig. 9 shows the fracture surface
morphology of the laminates in the T6 treated condition with 50, 75, and 97 volume percent
of the MMC component. Results are given for the crack divider orientation. Every interlayer
interface is seen to have delaminated. Every AI 5182 and 6090 MMC layer shows a shear
fracture mode. For the 97%-3% laminate the rather thick MMC layers exhibited tensile
fracture in the early stage of crack growth but immediately transitioned to the shear fracture
mode.
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• Fig. 7. Cross-secdonal views of tensile tested laminates with and without T6 treatment.
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Fig. 8. Fracture surfaces of the 50-50 volume percent laminates in the as-pressed (a) and
T6-treated (b) conditions for the crack arrester orientation. Direction for crack
propagation is from the lower right-hand to the upper left-hand comers in both (a)
and (b).
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Fig. 9 Fracture surface of the T6-treated laminates with (a) 50, (b) 75, and (c) 97
vol.% of the MMC component tested in the crack divider orientation.

Influence of T6 Treatment on Toughness:w

The toughness values plotted in Fig. 5 are not the plane-strain fracture toughness values
represented by Klc. If the values in Fig. 5 are to be qualified as the Klc values obtainable by
testing full-size compact tension type specimens, then the test specimen thickness should be
at least 19 mm and 40 mm for the T6 treated and untreated laminates, respectively.
Nevertheless, Table 1, Fig. 4 and Fig. 5 do show that the yield and tensile strengths for

• laminates of a given thickness [in the present case, about 15 mm] can be dramatically
increased by giving a T6 treatment without losing toughness. Results in Figs. 4 and 5, on the
other hand, show that the interfacial bond strength can be drastically reduced by the T6

" treatment without losing the toughness.



Toughrless vs. MMC Vol.%:

Results in Fig. 6 clearly shows that with lamination the fracture toughness of
6090/SiC_5p MMC can increase with increasing global volume percentage of
reinforcement. An increased volume percent of the MMC or global volume percent of the
SiCp reinforcement will also lead to increased yield and tensile strengths of the laminate, t
Tensile properties of a composite material arc known to follow the rule-of-average of those
of the component materialsllT]. These results indicate that with lamination technology both
fracture and tensile strengths can be enhanced by increasing the volume percent of MMC or
reinforcing agent. The global volume percent of the reinforcing agent in a lamiante may be
increased by using an MMC that contains a higher volume percent reinforcement.

Delarnination and Fracture B_havior:

Dclamination [Fig. 7(b)] in the T6-treated tensile specimens and its absence [Fig. 7(a)] in
the untreated ones seem to correlate well with the tensile ductility measured in these samples.
The T6-treated specimens _howcd a much lower elongation than the untreated ones [Table 1].
Syn et al[ls] in their study on ultrahigh carbon steel (UHCS)-brass laminates with different
layer thicknesses showed that delaminated layers fail by necking in the ductile component
(brass) and tensile fracture in the brittle component (UHCS), while undelaminated layers
suppress necking or brittle tensile fracture in the adjacent UI-ICSlayers resulting in enhanced
ductility. One can clearly identify such behavior in the samples shown in Fig. 7(a) and (b).
The fracture profile in the undelaminated sample in Fig. 7(a) essentially follows a 45" path,
while the fracture profile in the delaminated sample shows necking to a point in the ductile
Al 5182 layers.

Delamination is observed at every interlayer interface in the fracture toughness specimens
of the T6-treated laminates as shown in Figs. 8(b) and 9. Dclaminated layers fracture
initially in a flat tensile mode, but rapidly mmsitionto rather ductile energy-consuming shear
fracture mode, even in the laminates with thick brittle MMC layers such as in the 97%-3%
laminate. As can be seen in Fig. 9(c), the MMC layer thickness (-2.0 ram) is greater than the
thickness (0.7 nun) required in the toughness test specimens of the Al 6090/SiC/25p MMC
itself for the plain strain fracture toughness. Such thick MMC layers in the laminate would
have failed in brittle tensile fracture in thick layer laminates, but instead they transition to a
shear fracture mode.

Dclamination on every other interface in the as-pressed laminates shown in Fig 8(a) is
related to the inteffacial bond strength and the case of crack propagation characteristics. A
similar delamination behavior was observed in the UHCS-brass laminates[ Is] describexi
above. When the crack enters a brittle layer of the MMC component, it creates a large stress
concentration ahead at the next MMC-5182 interface and delaminates it. But such a
delamination blunts the propagating crack, and furtherpropagation of the fracture crack has
to be re-initiated in the next layer of ductile 5182. The stress concentration field generated at
the next 5182-MMC interface ahead of the regenerated crack in the ductile 5182 layer will bc
accommodated by large plastic deformation in the 5182 layer. The high bond strength at the
5182-MMC interface will force the two layers to deform and/or break together in the as-
pressed laminate. But the T6 treatment apparently lowers the bond strength and allows
delamination at such 5182-MMC interfaces as is shown in Fig. 8(b).



Fractur_ and Toughening Mechanisms:

The interlayerinterfacedelaminationinstigatesnotonlythecrackblunting,butalsothe
crackdeflectionbyinducingshearfractureinthebrittleMMC layersasshown inFigs.8 and
9. Incorporationofductileinterleavinglayersfm_er enhancestheeffectsofbluntingand
deflectionbyplasticdeformation.Ductileinterleavinglayerscanalsoretardcrack
propagationby bridgingthecrackbehindthecrackfront.Evidenceoflargeplastic
deformationandductileruptureintheAI5182layersshowninFigs.8 and9 indicatesclearly
thatcrackbridginghasoccurredduringthefractureofthelaminates.Crackbridgingby
ductilelayershasbeen demonstratedinbendtestingofUHCS-brasslaminates[3.191inthe
crackarresterorientation.Similarbehaviorwas showninthreelayerlaminatesofAl
X7093/SiC/15p-AI X7093 for the crack divider orientation in which the crack front was
pinned in the ductile layers of AI X7093. Crack bridging effects of a ductile component in
other composite materials have been observed and analyzed extensively[20].

It seems _rteAn that the fracture toughness of laminated materials is determined by
several simultaneously or sequentially operating mechanisms. The relative dominance of
these mechanisms can be changed by the relative strengths of the component materials and
the interface bond strength. An example of the interdependence of interface and component
material properties is available from the data in Figs. 4 and 5 and Table 1. Heat treatment
decreases the interracial bond strength (which should increase toughness) and increases the
flow stress of the 6090 containing layers (which should decrease toughness). The net result
of these two competing effects is shown in Fig. 5 - the toughness has changed very little with
heat treatment. Nonetheless the results shown in Fig. 5 indicate that the laminated
composites are very forgiving about the influence of heat treatment and other processing
variables as long as the layers are reasonably well bonded to insure the structural integrity as
shown elsewhere[241.

Nature of the Toughness Measure_l:

As discussed above, interlayer delaminations occur during the test as the crack initiates
and propagates. It has been observed, during the tests using compact tension type specimens
that a slight change of the slope or _ load drop in the load-crack opening displacement curve
occurs when a crack initiates [known as a pop-in] or a delamination takes place. It was
shown[V]that the toughness measured from the pop-in load did not change regardless of layer
thickness but the toughness calculated from the maximum load increased with the decrease in
the layer thickness. The toughness obtained from the pop-in load was interpreted to represent
the crack initiation toughness and the toughness from the maximum load correspond to the
crack growth toughness[ 1.6,211. Such an interpretation seems inherently correct. Toughness
values measured with the present chevron notch bend bar samples are likely to represent the
crack growth toughness.

Summary andConclusions

Multilayer laminates of A16090/SiC_5p MMC and AI 5182 were prepared by press
bonding at 450°C. Tensile properties and fracture toughness were measured for T6-treated
and untreated conditions, and also for different volume fractions of the component materials.
The conclusions are as follow:

ii

1. The T6 treatment increases the yield and tensile strengths by about 30%, but
decreases he total elongation by 60% and the interlayer interface bond strength by



about70% forthedirectionnormaltothelayers,andbyabout40% fortheshear
direction.

2. The T6 treatment induces interlayer delamination in tensile tests and more extensive
delamination in fracture toughness tests.

3. Fracture toughness for the 50-50 volume percent laminateswas about 30 :t:1 MPa.m 1/2
regardless of the heat treatment or testing direction.

4. The fracture toughness increased perceptibly as the volume percent of the MMC
component increased from 50% to 97%.
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