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ABSTRACT: Ultrasonic scanning acoustic microscopy is a nondestructive method useful for
--material elastic property quantification as well as crack size determination for surface and
Sibsurface cracks. The advantage of the method over destructive methods for crack size de-
termination is that the imaging technique can provide the crack sizing information while help-
< “ing in the detection of interface degradation and early crack initiation so that their growth can
be monitored during interrupted fatigue tests. Various metal matrix composite systems with
titanium based matrix and SCS-6 fibers have been evaluated for this study [Ti-24Al-11Nb
(atomic percent), Ti-6Al-2Sn-4Zr-2Mo (weight percent), and Ti-15Mo-3Nb-3Al1-0.25i (weight
percent)]. The scanning acoustic microscope technique has been applied to materials subjected
to both room temperature and elevated temperature fatigue cycling in addition to thermome-
- chanical fatigue (in-phase and out-of-phase) conditions. A 50 MHz scanning acoustic micro-
scope has been used for the imaging and evaluation of the damage initiation and growth of
surface/subsurface cracks and interfacial degradation. All the images have been produced by
exploiting the surface wave component of the ultrasonic signals from the scanning acoustic
microscope because of the higher sensitivity of surface waves to both surface/subsurface cracks
and perhaps also due to the changes in interfacial elastic properties. The results shown in this
paper provide a very good understanding of the crack initiation and growth as well as interfacial
degradation process of titanium based metal matrix composites when subjected to cyclical
stresses at elevated temperatures and room temperature. The results indicate that the combi-

nation of high temperature and stress is very severe to the interface between the matrix and
the fiber.
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Fiber reinforced composite materials are being considered for a number of applications
because of their improved mechanical properties as compared to nonreinforced materials. In
applications where cyclic loading is expected and where life management is required. con-
sideration must be given to the behavior of the material in the vicinity of stress risers such
as notches and holes. It is in these regions that damage initiation and accumulations are
expected. In the case of metal matrix composites for aircraft structural and engine compo-
nents, several damage modes near stress risers have been identified [1]. One important dam-
age mode under cyclic loading is the nucleation and growth of matrix cracks perpendicular
to the fiber direction. In some composite systems, the matrix crack growth occurs without
the corresponding failure of the fibers. This process results in the development of relatively
large matrix cracks that are either fully or partially bridged by unbroken fibers. The presence
of bridging fibers can significantly influence the fatigue crack growth behavior of the com-
posite. To develop a life prediction methodology applicable to these composite systems, an
understanding must be developed of both the matrix cracking behavior as well as the influ-
ence of the unbroken fibers on the crack driving force and the affect of interfacial degradation
and damage on the eventual failure of the composite.

Paramount to understanding the influence of unbroken fibers is understanding the mech-
anisms which transfer the load from the matrix to the fiber. The mechanics of matrix cracking
and fiber bridging in brittle matrix composites has been addressed (2,3]. The analysis is
based on the shear lag model to describe the transfer of load from the fiber to the matrix.
In the shear lag model. the transfer of load occurs through the frictional shear force (r)
seiween the fiber and the matrix. The analyses indicate that size of the region on the fiber
over which 7 acts can have a significant effect on the influence of unbroken fibers on crack
growth rate behavior. However, although some indirect ultrasonic experimental techniques
have been developed to determine the extent of the influence of = [4-6]; no direct nonde-
structive experimental techniques have been demonstrated to determine the extent of the
influence of =. Another important interfacial phenomenon is the degradation, fracture, or
failure of the interface resulting from crack initiation and growth which is the aspect of
interest in this paper.

The objective of this paper is to demonstrate the utility and versatility of scanning acoustic
microscopy (SAM) for material behavior research of metal matrix composites. Hence. in the
work reported in this paper. the SAM technique is utilized for nondestructively determining
regions of interfacial degradation while simultaneously providing indications of surface crack
length in three metal matrix composite systems. The specimens have been subjected to
various test conditions including room temperature, isothermal mechanical fatigue, and ther-
momechanical fatigue. In the interfacial regions of all the specimens, subsequent destructive
evaluations are used to verify the indications revealed by SAM.

Scanning Acoustic Microscopy (SAM)

Scanning acoustic microscopy was developed by Quate et al. [7.8]. It has been extensively
studied by Briggs et al. [9-/3] since that time. The most important contrast phenomenon in
a SAM is the presence of Rayleigh waves which are leaking toward the transducer and are
very sensitive to local mechanical properties of the materials being evaluated. The generation
and propagation of the leaky Rayleigh waves are modulated by the matenal properties.
thereby making it feasible to image even very subtle changes of the mechanical properties.

A SAM transducer is schematically shown in Fig. |. The transducer has a piezoelectric
qctive element situated behind a delay line made of silica crystal oriented such that the
1-1-1 axis is parallel to the direction of sound propagation. The thickness of the uctive
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element is suitable to excite ultrasonic signals (with a nominal frequency of 50 MHz in this
case) when an electrical spike voltage is delivered to the piezoelectric element. The silica -
delay has a spherical acoustical concave lens (Fig. 1) which is ground to an optical finish.
The numerical aperture (NA, ratio of the diameter of the lens to the focal distance) is 1.25
for the transducer used for this study. An NA of more than 1 (or F number, focal distance/
diameter, of the lens less than 1) s essential for the SAM technique to effectively generate
and receive surface waves in the specimen being imaged.
~ The principle of operation of a SAM rransducer is based on the production and propagation
of surface acoustic waves (SAW) as a direct result of a combination of the high curvature
of the focusing lens of the transducer and the defocus of the transducer into the specimen
(7.14). The contrast of the images obtained using SAM is based on the attenuation and
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ceflection of SAW. In addition, the sensitivity of the SAW signals to the surface and the
subsurface features depend on the degree of defocus and has been well documented in the
literature as the V(z) curves [/5]. The defocus distance also has another important effect on
the SAW signal obtained by the SAM transducer: the degree of defocus dictates whether the
SAW signal is well separated from the specular reflection or interferes with it. Thus, de-
pending on the defocus, the SAM technique can be used either to map the interference
phenomenon in the first layer of subsurface fibers or to map the surface and subsurface

features (reflectors) in the specimen.

Test Specimens

The SAM was used in conjunction with several on-going material behavior investigations
(16-18] to evaluate the extent of damage accumulated during the respective test procedures.
Specimens were removed during or after testing and evaluated using the SAM. Thus, com-
posite materials composed of a range of different matrix materials could be evaluated. All
the specimens are titanium matrix composites reinforced with a silicon-carbide based fiber,
commercially designated SCS-6, that has a double pass carbon rich coating. The matrix
materials include a beta processed titanium alloy, Ti-15Mo-3Nb-3A1-0.2Si (weight percent:
Specimens 1, 2, and 3), a conventional titanium alloy Ti-6A1-28n-4Zr-2Mo (weight percent:
Specimen 4), and an alpha-two titanium aluminide alloy, Ti-24Al-11Nb (atomic percent:
Specimen 5). The Ti-24Al-11Nb and Ti-15Mo-3Nb-3A1-0.2Si composites were manufactured
using the foil-fiber-foil process, and the Ti-6A1-2Sn-4Zr-2Mo was manufactured using the
plasma spray technique.

rExp;erimental Configuration

The ultrasonic imaging was done by using a 50 MHz nominal frequency SAM transducer
with a focal spot size of approximately 15 pm (theoretical) when focused on the surface of
the specimen. The ultrasonic beam was defocused into the specimens to generate leaky
Rayleigh waves propagating along the surface. The defocus was enough to avoid interference
of the surface wave with the specular reflection from the front surface of the specimen (the
exact defocus distance for each specimen to generate and receive leaky Rayleigh waves,
however, is dependent on the properties of the matrix material). The depth of penetration of
50 MHz surface waves is about 140 pm (theoretical). The SAM transducer was raster
scanned in a plane parallel to the surface of the specimen while simultaneously producing
and receiving Rayleigh waves. The digitally recorded Rayleigh wave signals were software

gated [/9], and the resulting amplitude was plotted to generate the acoustic micrographs
shown in this paper.

Results

The results of SAM applied to metal matrix composites (MMC's) will be presented under
<everal subsections based on the type of composite system being imaged. The fatigue test

parameters for each specimen will be outlined for each specimen in the corresponding
subsections.

Specimen I: SCS-6/Ti-15Mo-3Nb-3A1-0.25i

One benefit of the SAM is that it provides a nondestructive indication of the extent of
‘nterfacial damage. To demonstrate its utility. 2 notch (hole) fatigue experiment was peri-
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odically interrupted and the specimen was scanned using the SAM to evaluate the devel-
opment of damage during the life of the specimen. After each SAM evaluation, the specimen
was returned for further fatigue cycling. The fatigue cycling was terminated after the third
interruption at 9.66 < 10° cycles. For this test. the composite consisted of a cross-ply layup
of fibers in the [0/90], configuration. Prior to testing. a SAM image was made of the spec-
‘men to establish the initial integrity of the material. The pretesting image is shown in Fig.
24 and shows no damage to the interfaces prior to testing.

After the initial scan. the specimen was fatigued isothermally at 650°C with a maximum
remote stress of 200 MPa applied at 1 Hz along the fibers with reference to the image in
Fig. 2a. The fatigue test was stopped after 1.54 X 10° cycles or approximately 43 h at the
specified high temperature. One matrix crack could be seen on each side of the hole. One

2.5 mm
FI1G. 2u—The SAM imuage ot a Ti-15Mo-1Nh-3A1-0.25i tweight percenty specimen betore an o™
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F1G. 2h—The SAM image of the Ti-15Mo-3Nb-3A1-0.25i tweight percent) specimen in Fig. 2a aprer
[ 54 - 10" eveles or approximately 43 I of isothermal (650°C) fatigue test.

crack initiated carlier in the test and had a surface length of 2.36 mm from the edge of the
hole while the crack on the other side had reached a length of 0.54 mm from the edge of
the hole. The specimen was removed from testing and imaged using the SAM. The resuluny
image is shown in Fig. 2b. In this figure. the damage (as indicated by the high contrast
regions) originates at the top and bottom of the hole and proceeds away from the hole along
the fibers. The damage is also seen to originate at the crack plane. where the crack exposes
the interior of the specimen to the environment. The actual crack length is longer thun the
length over which the high contrast region is observed. This difference corresponds 0 up-
proximately three nbers at each crack tip and appears to be related to the relatvely recent
cxtension of ihe crack into this region and perhaps the consequential shorter duration over
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FIG. Ye—The SAM image of the Ti-15Mo-3Nb-3AL-0.25i (weight percenty specimen in Fie. 2u after
251 < 10 eveles or approximately 70 hoof isothermal (160°C) fatigue rest.

which the environment has had access to those fiber-matrix interfaces. The shorter crack on
one side of the hole is only beginning to develop an affected zone and is barely visible in
the ultrasonic image although the crack extends about three fiber diameters at the surface.
Figure 2¢ is the SAM image after an additional 9.66 x 10 cycles were applied for a total
of 2.51 < 10° ¢veles and total time of 70 h at the specified high temperature. [n this igure.
the cracks on cach side of the hole can be <een clearly. The larger crack had grown to
surface length of 2.88 mm trom the edge of the hole while the crack on the other side had
reached u leneen of 177 mm trom the edge of the hole. The region ot high contrast has
expanded wlons sme cracks ws wellas to the s and right of the hole. However. in the SAM
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F1G. 2d—Metallography of specimen in Fig. 2a through 2c.

image @0 Fig. 2e. the last three tibers at the tips of both the cracks did not show any intertacial
damage.

To ~ubstantiate the indications made by the SAM. the outer layer of matrix material on
Spectmen | owas etched away using a saturated solution of tartaric acid in 10% bromine in
methanot. The etched specimen was cleaned ultrasonically in acetone. photographed. and is
hown ia Fig. 2. Throughout most of the exposed layer of fibers. the outer coatings of the
fibers have remained intact and appear white. The dark regions above and below the hole
indicate the cracking of the coating. In most cases. when the environmental exposure tume
i\ muximum. the coatings have been removed completely. exposing the dark silicon carbide
fibers Peneath the coating. The cross-ply (90°) fibers in the second laver can also be detected.
From the metallographic image in Fig. 2d. the hypothesis of gradual degradation ot the
interrace i~ suggested because the interfaces of the fibers cut by the circumference ot the
hole were exposed the longest to the severe environmental conditions and show enough
damaee o lose the interfacial coating during cleaning. However. the longer and older ot the
“~ ~how some damage to the intertace whereas the shorter crack shows almost no
‘=0 metailography although ultrasonic images indicate otherwise. Pluns wre un-
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derway to conduct elevated temperature experiments in inert atmosphere to further evaluate
the effect of oxygen on the interfacial degradation process.

Specimen 2: SCS-6/Ti-15Mo-3Nb-3A1-0.25i

Specimen 2 is a four-ply, unidirectionally reinforced composite of SCS-6 fibers in Ti-
15Mo-3Nb-3A1-0.2Si matrix. This beta processed matrix material was chosen for composite
applications because of its improved environmental resistance at high temperatures. As such.
Specimen 2 was fatigued at an elevated temperature (650°C) to investigate the notch and
fatigue crack growth behavior of this composite system. The specimen was rectangular in
shape with a width of 19 mm, length of 150 mm, and had a 4.76 mm diameter hole machined
in the center. The fatigue loading was applied to the specimen in the direction of the fibers
at a frequency of 1 Hz and at a maximum remote applied stress of 350 MPa. Fatigue cracks
initiated quickly in the circular hole and grew until the specimen fractured after 1.82 x 10°
cycles. This corresponded to approximately 50 h of high temperature exposure during the
life of this specimen. After testing, the specimen was evaluated using the SAM.

Figure 3 is a SAM image of Specimen 2. The fractured edge of the specimen including
the remaining portion of the circular hole is on the right-hand side of the figure. Four cracks

initiated around the hole, with one crack on each side of the hole dominating and eventually
" leading to failure. One of the nonfailure cracks. labeled E, is visible in Fig. 3. Note that the
fiber locations are easily distinguished throughout the SAM image.

A region of high contrast. evident in Fig. 3. appears to extend along the fibers. The shape
of the high contrast regions suggest that both the local stresses and the duration of exposure
to the high temperature environment influence the extent of damage. The zones labeled A
and B on the figure are regions of stress concentration near the notch. Cracks initiated in
this region. exposing the interior of these regions to the environment early in the fatigue life.
Consequently. the largest affected length of fibers appear to originate near A and B. In
contrast. the atfected tiber length between G and H is considerably less. even though the
fiber ends at the hole were exposed to the environment from the beginning of the test. The
geometry of the notch leads to fiber stresses in this region which are considerably smaller
in magnitude than the stresses near A and B. [t appears that the different stress state in this
region has affected the rate of environmental interaction. The zones beginning at labels C
and D and extending to each edge of the specimen are the regions of fast-fracture. In this
region. the SAM did not detect strong differences from the virgin material. Finally. in the
crack growth region shown by CA. BE. and BD. a gradient of affected fiber lengths is
evident. presumably related to the duration of exposure after matrix cracking. These obser-
vations indicate that the etfect detected by the SAM is related to both stress and exposure
duration.

Specimen 3: SCS-6/Ti-15Mo-3Nb-3A1-0.25i

A thermomechanical fatigue (TMF) crack growth test was conducted on a four-ply uni-
directional composite with a titanium matrix reinforced with silicon-carbide. SCS-6. tibers
[/8). The crack was grown perpendicular to the fiber and loading direction. The single-edge
notch (SE(T)) specimen with clamped ends {20} was 25.37 mm wide and 0.96 mm thick
with the initial EDM notch length equal to 7.593 mm. The specimen wus subjected 10 4
constant P, throughout the test of 3.3 kN at an R (stress ratio R = s..,/5.,,0) of O.1 out-
of-phase with a thermal cycle between 150 and 538°C. Out-of-phase meuns that the max:-
mum load and minimum temperature oceur at the same time during cach oxele. The specimen
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FIG. 3—The SAM image of a Ti-15Mo-3Nb-3A1-0.25i (weight perceni) specimen after an isothermal
(650°C) fatigue test (1.82 % 10% cycles).

was subjected to 14612 thermomechanical cycles over 36 days (0.0056 Hz). Further details
of the test contiguration can be found in the literature [/8].

The tirst indication of the presence of an extensive zone of damage associated with the
Jominant matrix cracks was evidenced by a conventional “glass reflector plate™ C-scan ot
the specimen [/8]. Glass reflector plate technique (2]] is a global method and provides the
sccumulated macro-damage in the entire thickness of the specimen. A well-defined damuge
Jone was scen in the C-scan and prompted a further micro-evaluation of the area using SAM.
Figure 4u shows the SAM image of the specimen. The image clearly shows the two dominant
cracks. A and B (also visible on the surface to the naked eyes). growing from the tip of the
notch. However. the ultrasonic SAM image shows a host of other features which provide
invaluable information about the elevated temperature behavior as well as the degradation
and failure mechanisms due to the combination of elevated temperature. applied stresses.
nresende of Xy gen. and the duration of exposure.
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The effects of the stress. temperature, and duration of exposure to elevated temperature
can be seen clearly in Fig. 4a. The image is labeled to show seven zones, | through 7. Also,
cracks are labeled A through D. In zone I, where the effect of stress is gradually increasing
toward the notch tip, the interface shows corresponding increasing lengths of degradation.
The interfacial degradation and damage at the tip of the notch (zone 2) show a sudden
increased length indicating that the stress in the first continuous fiber and the total time of
exposure to elevated temperature have a devastating combined effect on the integrity of the
interface. At zone 3 where the matrix crack tip is growing, the pointed shape of the interfacial
oxidation followed by *‘parabolic” growth of the damage profile indicates that at the crack
tip, the interfacial damage is not instantaneous. Zones 4 and 5 are cracks growing from the
site of spot welds used to secure control thermocouples. The zones show similar crack and
interfacial damage mechanism as zones 1, 2, and 3. In addition, the areas labeled 6 and 7
on Fig. 4a show the process where interfacial damage from zone 4 as well as zone 5 are

necimen

. o ey >y o (el
il
eLh P : |
;"M‘ s e fr = Goh
e
=  Sonderyel
i s =5
iy
o
o s
Ty ., ntn + 3
\y—-v“
a————
e
o -
E’.‘ <
2434 6 C A B D 7 i 51
SR
e ———A— =
fme
— o
> N
Letned
=‘
-
2z
3
- I
L
1 Pk
f =2l g
2.5 mm
IO Li—The SAM imave 0 o TAISMo3NB 2O 28] vweiehr percenty specimen e

. R 14 Yoy TTEET e i
I N R Y

Ches e SA s Lt IA



re
0.

12
&

1al
1ck
the
ind

are

f e e

==sio g

2.5 mm

R LA

KARPUR ET AL. ON ULTRASONIC MICROSCOPY 141

o -
e >l
S T
= — p— ). e —mervrsd
. 2
welg j‘.ﬂf plvmon o " S ] <
. L [ eey—
2 - ~aL. -, A & > nea
P L aud — T -t — > ——
P W Ap——Cn————— — > ot y
el “W—— 3 > pensen
Rrad X v e ndey
-l-b: r—— ? 3 o e pors ™ -
el e - -y — 3 ol — 23 -
——at — " = L
m—rew v,
et W -y
| —— [l
_ e, Mttt ———, [P UELEERSRS
— Eed— -
——— "y
it Ar——
—— 4 “’(
——we > Y la
tm—— 1 N
ey £
———
e -y
S— v 4
—— 1
- nony
by
pusv——
——attrd »
p——"
———
——
- B,
———— S
— -
pum—e v
—— > v
—— st
I ——
—
"
~—— .
o o —
L d
- -
-
———
g
L
——
-
-y e b =
v -
D b > ——r Py ;"
: o/ W ;| P — = vt
[k Y A e
A e N — o
-y - S Kl - o ad e

FIG. $b—Metallography of specimen in Fig. 4a.

approaching the interfacial damage from cracks A. B, C. and D (C and D are cracks growing
from unintentional weld spots on the surface). This behavior indicates that similar growth
and merging behavior around cracks A. B, C. and D has resulted in the large mushroom
shaped interfacial degradation and damage zone around the slot and the cracks.

Following the same procedure used for Specimen 1. the matrix was etched away to expose
the first layer of fibers that werc scanned (Fig. 4b). The photomicrograph in Fig. 46 shows
4 high degree of correlation with the SAM image. An examination of the etched specimen
under the optical microscope revealed that the first layer of fibers showed a pattern of dark-
ened fiber coatings that exactly matched the ultrasonic signature from the SAM. Closer
inspection of the fiber coatings under a scanning microscope showed severe coating spalling
in the darkened region. The coatings in the unaffected zone showed little damage. and what
damage was visible was thought to be caused by the etching solution. The same effect of
wress in the continuous fibers on the extent of damage was similar to that found in Specimens
| and 2. The extent of tiber coating damage was greatly increased where the fibers were
continuous (load varrving) and exposed to the environment due to matrix cracking. The
Jress-tree tiber ends along the notch exhibited much less environmentally assisted damage
o the nher matriy satertace than the load carrving fibers lett in the wake of the advanciny
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crack tip. It is important to note here that, at termination of the experiment, the crack tip
was growing at a rate of approximately 0. mm during every 6 days. Thus, most of the
interfacial degradation imaged by SAM is also seen by metallography, perhaps because of

the extended duration of environmental exposure due to the slow crack growth rate of about
0.00069 mm/h.

Specimen 4: SCS-6/Ti-6Al-25n-4Zr-2Mo

A TMF crack growth test was conducted [22] on a four-ply unidirectional composite of
Ti-6Al-2Sn-4Zr-2Mo matrix reinforced with silicon-carbide, SCS-6, fibers. The crack was
grown perpendicular to the fiber and loading direction. The specimen, a single-edge notch
(SE(T)) with clamped ends [20], was 25.07 mm wide and 0.83 mm thick with the initial
EDM notch length equal to 7.481 mm. The specimen was subjected to a constant P__,
throughout the test of 4.0 kN at an R of 0.1 in-phase with a thermal cycle between 150 and
538°C. In-phase means that the maximum load and maximum temperature occur at the same
time during each cycle. The test frequency was 0.00833 Hz.

Figure 5 shows the SAM image of the specimen after 35 733 cycles were applied. The
image clearly shows the two cracks, which are also visible to the naked eye, growing from
the tip of the notch. Each crack has an average projected crack length of 8.9 mm. The
distinct ultrasonic feature (dark areas) evident around the EDM notch and to a greater extent

around the cracks indicates possible environment degradation of the carbon rich fiber-matrix

2.5 mm

FIG. 3—The SAM wnace of ¢ SCS-6/Ti-5A1-25n-4Zr-2Mo specimen after 35 733 cveles ap noail?
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interfacial region. To confirm this, the matrix was etched away using a saturated solution of
tartaric acid in 10% bromine in methanol. A visual inspection of the first layer of fibers after
matrix removal showed a pattern of darkened fiber coatings that exactly matched the ultra-
sonic signature from the SAM.

Specimen 5: SCS-6/Ti-24Al- 1INb

In a recent investigation [/6], the initiation and fatigue crack growth rates of cracks em-
anating from circular holes were investigated in an eight-ply, unidirectional layup of SCS-
6/Ti-24Al-11Nb. Constant amplitude fatigue crack growth tests were conducted at a wide
range of stress levels at a constant R equal to 0.1. In the investigation, it was found that
cracks initiate at four locations around the hole very early in the fatigue life. Crack bridging
by unbroken fibers was found to dominate the fatigue crack growth life as evidenced by the
characteristic decrease in crack growth rates as the crack length increased during fatigue
cycling. The SAM technique was applied to a specimen from this investigation to observe
the matrix damage and evaluate the characteristics of a fully bridged matrix crack. The
specimen was rectangular in shape with a width of 12.5 mm, length of 150 mm. and had a
32 mm diameter hole machined in the center. They were subjected to 1.01 X 10° cycles at
2 maximum remote applied stress of 580 MPa at a frequency of 1 Hz. The fatigue loading
direction was in the direction of the fibers with reference to Fig. 6.

Figure 6 shows the SAM image of a typical specimen after fatigue cycling at room tem-
perature. It is clear from the figure that the primary cracks grew radially from the notch but
turned 1o follow a direction perpendicular to the loading axis within a distance of one radius
of the hole. Some secondary cracking can be seen near the primary cracks although these
cracks formed later in the fatigue life and did not appear 10 participate in the final fracture.
The locations of the fibers in the first layer can be seen easily as well as the location of a
crossweave binder material used to hold the fibers in place during consolidation.

Discussion

The results from SAM imaging as well as metallography of Specimens | through 3 provide
<ome very interesting and intriguing insight into the behavior and failure mechanisms of
Gtanium based metal matrix composites with SCS-6 fibers. The results indicate. especially
at elevated temperatures. that a chain of events occurs leading to eventual failure ot the
composites. The various events and the mechanisms observed will be discussed further with
reference to cach specimen tested and evaluated here.

The invaluable information that can be obtained from SAM in specimens tested at clevated
temperatures is demonstrated clearly in Figs. 2 to 5. The interfacial degradation and damage
cvident in Fig. 2¢, Fig. 3. Fig 4a. and Fig. 5 were also corroborated by metallography. It i
evident from the combination of SAM image and metallography that the extent of tiber
coating damage was greatly increased where the fibers were continuous (load carrving) and
exposed to the environment due 10 matrix cracking. The fiber ends exposed along the notch
did accumulate some damage along the fber-matrix interface but to a much lesser extent
because they were in a stress free condition. This phenomenon in combination with larger
damage neuar high stress areas such as the notch tips and hole circumference indicates that
(1) when the stresses are negligible at the edge of the specimen. the intertacial degradation
and damage is mimmum even though the tiber/matrix interface was exposed to the temper-
sture < cling during the entire duration of testing. and (2) the intertacial degradation :~ reluted
Srosto o the tther ol matnd siresses which increase near the nowh tip.
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FIG. 6—Tie SAM image of a SCS-6/Ti-24Al-1INb tatomic percent) specimen after room remperuiuru,

It is eppurent from the results that the crack tip merely provides access for environmental
damage to attack the interface and that ahead of the crack tip no noticcable environmental
damage oceurs. Once the interfuce is cxposed to the environment of elevated temperature
and stresses. the interfacial degradation proceeds as indicated by the boundaries of the in-
tertacial damage behind the crack tip. Thus. the relative size of the affected regions indicates
that the extent of damage is related to the magnitude of the local stress level and the duration
of exposure to elevated temperature. The stress level dependence is indicated by the relative
size of the affected zones at the edge of the notch (a high stress region) when compared 10
the size at the top of the hole (a relatively low -stress region). The time dependence 1s
evidenced hv a region near the crack tip where no fiber damage is indicated by the SAM.
In this sewon, where the crack growth has occurred most recently. insutticient time has
pussed 107 e environment to he detnmental. Fibers which have been exposed to the envi-

Crommens oron e by the advance of e semckare affected less thun fibers whieh wwere
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The utility of SAM for the assessment of room temperature fatigue behavior of SCS-6/
Ti-24Al-11Nb composite can be seen from Fig. 6. The SAM technique can easily detect
primary cracking in the composite which normally can also be easily observed visually on
the surface. However, the SAM also detects the presence of secondary cracking which is not
always as evident as the primary cracks.

Conclusions

Scanning acoustic Microscopy has been shown to provide an invaluable insight into the

fatigue crack growth behavior of titanium based metal matrix composites with SCS-6 fibers.

The elastic waves produced by the SAM transducer are very sensitive to the local changes
in elastic properties of the interfacial region. As a result, the technique is capable of detecting
the onset of and monitoring the growth of interfacial damage, especially at elevated

temperature.

The behavior of titanium based MMC’s with SCS-6 fibers at both room temperature and
elevated temperature has been analyzed in this study by conducting SAM analysis at room
temperature. The results obtained from both SAM and metallography have provided inval-
uable information regarding the initiation and progress of interfacial damage. It has been
found that the initiation of matrix cracking provides the necessary passage for the environ-
ment to reach the interfacial region. However, it has been shown that the environmental
access alone is not sufficient for an accelerated interfacial degradation because it appears
from the specimens in this study that temperature, SUess, and duration of exposure are the
three necessary factors for the degradation phenomenon {0 progress 10 maturity when most
of the exposed interfacial region will be damaged.
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