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Abstract—The effects of holes and notches on the ultimate tensile strength of a unidirectionally reinforced
titanium matrix composite have been examined. During tensile loading, a narrow plastic strip forms ahead
of the notch or hole prior to fracture, similar to that observed in thin sheets of ductile metals. Examination
of the fibers following dissolution of the matrix indicates that essentially all the fibers within such a strip
are broken prior to catastrophic fracture of the composite. The trends in notch-strength have been
rationalized using a fracture mechanics-based model, treating the plastic strip as a bridged crack. The
observations suggest that the bridging traction law appropriate to this class of composite is comprised
of two parts. In the first, the majority of fibers are unbroken and the bridging stress corresponds to the
unnotched tensile strength of the composite; in the second, the fibers are broken and the bridging stress
is governed by the yield stress of the matrix, with some contribution derived from fiber pullout. This
behavior has been modeled by a two-level rectilinear bridging law. The parameters characterizing the
bridging law have been measured and used to predict the notch strength of the composite. A variation
on this scheme in which the fracture resistance is characterized by an intrinsic toughness in combination
with a rectilinear bridging traction law has also been considered and found to be consistent with the

predictions based on the two-level traction law.

1. INTRODUCTION

Fiber-reinforced titanium matrix composites are
being considered for structural applications in ad-
vanced aerospace engines [1]. It is envisioned that,
in some applications, holes will be introduced for
either fastening or cooling. The design of such
structures will require an understanding of the
damage processes occurring around the holes and
the influence of damage on structural performance.
The intent of the present article is to examine the
nature of such processes and to assess the utility of
non-linear fracture mechanics-based models for de-
scribing the influence of holes and notches on tensile
strength.

It will become evident that the trends in strength
with hole or notch size can be rationalized in terms
of models based on crack bridging, analogous to
those used to describe the notch sensitivity of mono-
lithic ductile metals and ceramic matrix composites
(CMCs). As a result, the following section provides
a brief review of the existing crack bridging models.
The review is followed by a description of the exper-
imental portion of the study and comparisons with
the model predictions.

tCorresponding to either plane stress or plane strain
conditions, as appropriate.
1Neglecting the effects of volume on strength.

2. BACKGROUND ON NOTCH SENSITIVITY

In brittle materials, the tensile strength & of a panel
containing a sharp, through-thickness notch can be
described by the Griffith equation

) \/EF
G= [— 6]
na,

where I' is the toughness, E is Young’s modulust and
2a, is the notch length. Alternatively, if the panel
contains a circular hole with a radius a, that is large
in comparison to the intrinsic flaw size, c, the strength

is given by
1 |ET
G == \/ —. 2
3\ mc

In essence, the hole reduces the strength by a factor
equivalent to the stress concentration factor (k, = 3),
independent of the absolute hole size}. Consequently,
equation (2) can be re-written as

G =06,/3 3)

where G, is the tensile strength in the absence of a hole
or a notch.

Ductile materials, particularly in the form of thin
sheet, behave differently. In the presence of a notch,
tensile fracture is preceded by the development of a
narrow zone of intense plasticity ahead of the notch
[2). Fracture occurs by the formation and propa-
gation of a crack within the plastic zone. This process
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can be modeled by considering the tip of the plastic
zone to be the tip of a hypothetical crack and the
material within the plastic strip to be a “bridged
zone” [3,4]. The tractions exerted by the bridged
zone are taken to be equivalent to the yield stress of
the metal, g,. Moreover, the intrinsic fracture energy,
Iy, is taken to be zero, such that all the fracture
resistance is derived from bridging. Using the J-inte-
gral, the contribution derived from bridging, I',, can
be expressed as [5]

[
r.,=J 6,d6 =0, @)
0

where 6 is the crack opening displacement and §, is
the critical value needed to fracture the metal. More-
over, the fracture stress varies with notch size accord-
ing to the relation [4]

g 2 1( —n)
—=—cos™ | exp—
Gy T 8a

where « is a normalized measure of the notch size

(5a)

4,6}

dErE

(5b)

and the unnotched tensile strength, &,, is taken to be
the yield stress, o,. This approach is commonly
referred to as the Dugdale-Barenblatt model.

The parameter used to normalize the notch
size, TE/G], is a characteristic bridging length
scale that governs the degree of notch sensitivity.
When this length scale is large compared to the
notch length, the tensile strength is reached after
the plastic strip extends only a small amount and
thus the steady-state toughness, given by equation
(4), is not fully realized. Conversely, when the
bridging length scale is sufficiently small, the
toughness is fully utilized prior to catastrophic frac-
ture, whereupon the stress-notch length relation
[equation (5)] reduces to the Griffith relation
[equation (1)].

More recently, models based on crack bridging
have been developed for predicting the notch-
strength characteristics of ceramic matrix composites
(CMCs) [6-8]. The essential difference between
these models and the one developed by Dugdale
involves the functional form of the bridging
traction law. The traction laws considered to date
include linear softening, linear hardening and
parabolic hardening, in addition to the rectilinear
law. Figure 1 shows three typical bridging traction
laws and their effects on notch sensitivity. A
notable feature here is that the notch sensitivity is
governed predominantly by the parameter a, and is
relatively insensitive to the shape of the traction law.
Moreover, for large values of a(=1), the notch-
strength follows the Griffith relation [equation (1)],
with I' =T,.

An additional feature that has been incorporated
into recent calculations is the intrinsic fracture en-
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Fig. 1. Predicted trends in notch-strength with normalized
notch size for several different forms of the bridging traction
law.

ergy, I'y [7, 8]. This energy can be represented by a
non-dimensional parameter, A, defined by

A =T,I,. (6)

Some trends in notch strength with 4 for the rectilin-
ear traction law are illustrated in Fig. 2. The main
effect of 4 is to increase the strength for small values
of a. At higher values of a, the notch-strength again
follows the Griffith relation, with I" replaced by the
total fracture energy: I' = 'y + I,

Calculations have also been performed to evaluate
the strength of such materials in the presence of
circular holes [7]. Figure 3 shows an illustrative
example. For small values of a, the strength is
similar to that corresponding to a sharp notch.
However, for large values (x 2 1) the strength
asymptotically approaches the value predicted on the
basis of the stress concentration factor, given by
equation (3).
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Fig. 2. Influence of the intrinsic toughness I', on the
notch-strength characteristics for the rectilinear bridging
traction law.
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Fig. 3. Effects of circular holes vs sharp notches on strength.

3. EXPERIMENTS

3.1. Materials

The material used in this study was a Ti-6 A4V
matrix reinforced with unidirectional, continuous SiC
fiberst, 100 ym in diameter. The composite panel was
comprised of six plies, with a total thickness of
1.0 mm. The fiber volume fraction was 32%. Prior to
consolidation, the fibers had been coated with
~1 um of C, followed by ~1 um of TiB,. The TiB,
coating serves as a diffusion barrier between the fiber
and the matrix. During consolidation, the TiB, reacts
with the matrix to form a layer of TiB needles,
~0.7 pm thick.

3.2. Tensile tests

Uniaxial tensile tests were conducted on specimens
containing either notches or circular holes, located at
the specimen center. To minimize damage, the speci-
mens were prepared using electrical discharge ma-
chining (EDM). The holes ranged in length from 1.5
to 6 mm. The ratio of notch or hole size, 2q,, to
specimen width, 2w, was fixed at 0.2. In one case,
where the hole size was 0.6 mm, specimens with a,/w
ratios of 0.2 and 0.05 were prepared and tested. In all
cases, the ratio of specimen length to specimen width
was greater than 3.

Prior to testing, one face of each specimen was
polished to a 1 um finish. Beveled stainless steel tabs
were bonded to the specimen ends with an epoxy
adhesive. In some instances, a 0.8 mm strain gauge
was attached immediately ahead of the notch or hole.
The tests were conducted in a servohydraulic testing
machine, using hydraulic wedge grips to load the
specimen. The tests were conducted at a fixed dis-
placement rate, between 0.005 and 0.03 mm/min. For
comparison, uniaxial tests were also conducted on
straight (unnotched) tensile specimens, 6 mm wide,
with axial strains measured using a 12.7 mm contact-
ing extensometer. Additional details pertaining to the

1Sigma fiber, produced by British Petroleum.
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unnotched tensile strength of this material can be
found in a companion paper [9].

3.3. Observations

During the tensile tests, the region immediately
ahead of the notch or hole was monitored using a
traveling stereo-microscope and recorded using a
digital video camera. These observations were used to
establish the extent of plasticity. In some cases, the
tests were interrupted following the development of
an extensive plastic zone (~ 1-3 mm), but prior to
fracture. The extent of fiber fracture within this zone
was determined by dissolving the matrix in the vicin-
ity of the notch with a 49% HF solution and examin-
ing the underlying fibers in a scanning electron
microscope (SEM). Some of the fracture surfaces
were also examined in an SEM.

3.4. Toughness

The composite toughness, I', was evaluated using
an edge-notched four-point work-of-rupture speci-
men [10, 11}, shown in the inset of Fig. 9. (For
reasons described below, the notched tensile tests
could not be used to obtain I') The test was con-
ducted at a displacement rate of 0.5 mm/min. The
toughness (or fracture energy) was evaluated using

the relation
u;
J P du
0

r=— 7

t(w —ay) M

where P is the load, u is the load point displacement,

u. is the displacement at fracture, and ¢ is the
specimen thickness.

3.5. Bridging law parameters

As detailed in a subsequent section, the effects of
holes and notches on the tensile strength of this
composite can be rationalized in terms of crack
bridging models. One of the important parameters
involved in the bridging traction law is the crack
opening displacement at fracture, d.. This parameter
was determined in the notched specimens from
measurements of the notch width both before and
after fracture. The post-fracture notch width was
taken to be the sum of the normal distances from the
notch surfaces to the tips of the fracture surface, as
shown in the inset of Fig. 10. Similar measurements
were made on specimens with small holes (0.6 and
1.5 mm diameter).

Another key parameter in the traction law is the
displacement J; at the onset of fiber failure. This
displacement can be estimated using the relation

O~ hy€ ®)

where 4, is the width of the plastic zone measured
parallel to the loading direction and ¢ is the
failure strain of the fibers. The plastic zone size
was measured off of micrographs of both sides
of the fractured specimen, taken using Nomarski
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interference microscopy. At each notch tip, ~20-30
such measurements were made, starting immediately
ahead of the notch tip and proceeding at intervals of
~0.2 mm.

Yet another parameter in the traction law is the
strength of the composite following fiber fracture.
This strength was measured using a two-step pro-
cedure. First, a specimen with a 6 mm notch was
loaded in tension until plastic strips ~3 mm long had
developed on both sides of the notch. SEM examin-
ations of similar specimens indicated that all the
fibers had indeed fractured within this strip. Narrow,
longitudinal strips (~2 mm wide), passing through
the plastic strips, were then cut from the tested
specimen. These strips were tested in tension, with a
10 mm clip gauge placed across the plastic strip to
measure the local displacements.

4. EXPERIMENTAL RESULTS

Figures 4 and 5 show a typical stress—local strain
response of a notched panel and a corresponding
series of optical micrographs taken during the test.
Initially, the response was linear, with non-linearity
occurring at a stress of ~450 MPa. At a slightly
higher stress (590 MPa), a plastic zone was observed
at the notch tip [Fig. 5(a)]. Upon further loading, the
length of the plastic strip increased stably, reaching
~3 mm at a stress of ~750 MPa. The specimen was
subsequently unloaded for further examination. The
local strain at the notch tip was ~5%: considerably
higher than the fracture strain measured in the un-
notched tensile specimens (~ 1%). The ultimate ten-
sile strength of a similar specimen was ~ 850 MPa.

Examinations of specimens interrupted prior to
fracture showed that all of the fibers contained within
the plastic strips had been broken. Figure 6 shows
one such example, from a specimen with a notch of
length, 2a, = 3 mm. In this case, both the plastic strip
and the “plane” of fractured fibers follow the same,

900 T T T T T T T T T T T
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Remote Stress, ¢ (MPa)

200 -1

100

Notch Length, 2a, = 6 mm
0 1 1 i 1 1 1 1 1 1 1
0 1 2 3 4 5 6

Local Strain (%)

Fig. 4. The stress—local strain response of a specimen
containing a 6 mm notch.
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Fig. 5. Optical micrographs showing the progression of
plastic strip development. The labels A, B, and C corre-
spond to the stress levels shown in Fig. 4.

somewhat non-planar, path. The specimens contain-
ing circular holes exhibited similar patterns of plastic
strips and fiber failure prior to catastrophic fracture.

Table 1. Summary of tensile test results

Ultimate
Hole or Specimen tensile

notch size, width, Ratio, strength,

2a, {(mm) 2W (mm) ay /W a, (MPa)

Unnotched — 6.0 — 1590 + 100*

Hole 0.6 12.0 0.05 1210
Hole 0.6 3.0 0.20 1180
Hole 1.5 7.5 0.20 980
Hole 3.0 15.0 0.20 910
Hole 6.0 30.0 0.20 860
Notch 1.5 7.5 0.20 910
Notch 3.0 15.0 0.20 850
Notch 6.0 30.0 0.20 810

*Average and standard deviation from 8 tests.
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Fig. 6. Comparison of (a) the plastic strip ahead of a notch tip, with (b) the pattern of fiber fracture
following matrix dissolution. The micrographs show identical regions of the specimen.

Fractographic examinations showed that minimal
fiber pullout occurs during the fracture process
(Fig. 7). The pullout length is typically < 100 um
(i.e. one fiber diameter).

The trends in tensile strength ¢ with notch or hole
size, 2a,, are summarized in Fig. 8. Evidently, the
strength drops quickly with a, in the regime

Fig. 7. SEM micrograph showing degree of fiber pullout.

0 <2ay < 1.5mm. For larger values, 2a,2 1.5 mm,
the strength continues to decrease, though at a much
slower rate. The specimens containing holes exhibited
similar trends, though the strengths were slightly
higher than those corresponding to notches of the
same size, by ~6-7%.

T T T T T T T T T T T
Experiment )
1600 Experiments |
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s 1400 Theory 4
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2 1000
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Fig. 8. Trends in tensile strength with hole or notch size.
Also shown for comparison are predictions based on the
Griffith equation and the Dugdale model.



3456 CONNELL et al.:

200 T T T T T T T T
Work of Rupture: I'=72 kJm?
160 - r— 89 ————‘ l T
L ! 4 ]
—_ 4 I 7
Z 120t I X 4
T P2 L J P2 T
" L 25
8 Dimensions in mm
o 80 4
-
40} .
0 1 1 1 1 1 | 1 ]
0 1 2 3 4 5
Displacement, u (mm)
Fig. 9. Load-displacement curve measured on work-of-

rupture specimen.

The results of the work of rupture test are shown
in Fig. 9. Combining these measurements with
equation (7) yields a toughness, I' =72kJm~2
In this configuration, a similar process of plastic
yielding was observed ahead of the notch tip. Once
a crack had formed, it propagated stably across
the specimen along a mode I path, resulting in a
relatively smooth, continuous load-displacement
curve.

The measurements of plastic zone width, 4,, and
local displacement at fracture, d,, are summarized in
Fig. 10. A typical optical micrograph used for
measuring &, and ¢, is shown in Fig. 11. The values
of both parameters are independent of the specimen
size and the specimen confirmation (notch vs hole),
with average values, /,~0.9mm and J,~ 80 um.

Figure 12 shows the results of a tensile test con-
ducted on a specimen containing a plastic strip within
which all fibers had been broken. The results are
presented in the form of stress vs displacement (not
strain), since virtually all the inelastic strain was
localized within the previously yielded strip. In this
test, the response was essentially elastic—perfectly
plastic, with a *yield stress” of ~800-850 MPa
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(approximately one half of the unnotched tensile
strength). The inelastic displacement at fracture was
~40 um. As expected, this value is lower than that
measured on the notched tensile specimens (Fig. 10),
a result of the prior inelastic deformation occurring
during the development of the plastic strip.

5. ANALYSIS
5.1. Preliminary assessment

A preliminary assessment of the trends in notch
strength was made using two simple modeling ap-
proaches. The first was based on the Griffith relation
[equation (1)]. Figure 8 shows the predicted trends
in strength with notch size for values of I' ranging
from 5 to 30 kJ m~2 The second approach was based
on the classical Dugdale model [equation (5)]. The
predicted trends are also shown in Fig. 8, taking
g, to be equal to the unnotched tensile strength
(6,=1590 MPa) and I to range between 5 and
30kJm~?, as before. It is apparent that neither
approach provides even a fair representation of
the experimental measurements. This disparity be-
tween experiment and theory provides the motivation
for the subsequent modeling effort. Moreover, it
demonstrates that the trends in tensile strength with
notch length cannot be used to infer the composite
toughness.

5.2. Proposed bridging traction law

The present measurements and observations
suggest that the notch strength characteristics of the
Ti/SiC composite can be rationalized in terms of a
bridging traction law having the features shown on
Fig. 13. In this law, the stress initially increases with
displacement, analogous to the stress—strain response
measured in a uniaxial tension test. At a critical
stress, S|, taken to be the unnotched tensile strength
of the composite, G,, the fiber bundle within the
bridging zone fails, causing the stress to drop rather
precipitously with increasing crack opening displace-
ment. The corresponding critical displacement, J,,

g 100 L S e B LA B S R R R
3 1@ o |
', 80 ° -
S [0 T T TTTTTTTTTTTTTTT
+ - [ ] B
°

60 - 1

L Before:

40

20

O Hole
e Notch ]
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0 1 2 3 4 5 6 7

Limiting Separation, 8.
L " |

Hole or Notch Size, 2a, (mm)

and (b) local displacement at fracture, J., with hole or notch

size.
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Fig. 11. Optical micrograph showing plasticity around the hole following fracture.

depends on the width of the plastic strip (being the
effective gauge length) and the fiber failure strain, in
accordance with equation (8). Upon further crack
opening, the bridging stress reaches a saturation level,
dictated by the yield stress of the metal and the
“pullout” contribution from broken fibers (detailed
later). At a yet larger crack opening displacement, the
local strain reaches the failure strain of the metal,
leading to the formation of a matrix crack and a loss
in bridging.

For modeling purposes, it is convenient to rep-
resent this behavior by a two level bridging traction
law, shown schematically by the dashed lines in
Fig. 13. Each of the two parts of the traction law are
characterized by a strength (S, or S,) and a critical
displacement (6, or d,). The total (or steady state)
fracture energy, obtained using the J-integral, is

23
r:J 6,dd =T, +T, (92)

0

where I') and I, are the areas contained within the
top and bottom parts of the traction law, given by

r1=(Sl—S2)51 (9b)
1000 ; T T T T T T T
= 800l e
o
s } 4
© 600l .
73
o L ]
£
@D 400 .
Y
= i |
5
F 200t .
0 1 I 1 1 1 | 1 1 1
0 20 40 60 80 100

Displacement (um)

Fig. 12. Tensile test of specimen containing plastic strip
with broken fibers.

AM 42/10—N

and

r,=5,6,. (9¢)

A preliminary assessment of the proposed traction
law can be made by comparing the total fracture
energy, computed using equation (9) along with the
measured values of the traction law parameters, with
the value obtained through the work-of-rupture test.
The experimental measurements indicate that
S, =46,=1590 MPa, S,=2850MPa (Fig. 12), and
6, =80 um. Moreover, combining the plastic zone
width, 4, = 0.9 mm, and the unnotched tensile frac-
ture strain, ¢ =1%, with equation (8) yields
6, ~9um. Equation (9) thus predicts a fracture
energy, I' =71 kJm~2, essentially identical to the
value obtained experimentally (I" = 72 kJ m~2). This
correlation provides some initial confidence in the
proposed traction law.

5.3. Model of notch strength

For the purpose of modeling the notch-strength
behavior of such a material, the two-level rectilinear

»

Bridging Stress, Oy,

(2]
~N
I

<
. \

8, 3,
Crack Opening Displacement, &

Fig. 13. Schematic diagram of the proposed traction law
governing fracture in the Ti/SiC composite.
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Fig. 14. Schematic diagram of the crack bridging model.

law was incorporated into a fracture mechanics
model, shown schematically in Fig. 14. In the model,
the composite panel is taken to be infinitely large and
contain a sharp, through-thickness notch of length,
2a,. The panel is loaded remotely with a uniform
tensile stress, 0. The material is assumed to be linearly
elastic, except within the plastic strips formed ahead
of the notch tips. The stress intensity factor K at the
tip of the plastic zone is taken to be zero, such that
the material possesses no intrinsic toughness. Two
relevant “crack lengths” are identified. The first, 2q,,
represents the point at which the crack opening
displacement 6 reaches the critical value, §,. Ahead of
this point, the tractions on the crack face are given by
S, and behind it, by S,. The total crack length (notch
and plastic strip) is designated 2a,, and the crack
opening displacement at the notch tip is designated
D.

Two regimes are considered, goverened by the
value of D. In the first, D < §,, such that the model
reduces to the classical Dugdale-Barenblatt model,
with a uniform bridging stress, S;. The plastic strip
thus extends according to [3, 4]

(10)

with a crack opening displacement at the notch tip of

DE 8 a
=—In—.

aS, m a

(1)

The maximum stress is obtained by combining
equations (10) and (11) and setting D =4§,. In the
second regime, D lies in the range §, < D < d,, such
that the plastic zone consists of two parts. Along the
part of the crack plane defined by g, < |x| < q,, the
bridging stress is S,, and, in that part defined by
a, <|x| < a,, the bridging stress is S;, as noted ear
lier. The stress-crack length relations are obtained
from handbook solutions of stress intensity factors
and crack opening displacements [13]. In non-dimen-
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sional form, the relevant solutions can be expressed
as

0 E S S.

——=f-L= -/ (12)

oa, o a

K AY S
=g|""gz‘“l* 3_2 (13)

0./ na, 4
and

DE S S

—=h—h— = (14)

oa, a 4

where the parameters f;, g; and A; are functions of the
crack length ratios, a,/a, and a,/a,, and are listed in
Appendix A. Recognizing that K = 0 allows equation
(13) to be re-written as

c S,
__—_&4_82_: (15)
Sio& &S
which, combined with equation (12), gives
0 E (g’ 3352) S,
=(&+22)-f-52. a6
S1ap & &S s S,

The stress—crack opening displacement curve is
obtained by incrementally stepping through values of
a, /a,, starting with the one evaluated using equation
(11) with D =4,. At each point, the ratio a,/a, is
evaluated by numerically solving equation (16) and
the result then combined with equations (12) and (14)
to get o and D, respectively.

Figure 15 shows illustrative examples of the trends
in ¢ with D for a strength ratio, S,/S,=2, and a
toughness ratio, I'; /I, =0.1. For reasons that will
become apparent in the subsequent section, the
toughness ratio I',/I", is designated 1, analogous to
equation (6). Three types of behavior are obtained,
governed by the normalized notch length, a. (i) For
very small notch lengths (x < 1), the maximum stress
is reached almost immediately after D exceeds d;. In
this case, the ductility of the matrix (manifested in the
critical displacement, d,) does not increase the notch

1.2 T T T T T T T T
I A=0.1 p
a o2/TE=004 |~ Two-level rectilinear
— Rectilinear ([,#0)

Normalized Remote Stress, G /S,

0.0 2 L 1 L 1 L 1 ) 1 s

Normalized Notch Tip Displacement, D/,

Fig. 15. Predicted stress—crack opening curves for the two

traction laws: (i) the two-level rectilinear law, with no

intrinsic toughness (I'y = 0), and (ii) the rectilinear law, with
an intrinsic toughness, I'y.
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Fig. 16. Comparisons between experimental measurements

and predictions of models based on (i) the two-level rectilin-

ear traction law, (ii) and the simple rectilinear law, with an
intrinsic toughness I'.

strength of the composite. (ii) For intermediate sized
notches, the maximum stress occurs at a value of D
that is substantially larger than J,. Consequently,
composite fracture does not occur immediately fol-
lowing the onset of fiber failure. Here, the matrix
ductility provides some enhancement in tensile
strength. (iii) For very long notches (x > 1), the
maximum stress is obtained when the matrix fails, i.e.
D =4,. The relationship between strength, &, and
notch length, «, is obtained from the maximum points
in these curves.

Figure 16 shows the predicted trends in strength
with notch length, for S,/S,=2 and I'|/I'; ranging
from 0 to 0.2. Also shown are the values obtained
experimentally. The comparisons show that the pre-
dictions are in close agreement with the measure-
ments for I' /I, in the range ~0.03-0.1. The inferred
value of I'|/T’, is comparable to the one calculated
using the values of S;, S,, 4, and J, quoted above:
r,/r,~0.09.

Because of the similarities in the strength charac-
teristics of the specimen containing holes and
notches, no calculations were conducted for holes.
The similarities are consistent with previous calcu-
lations which show that the strength of materials that
exhibit bridging is insensitive to the shape of the
discontinuity, provided the bridging length scale is
sufficiently large compared with a,. Indeed, for the
entire range of hole and notch sizes used in this study,
the normalized notch size lies in the range o <0.5
(Fig. 3).

5.4. An alternate approach

It is instructive to consider an alternate description
of the fracture resistance: one that leads to a simpler
solution to the notch sensitivity. For this purpose, it
is noted that the energy dissipated in the top portion
of the traction law is small in relations to the total.
(ie. I';/T,~ 0.05). Moreover, the critical displace-
ment &, is small in relation to é,. Consequently, the

energy dissipated in the top portion can be lumped
into an intrinsic fracture energy, I'y, whereupon

Fo=T,=(S,—8,)3. (17)

The fracture resistance can thus be characterized by
I'yin combination with a single-level rectilinear bridg-
ing traction law, with a characteristic strength, S,,
and a critical displacement, §,. The toughness derived
from bridging is thus

r,=r,=S5,6, (18)

and the toughness ratio is again defined by
A =T/l

The notch strength of such a system can be evalu-
ated following the approach presented in the preced-
ing section, with two modifications. First, since the
stress along the entire bridged zone is uniform, a, is
equivalent to a,. Second, the crack tip stress intensity
factor is finite and taken to be equal to the intrinsic
fracture toughness, ./l E. In this case, equations
(12)(14) reduce to

/C°E=\/§—z\/éicos“<@> (19)
o’na, a, W\ a o a,

and

or_, [l

x ( (%y —1 cos"<@> —In &) (20)
a, a, a,

The stress—crack opening relation is obtained by
incrementally stepping through values of a,/a,, start-
ing from zero. At each point, the stress ¢ is evaluated
from equation (19) and the result combined with
equation (20) to obtain D. Figure 15 shows compari-
sons of the predicted trends in ¢ vs D with those
obtained from the two-level rectilinear law. Evi-
dently, the two solutions provide essentially the same
results for D/6, 2 0.1.

Figure 16 shows the predicted trends in strength
with notch length, again for values of 1 ranging from
0 to 0.2. Over the range of interest (« 2 0.1, 4 <0.1),
the predictions are essentially identical to those of the
two-level bridging law. For smaller values of a, the
model predicts a strength-notch length relation of the
form

a ET,

S, \/ma,S?
in accordance with the Griffith equation. In this
regime, the model strongly overestimates the notch-
strength of the composite. Consequently, the two-
level bridging law is required to capture the relevant
trends.

It is of interest to note, parenthetically, that a
conservative estimate of the notch strength can be
obtained by assuming 4 = 0, whereupon both models
reduce to the Dugdale-Barenblatt model [equation
(5)], with the bridging stress replaced by S, =S,/2.

@n
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6. DISCUSSION

The present measurements allow some rudimen-
tary connections to be established between the par-
ameters involved in the traction law and the
properties of the composite constituents. Such con-
nections are important in understanding the role of

microstructure in composite behavior and provide
guidance for the development of new materials.

As noted previously, the peak stress, S, is equival-
ent to the unnotched composite tensile strength, &,.
This strength is controlled by the matrix yield stress
and the in situ fiber bundle strength, as described in
a companion paper [9]. For this class of composite,
the fiber bundle strength is independent of gauge
length, provided the gauge length exceeds a critical

value
(SO RL(I)/m>m‘(m+ )
[
T

22)

where 7 is the interfacial sliding stress, R is the fiber
radius, S, is the reference strength corresponding to
a length L, in the Weibull distribution, and m is the
Weibull modulus. In the Ti/SiC composite, the criti-
cal length is of the order, /. ~ 2 mm: being approxi-
mately twice the relevant gauge length in the bridging
process, namely, the plastic zone width, A,. Simu-
lations of fiber bundle failure for gauge lengths in the
range 0.5 < //I. < 1 suggest that the tensile strength is
elevated only slightly (~ 5-10%) over the value corre-
sponding to a long gauge length (///, > 1)!2. Conse-
quently, S|, is expected to be essentially the same as
the tensile strength measured on a standard tensile
coupon.

Bounds on the strength, S,, characterizing the
post-fiber failure regime, can be established in the
following way. An upper bound estimate is obtained
by taking the average stress acting across a hypothet-
ical crack plane passing through the middle of the
plastic zone, whereupon

Sy=(—=[)on+/5;

with 6, being the average fiber stress resulting
from fiber/matrix sliding following fiber fracture.
For simplicity, the fiber failure sites are assumed
to be randomly distributed within the plastic zone,
with an average distance between the fracture sites

(23)
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Fig. 17. Schematic diagram showing contribution from
matrix yielding and fiber pullout on the composite strength
in the post-fiber failure regime.
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and the hypothetical plane of ~ #,/4 (Fig. 17). Using
a simple shear lag model, ¢, can be approximated
by

6;~th,/2R. 24)

Using the relevant measurements (4, ~ 800 pum,
R =50 um, v =130 MPa, ¢}, = 1000 MPa) yields a
value of strength, S, =~ 1000 MPa, somewhat higher
than the measured value (850 MPa). This discrepancy
may be attributed to the pullout distances being less
than h,/4 (~200 um), as manifest in the relatively
short pullout lengths measured on the fracture sur-
face ( < 100 um). A lower bound estimate is obtained
by neglecting the pullout contribution derived from
broken fibers, whereupon the strength reduces to

Sy =(-f)o3. 2%

This result predicts a value of strength,
S, =~ 680 MPa, somewhat lower than the measured
value.

The critical displacements, §, and &,, are both
expected to scale with the width of the plastic zone.
As noted earlier, §, is governed by the strain at fiber
bundle failure, in accordance with equation (8). Simi-
larly, 9, scales with the ductility of the matrix, ¢,
according to the relation

8y~ Enh. (26)

Combining the measured values, J,~ 80 um and
h, ~ 0.9 mm, with equation (26) yields an estimate of
the matrix ductility, €, ~9%, in agreement with
values reported for similar Ti alloys [8-10%] [14].

The origin of the plastic zone width is presently not
understood. It is speculated that it may be controlled
by the panel thickness (&~ 1 mm), as it is in thin ductile
sheets [2]. This hypothesis requires experimental
verification.

7. CONCLUDING REMARKS

The present study demonstrates that the notch-
strength characteristics of fiber-reinforced Ti matrix
composites can be described using crack bridging
models, similar to those used to describe the behavior
of ductile metals and ceramic matrix composites.
The parameters controlling the bridging traction law
have been measured and found to provide a consist-
ent description of both the notch sensitivity and the
steady state composite toughness. The two models
considered here (one based on the two-level recti-
linear bridging law and the other on the rectilinear
law with a finite intrinsic toughness) yield similar
predictions for notch sizes that are relevant in struc-
tural design (24, 2 | mm). Owing to its simplicity, the
latter model is preferred. The models are computa-
tionally relatively simple, making them amenable for
use in design.
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APPENDIX A

The geometric parameters, f;, g, and k;, in equations
(12)—(14) are given by [13]

fi=4/ni—ni (A1)
8 2 f ™ ’12
f2:*|: [n3 = nicos '<f>—m1n(f>] (A2)
n ", m
8 1
s ()=o)
n Up M,
8 —1
+1,In A 420y, tanh ! (AWZ/Z')
m n n;—1
T2
—tanh~! [12 ’7‘} (A3)
ny—1
hy=4/n3—1 (A4
8
hzz—[./ng— 1 cos"(fl>}
T n
8 I-1
<|——[coth‘I [——nz—,—
n ma/my —1
21
— 1, coth™! /”,2 —,:] (AS)
ny—ni

8 /1
hy=——{/ni—1]sin7'{ —
n n
—sin~ '(mﬂ +In 112}

m
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21
+§{—colh" ;.in
n (my/m ) —1
21
+ 1, coth™! '722 2} (A6)
ny—n
gi=/m (A7)
2
e="/n; cos"<ﬁ> (A8)
T Up
2 1 m
g3 = /1n,| cos™! —cos“(*>j| (A9)
n \/—2[ (’72) U

where 1, and 7, are normalized crack lengths defined by

N, =a/a, (A10)

and

(A1l)

N, = ay/aq.

APPENDIX B

Nomenclature

notch width, or hole diameter

2a, crack length at 6 =6,

total length of notch and plastic strip

¢ flaw size

D crack opening displacement at notch tip

E Young's modulus

geometric parameters (Appendix A)

, Dlastic zone width

K crack tip stress intensity factor

I, critical (transfer) length

L, reference length (1 m)

m  Weibull modulus

P load

R fiber radius

S, reference strength, corresponding to Ly=1m
bridging stresses in two-level rectilinear law

¢t panel thickness

w half width (width for edge notched specimen)

a normalized notch length (a, 63/TE)
& crack opening displacement (COD)

critical values of & in bridging traction law
6, COD needed for fiber fracture
8. COD needed for matrix fracture

¢, fiber failure strain
¢, matrix failure strain

I fracture energy
components of fracture energies from bridging
, f{racture energy derived from bridging
I, intrinsic toughness

A toughness ratio (4 =T,/I'y for rectilinear law,

A =T,/I', for two-level rectilinear law)

o remote tensile stress

o, bridging stress
G notched tensile strength

G, unnotched tensile strength
oY ~matrix yield stress
g, yield stress of monolithic metal
T interfacial sliding stress



