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ABSTRACT

The damage mechanisms and load redistribution taking place under high temperature (350 °C), high cy-
cle fatigue (HCF) of TC17 titanium alloy/unidirectional SiC fibre composites have been investigated in situ
using synchrotron X-ray computed tomography (CT) and X-ray diffraction (XRD) under two stress am-
plitudes. The three-dimensional morphology of the fatigue crack and fibre fractures has been mapped
by CT. At low stress amplitude, stable growth occurs with the matrix crack deflecting by 50-100 pm in
height as it bypasses the bridging fibres. At higher stress amplitude, loading to the peak stress led to a
burst of fibre fractures giving rise to rapid crack growth. Many of the fibre fractures occurred 50-300 pm
above/below the matrix crack plane during rapid growth, contrary to that in the stable growth stage,
leading to extensive fibre pull-out on the fracture surface. The changes in fibre loading, interfacial stress,
and the extent of fibre-matrix debonding in the vicinity of the crack have been mapped over the fatigue
cycle and after the rapid crack growth by XRD. The fibre/matrix interfacial sliding extends up to 600 pm
(in the stable-growth zone) or 700 pm (in the rapid-growth zone) either side of the crack plane. The
direction of interfacial shear stress reverses over the loading cycle, with the maximum frictional sliding
stress reaching ~55 MPa in both regimes. In accordance with previous studies, it is possible that a degra-
dation in fibre strength at elevated temperature is responsible for bursts of fibre fracture and rapid crack
growth under higher stress amplitude.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

bre composites is a crucial aspect in such applications, especially
at elevated temperatures. The fibre reinforcement has been found

Unidirectional SiC fibre reinforced Ti alloy metal matrix com-
posites (MMCs) are attractive candidate materials for use in bladed
discs (BLISCS) and rings (BLINGS) in the compressor stage of aero-
engines, due to their high specific stiffness, high specific strength,
and ability to operate at high service temperatures (~350 °C) [1].
Use of these materials could contribute to ~40 % weight reduction
over unreinforced components [2,3], providing significant benefits
to aero-engine design. The fatigue performance of Ti alloy/SiC fi-
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to significantly improve the fatigue crack growth resistance in al-
loys at room temperature (RT), e.g. [4]; while the fatigue life at
elevated temperatures that would be experienced in service has
received less attention. At RT, fibre bridging is an important mech-
anism shielding the fatigue crack and lowering the effective stress
intensity factor at the crack tip leading ultimately to crack arrest,
if the bridging fibres do not fracture [5]. At elevated temperatures
(200-500 °C), Cotterill and Bowen [6] reported sharp jumps in the
crack growth (by up to two orders of magnitude) associated with
discrete bridging fibre fractures during fatigue crack propagation in
Ti-15-3/SCS6 composites, contributing to shorter fatigue life com-
pared with that at RT.
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It is known that the interfacial sliding/shear strength (ISS) is a
key controlling parameter as to whether the matrix crack bypasses
or fractures the fibres, as the ISS determines the level of load trans-
fer to the fibres once debonding occurs [7,8]. During manufactur-
ing, the cooling process causes radial clamping stressed on the fi-
bres exerted by the matrix, due to the mismatch in coefficients of
thermal expansion. This radial clamping stress decreases with in-
creasing temperature, thus reducing Coulombic friction and leading
to a lower interfacial sliding stress at elevated temperatures [9].
In addition, the nature of the interface can change significantly on
exposure to high temperatures. Interfacial oxidation can occur at
temperatures above 300 °C [10], which embrittles the fibre/matrix
interface exposed along the bridged crack and promotes crack de-
velopment. Moreover, the degradation in fibre strength produced
by the combined effect of elevated temperature and the environ-
ment may explain the tendency for increased fibre fracture over fi-
bre bridging and crack arrest at elevated temperature [6,11]. How-
ever, very limited information is available concerning the crack
growth behaviour and stress redistribution mechanisms associated
with fibre bridging and fibre fracture in Ti alloy/SiC fibre composite
at temperatures representative of service conditions within aero-
engines.

Use of time-lapse X-ray computed tomography (CT) has been
growing to assess damage evolution in materials owing to its
three-dimensional (3D) non-destructive imaging capability [12,13].
It is particularly well suited to the study of multi-phase or
complex-structured materials such as composites [14,15]. Along-
side this, X-ray diffraction (XRD) is able to provide important in-
formation on the partitioning of load between reinforcement and
matrix of Ti/SiC composite materials [16]. Hard synchrotron X-ray
diffraction can be used to map the strain distribution inside the
material and crucially between the phases with high spatial reso-
lution [17], using a few microns and even submicron (< 0.3 pm)
X-ray beam at energies of > 60 keV [18] and < 20 keV [19], re-
spectively. The two methods have been used in concert to study
the damage development and local load partitioning between fi-
bres and matrix during fatigue crack bridging in Ti-6Al-4V/SCS-6
(carbon cored) SiC fibre composites at RT [7,20,21]. In addition, the
load partitioning mechanisms of Ti alloy/SiC fibre composites dur-
ing fatigue crack bridging at elevated temperature has also been
examined in [22]. However, the 3D damage morphology and the
load redistribution associated with sudden bursts in fibre fractures
have not been reported to date.

(a) e

' Front View Side View
‘: 4 mm <2 mm
oA
4
E ;
o E ’ >8< 1.2 mm
‘(:_‘ 1
Ny
* 7 z
z : T_'x N

Acta Materialia 213 (2021) 116976

The aim of this paper is to investigate the high-temperature
damage accumulation mechanisms and load partitioning in high
strength TC17 titanium alloy/SiC fibre composites. Firstly, the be-
haviour during stable fatigue crack growth at low fatigue stress
amplitude is studied, where fibres bridge the fatigue crack as it
propagates, shielding the crack tip and slowing the crack growth
rate. This is compared with the fatigue behaviour under higher
stress amplitude and peak stress intensity, where a burst of fibre
fractures has occurred leading to rapid crack growth. Here the 3D
damage morphology was characterised by X-ray CT, while the fi-
bre strain distribution and interfacial stress are mapped by XRD.
The observed differences in damage accumulation behaviour be-
tween the two crack-development scenarios provide insights into
the high-temperature damage mechanisms in TC17/SiC fibre com-
posites in service.

2. Materials and methods
2.1. Sample preparation

Here the behaviour of unidirectional SiC fibre reinforced TC17
titanium alloy (nominal composition in wt.% Ti-5Al-2Sn-2Zr-4Mo-
4Cr) [23] composite is studied. The SiC fibres are 100 ym in di-
ameter, having a 15 pm diameter W core and a 2-3 pm outer
carbon coating [23]. In brief, the composite was manufactured by
the consolidation of TC17 alloy coated SiC fibres (4 x 12 array of
close packed arrangement) encapsulated in a pre-machined TC17
can at 920 °C giving rise to samples measuring 120 x 4 x 2 mm
(see Fig. 1(a)). In the reinforced region the fibre volume fraction
was ~45%. Electrical discharge machining (EDM) was used to re-
move some of the TC17 cladding from the sample surfaces and
to machine the test-piece geometries, resulting in a 20 mm long
gauge section with 1.2 mm thick by 4 mm wide cross-section (see
Fig. 1(a)). Some cladding (~330 pm) was retained on each side. A
through-thickness edge notch (~1 mm deep) was introduced into
each sample by EDM to act as a crack initiator. However, in prelim-
inary tests it was found that multiple cracks tended to initiate from
the relatively blunt tip of the EDM notch as has been observed
previously for similar systems [21]. Therefore, in order to initiate
a single fatigue crack, a sharper notch (~0.05 mm deep) was in-
troduced by picosecond pulse laser at the base of the EDM notch
using a microPREP™ milling machine (3D-Micromac), see Fig. 1(b).
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Fig. 1. Geometry of the test specimen (S1). (a) Photographs of the front and side views showing the specimen dimensions. (b) X-ray radiograph of the region around the
notch as marked on the magnified front view in (a), showing the notch introduced by EDM and laser machining, and the fatigue crack.
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(a) Lab-based fatigue testing
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(b) Interrupted in-situ loading cycle
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Fig. 2. The loading history of the tested specimens. The specimens were (a) pre-fatigued to initiate and grow fatigue cracks, followed by (b) in situ loading on the synchrotron
beamline to image the damage and map the stress distribution local to the crack as a function of load through the fatigue cycle.

Table 1

Summary of prior fatigue testing for the low (S1) and higher (S2) stress amplitude test samples.

Specimen AKini (MPa/m) Max Fatigue Load (N)  No. of Cycles Notch Depth (mm)  Crack Length (mm)
S1 14.9 865 10000 1.0 1.6
S2 19.0 1200 10000 1.0 2.0

The samples were pre-fatigued on an Instron servo-hydraulic
testing machine (equipped with an environmental chamber) at
350 °C under tension-tension loading at a stress ratio R (where
R = Kpjn/Kmax) of 0.1 applied at a frequency of 10 Hz. K, and
Kmax correspond to the initial minimum and maximum stress-
intensity factors applied within a fatigue cycle at the beginning
of the fatigue test, and the initial stress intensity factor range
AKini = Kmax - Kpin- The stress-intensity factors were calculated
based on the specimen and notch dimensions according to the
equation for a single edge notched tension specimen in [24]. Both
low (sample S1) and higher (sample S2) fatigue stress ranges were
studied where AKj,; was 149 MPa/m (Kmax = 16.5 MPa,/m) for
S1 and 19.0 MPa/m for S2 (Kmax = 21.1 MPa/m). Fig. 2(a) illus-
trates the fatigue testing scenario and Table 1 summarises the fa-
tigue conditions for the two specimens studied in the synchrotron
experiment. The fatigue test was interrupted after 10,000 cycles
and the samples were imaged by X-ray radiography on a Nikon
XTH 225 CT system to assess the crack length. The crack lengths
(including the notch) were measured to be around 1.6 and 2.0 mm
for S1 and S2, respectively (see Table 1).

2.2. In situ synchrotron X-ray tomography and X-ray diffraction

The in situ experiment was performed on the 112 beam-
line [25] at the Diamond Light Source (DLS), Oxfordshire, UK. A
monochromatic X-ray energy of 53 keV (wavelength = 0.233 A)
was selected for both X-ray CT and XRD. All measurements were
carried out in transmission. A PCO.edge camera was employed
to acquire the X-ray CT datasets to visualise the fatigue crack
path using optical module 3 (pixel size 3.25 pm, field of view
7 mm x 8 mm (x x z)). A 2M CdTe Pilatus 2D area detector was
employed to acquire the Debye Scherrer diffraction rings. The area
(marked in dashed yellow box on the radiograph in Fig. 3(b)) en-
compassing the fatigue crack was mapped by XRD using a beam
size (determined by the incident slit size) of 150 x 50 pm (x x z).
The step size was 25 um for |z] < 1 mm and 50 pum for |z| > 1 mm
(with the crack located at z = 0), in order to obtain higher reso-
lution closer to the fatigue crack. The exposure time was 2 s per
measurement point.

The Deben-Manchester Open Frame Rig was used for in situ
loading and heating [26]. It was fitted with a bespoke high-
temperature furnace [27], and was mounted on the sample stage
on the 112 beamline (see Fig. 3(a)). The fatigued specimens (S1
and S2) were heated to 350 °C while the tensile load was ac-
tively maintained at O N, then quasi-statically loaded under ten-
sion through a fatigue cycle on the beamline following the scheme
shown in Fig. 2(b). By translating the imaging and diffraction de-
tectors into and out of the beam, both tomography and diffrac-
tion measurements were acquired at Ky, Kmean and Kmax (namely,
865 N for S1 and 1200 N for S2, see Table 1) during loading and
Kymin during unloading for each specimen (see Fig. 2(b)). For the
low fatigue stress amplitude sample (S1), the crack grows stably,
whereas for the higher fatigue stress amplitude test sample (S2),
a period of rapid crack growth was observed accompanied by a
100 N load drop upon loading the sample to Kmax. The specimen
was then reloaded to the maximum fatigue load, and no further
crack growth occurred. It should be noted that for specimen S1, a
hardware issue meant that the data at K,;, was not successfully
recorded.

2.3. Strain measurement

In order to improve the counting statistics, the 360° diffraction
rings were binned azimuthally into twelve 30° wide segments. The
‘caked’ segments centred around the north and south poles were
summed azimuthally (over an angular range of + 15°) to provide
line profiles of diffracted intensity versus 26 using DAWN software
(DLS) [28]. The (108) SiC reflection (see Fig. 3(c)) was used to in-
fer the fibre strains. The reflections for the titanium phases were
not quantified, because the transmitted signal is averaged over the
whole path length through the samples which includes both the
reinforced and un-reinforced Ti-alloy regions, making it unrepre-
sentative of the alloy behaviour within the composite. It should be
noted that each specimen contained essentially four plies of SiC fi-
bres (see Fig. 4), thus each measurement point represents an aver-
age strain over all fibres through the thickness having the same X
and Z positions. The centre (20) of the (108) SiC peak was found by
Pseudo-Voigt peak fitting using Python. By applying Bragg’s Law,
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(a) Synchrotron experimental set-up
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Fig. 3. Experimental set-up for in situ transmission XRD and X-ray CT on the 112 beamline at Diamond Light Source. (a) Photograph showing the in situ loading rig. The
inset shows the gauge length of the sample within the furnace mounted on the in situ loading rig, while the grips are located outside of the furnace. (b) A typical X-ray
radiograph, on which the X and Z coordinate system is indicated. (c) A typical diffraction pattern indicating the (108) SiC reflection used to infer the fibre strains. (d)
Schematic illustration of the change in lattice spacing under load inferred from diffraction patterns (right), corresponding to Eq. (1).

the 260 data was converted into d-spacing values. The axial elastic
strain, &y, in the fibre is then inferred from the change in lattice
spacing (see Fig. 3(d));

d—d
ef=To° (1)

where d, corresponds to the “stress-free” d-spacing. Here, dy, was
not directly measured on exposed fibre, but estimated by recording
a diffraction pattern at the end of a broken SiC fibre in the com-
posite assuming that the axial stress equals zero following Hung
et al. [22]. Moreover, it is well established that the interfacial shear
stress (ISS), T, can be inferred using stress balance from the gradi-
ent in the fibre strain, &y, along the fibre [29]. The ISS averaged
over all the fibres along the X-ray path length can therefore be ob-
tained using the following equation

Efrf d&‘f
=5 (2)

where Ef is the fibre Young's modulus, r; is the fibre radius and
dey/dz represents the fibre strain gradient along the fibre.

2.4. X-ray CT

For each CT scan, 1200 X-ray radiographs/projections (exposure
time 0.3 s per projection) were acquired over 180° rotation. The 2D
projections were reconstructed into 3D CT volumes using the SAVU
reconstruction pipeline [30] developed at DLS, which employs a
standard filtered back-projection algorithm. The reconstructed CT
data was imported into Avizo 2019.1 (Thermo Fisher Scientific) and
MATLAB R2017 (Mathworks) for further image analysis and quan-
tification. The 3D crack was segmented in Avizo using the follow-
ing steps, 1) extraction of the composite volume as a region-of-
interest by thresholding to remove the background; 2) use of the
top hat segmentation tool in XZ sections of the composite volume
with line seeds lying along the X direction to extract the crack;
and 3) use of the 3D grow, fill and shrink tools to refine the seg-
mentation. The segmented fatigue crack was then rendered in 3D
for visualisation.

2.5. Fractography

After X-ray imaging and strain mapping, the sample S2 was
removed and placed in liquid nitrogen before fast fracture under
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Fig. 4. Fatigue crack morphology during the stable-growth stage. X-ray CT virtual XZ and XY sections for S1 at Kmax . The fibre reinforced region, which will be analysed
further, is highlighted by the blue box on the XY section. The fact that the crack surface is not completely flat means that it is difficult to discern in the XY section. The W
cores are evident from their bright contrast, the Ti alloy matrix as light grey the SiC fibre somewhat darker and the cracks darkest of all. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

monotonic tension. This facilitated a clear visualisation of the fa-
tigue and fast-fracture regions on the fracture surface. The fracture
surface was examined using a Tescan MIRA3 Field Emission Gun
Scanning Electron Microscope (FEG-SEM) collecting the secondary
electron signal at an accelerating voltage of 5 kV.

3. Results and discussion
3.1. Behaviour in the stable growth regime

Under low stress amplitude fatigue (sample S1) stable crack
growth was observed and in this section we look at the nature
of the fatigue crack and the load partitioning between matrix and
fibres in the vicinity of the crack.

3.1.1. Fatigue crack morphology and fibre bridging in 3D

The 3D fatigue crack morphology during stable crack growth
can be appreciated from the CT scan at Kmax for S1. It is evident
from the magnified view of the XZ section in Fig. 4 that, in contrast
to Barney et al. [31] and Hung et al. [21], a single fatigue crack ini-
tiated from the notch, promoted by sharpening the notch tip with
laser machining. The presence of the Ti alloy cladding is clear in
the XY view.

The fatigue crack within the fibre reinforced composite region,
as highlighted by the blue box on the XY section in Fig. 4, was
segmented and extracted for 3D visualisation in Fig. 5. It can be
seen that the fatigue crack grows through the matrix bypassing
the fibres which remain intact in agreement with previous work
[5,21,32]. The associated fibre bridging of the crack provides in-
creasing shielding of the crack-tip from the full effect of the ap-
plied stress intensity, causing the crack growth to slow with in-
creasing crack length. In [22], it was reported that bridging can
shield the crack by as much as 80% of the applied stress inten-
sity for Ti-6Al-4V/SCS-6 composites at 300 °C. There is no evidence
from the CT of the propagation of any opened cracks along the

Ti/SiC interfaces. The 3D volume rendering (see Fig. 5) shows that
a single crack is propagating but is deflected along its path. Al-
though slightly shorter on one side than the other (probably due
to there being more cladding on one side than the other), the fa-
tigue crack front is relatively straight. There is no evidence of the
middle of the crack front being significantly behind or ahead of the
edges of the crack.

Based on the 3D crack renderings in Fig. 5, the deviation of the
fatigue crack from the median crack plane was quantified in MAT-
LAB and shown in Fig. 6. This shows considerable crack deflection
as the crack bifurcates to run around each fibre, in common with
the observations of Hung et al. [21]. The extent of the crack devia-
tion tends to be less than 100 pm from the median plane.

3.1.2. Micro-mechanisms of stress redistribution between matrix and
fibres

The strain distribution in the SiC fibres local to the crack has
been mapped by X-ray diffraction as described in section 2.3.
Fig. 7(a) shows the relative axial elastic strain maps for the fibres
in S1 at Kmax and K, in the region of the crack tip (located at
x = 1.6 mm). It should be remembered that each measurement is
collected in transmission through the entire specimen and is an
average for all fibres (along the Y axis) at each measurement po-
sition, (X, z). This results in some convolution effects if individual
fibres bear different loads. Given that the fatigue crack front was
relatively straight and flat, the stress conditions should be similar
through the specimen thickness.

It is well documented that thermal residual stresses are intro-
duced into the Ti/SiC composites during cooling from the process-
ing temperature, owing to the difference in the thermal expansion
coefficient between SiC fibres and Ti-alloy matrix [16]. At room
temperature these stresses are compressive in the fibres, both axi-
ally and radially, and are somewhat relieved by heating to 350 °C.
Here the axial compressive strain in the fibres located far from
the crack in the unloaded state is ~ -0.13% at 350 °C, which is
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Fig. 5. 3D fatigue crack morphology during the stable-growth stage, showing fibre bridging and crack deflection. 3D volume rendered X-ray CT image of the fibre reinforced
region of interest (grey), with the fatigue crack (rendered red) and SiC fibres (rendered yellow) for S1 (low AKiy;i) at Kmax - The magnified views (with the matrix rendered
transparent) show head-on (View 1) and side-on (View 2) views of the crack. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 6. The map of crack height (distance from the median plane) for S1 at Kna.x showing fatigue crack deflection during the stable-growth stage. The height of the fatigue
crack plane above and below z = 0 mm (the height of notch tip) is calculated based on the X-ray CT segmentation of the crack.

slightly less than observed previously at 300 °C (-0.16%) and 120 °C
(-0.19%) for Ti-6A1-4V/SCS-6 composites [22], as one might expect
given the higher testing temperature. Wedge-shaped stress concen-
tration zones are observed in the fibre strain maps in Fig. 7(a);
these were also seen in fatigue cracked Ti-4AI-6V/SCS-6 compos-
ites [7,22] and are characteristic of a local redistribution of the ten-
sile load to the fibres in the vicinity of the crack.

The strain/stress distribution along the SiC fibres both behind
and ahead of the fatigue crack tip are best viewed as line pro-
files to investigate the effect of fatigue crack on load redistribu-
tion over a fatigue cycle during stable crack growth as displayed in
Fig. 7(b) for S1. At x = 1 mm (see Fig. 7(b)), the axial fibre strain
at the median plane (z = 0) is approximately zero at all load lev-
els, which indicates that the fibres at the notch were damaged by
the laser notching process. As illustrated by the strain profiles at
x = 1.3 mm (see Fig. 7(b)), in regions outside the dotted horizontal
lines far from the fatigue crack plane (|z| > 0.8 mm), the response
in fibre strain to loading and unloading is approximately propor-
tional to the applied load at each height. This indicates that these
regions of the interface were intact and were free from interfa-
cial sliding during the cyclic loading. In regions closer to the crack
plane (|z] < 0.8 mm), the change in fibre strain in response to the
applied load is no longer proportional, which indicates the pres-
ence of interfacial debonding and sliding. The debonding length is
rather similar to previous observations in Ti-6Al-4V/SCS-6 compos-
ites fatigued under three-point bending at room [7] and elevated
[22] temperatures. It is noteworthy that in Fig. 7(b) the slope in

the fibre strain profile changes either side of the horizontal solid
lines; this represents a change in the direction of the interfacial
stress (Eq. (2)), where the kink at |z| ~ 0.3 mm corresponds to the
transition point. The fact that the load redistribution behaviour in
the region between the dotted and solid lines is different between
those regions adjacent to the crack plane could indicate a partial-
sliding/sticking region [9], or this could be due to the effect of the
prolonged exposure to high temperature on the local interfacial
properties [33] during the in situ measurement, or could be due to
the convolution of the different conditions experienced by differ-
ent fibres through the thickness. For fibres positioned well ahead
of the fatigue crack tip (e.g. x = 1.9 mm in Fig. 7(b)) the variation
in strain along the fibre is much less evident. During unloading,
reverse-sliding has occurred in the debonded regions, and the ‘m’
shape in the unloaded profile (green) is evidence of some frictional
resistance inhibiting the reverse-sliding of the fibres bridging the
crack [34]. Moreover, the fibre bridging stress across the fatigue
crack wake can be estimated based on the fibre strains around
z = 0, which marks the approximate crack plane. The maximum
fibre bridging stress was calculated to be ~ 2100 MPa (at an ax-
ial strain of ~0.52%) across the crack in S1, which is about ~1.5
times of that reported previously for Ti-6A1-4V/SCS-6 composite at
300 °C [22]. The fact that the fibres bridging the crack carry part of
the applied load acts to lower the effective crack-tip driving force
during the stage of stable fatigue crack growth [5,35].
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Fig. 7. Variation in relative axial elastic strain along the fibres as a function of load and position (where z = 0 is the notch-tip height) for S1 at 350 °C. (a) The fibre strain
map at Kmax (top) and Kynin (bottom); superimposed on a rendering of the W cores of the SiC fibres (in grey vertical lines) and the ~1.6 mm fatigue crack (rendered black).
(b) The fibre elastic strain profiles at X positions of 1, 1.15, 1.3, 1.45 (in the crack wake), 1.6 (at the crack tip) and 1.9 mm (ahead of crack tip) recorded at Kmean, Kmax and
Kymin- In a) each coloured pixel corresponds to one through-thickness averaged diffraction measurement, i.e. over a window of 150 pm (along the X axis) x 50 um (along
the Z axis). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.1.3. Interfacial sliding during stable crack growth at elevated
temperature

As discussed in Section 2.3, the variation in fibre strains along
the fibre direction and with distance from the crack tip in Fig. 7 re-
flects different interfacial and stress transfer conditions. When us-
ing Eq. (2) to infer the ISS from the strain variation along the fi-
bres it should be remembered that the position of the crack plane
varies slightly across the specimen. This causes a smearing of the
ISS variation due to a contribution from all the fibres throughout
the thickness. Fig. 8 shows the ISS along fibres at different posi-
tions with respect to the crack tip for S1 calculated from the cor-
responding fibre strain profiles, where the sign of the ISS indicates
the direction of the shear stress. The curves are broadly similar
to those described for Ti-6AI-4V/SCS6 system [21] and the reader
is referred to the schematics in that paper for more details as
to their interpretation. In essence, the change of sliding direction
(forward sliding under tensile loading as the fibres are pulled out
of the matrix slightly and reverse sliding during unloading when
the fibres are pushed back in) is evident in terms of a change
in sign of the ISS between Kmax and Kypi,. Sliding occurs when
the shear stress reaches the interfacial frictional sliding stress ()
causing the shear stress to plateau. At X = 1.3 mm (0.3 mm be-
hind the crack tip) this occurs at approximately 75 = 55 MPa (at
Kmax) reversing in sign at K, suggesting sliding lengths (de-
noted by the boxes in Fig. 8) of ~400 um in the forward direc-
tion and just ~100 um in the reverse direction. The curves are
somewhat noisy, but at x = 1.15 mm the frictional sliding stress
plateau is lower (7 ~ 35 MPa) and the sliding zone extends a lit-

tle further from the crack plane (~600 pum). For x = 1 mm (see
Fig. 8), there is very little change in the ISS profile between Kmax
and Kynmin, suggesting that there is no sliding and the shear stress
introduced when the fibres at the notch fractured is largely re-
tained through the whole fatigue cycle. Immediately behind the
crack tip (x = 1.45 mm) there is evidence of forward sliding, but
reverse sliding is difficult to discern. This may be because the slid-
ing lengths are even smaller than those for x = 1.3 mm and so
difficult to measure or because the fibres further behind the crack
hold the crack open such that the fibres very close to the crack
slide back only a very short distance into the matrix. At the crack
tip (x = 1.6 mm) and ahead of the crack tip (x = 1.9 mm) no for-
ward and reverse frictional sliding is detected. That the ISS is not
constant within the sliding region was also observed by Withers
et al. [9] in single-fibre-fragmentation testing. This was also ob-
served in Ti-6Al-4V/SCS-6 composite fatigued at 300 °C, but not
seen in composites fatigued at RT or 120 °C [7,22] and may be due
to damage in the carbon coating. The decrease in frictional sliding
stress for fibres located towards the crack mouth may be because
of damage introduced to the interface by the many fatigue cycles
as the crack propagates, as discussed in Hung et al. [21].

The effect of temperature on frictional sliding stress has pre-
viously been investigated for pristine interfaces [9]. In that case
the frictional ISS decreased from ~150 MPa at RT to ~50 MPa at
400 °C in Ti-6Al-4V/SCS-6 (C core fibres) composite, and from 160-
170 MPa at RT to 60-100 MPa at 400 °C in Ti-6Al-4V/SM2156 (W
core fibres) composite. For worn (fatigued) interfaces, the ISS was
reported to decrease slightly with increasing temperature, ~60 MPa
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Fig. 8. Variation in interfacial sliding stress (inferred from the corresponding fibre strains in Fig. 7) along the fibres at different X positions for S1 in the peak loaded and
unloaded states at 350 °C. The ISS profiles are shown at X positions of (a-d) 1, 1.15, 1.3, 1.45 (in the crack wake), (e) 1.6 (at the crack tip) and (f) 1.9 mm (ahead of crack tip)

at Kmax and Kymin.
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Fig. 9. X-ray CT virtual sections for S2 at 350 °C comparing damage a) before (at Kmean) and b) after (at Kmax) a rapid burst of crack propagation. Yellow and white arrows
indicate fibres that were damaged during the pre-fatigue. Inserts (i-iv) show magnified views of a range of different features marked in boxes in (b). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. X-ray CT virtual XY cross-sections of S2 at 350 °C comparing the fatigue
crack (a) at Kmean and (b) after rapid crack growth (at Kmax). The black regions (cor-
responding to air) indicate where the crack has propagated.

500 um

at RT, 40-50 MPa at 120 °C and 20-40 MPa at 300 °C in fatigued
Ti-6Al-4V/SCS-6 (C core) composite [22]. The reduction in frictional
ISS at elevated temperature comes partly from the asperity wear
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of the coating layer after debonding and partly from the relax-
ation of radial thermal stress in the matrix which clamp the fi-
bres [36]. Here, the maximum forward sliding stress observed is
~55 MPa during loading at 350 °C, indicating that the TC17/SiC fi-
bre (W core) composite seems to have a slightly stronger interface
compared with the previously reported Ti/SiC SCS-6 composites at
elevated temperature [22]. Upon unloading, the maximum ISS for
reverse sliding is close to the maximum ISS in the forward direc-
tion for S1. This is in contrast to the observations in both pristine
and fatigued Ti-6AI-4V/SCS-6 composites [9,22], where the reverse
ISS was found to be lower than the forward ISS.

3.2. Behaviour in the rapid growth regime

For the higher AK;, case (S2), during the in situ loading, a
burst of crack growth accompanied with fibre fractures occurred as
the stress approached Kmax. The crack morphology and the stress
redistribution micro-mechanisms in the presence of rapid crack
growth and fibre fractures are discussed in this section.

3.2.1. Crack morphology and fibre fractures in 3D

Fig. 9 shows a magnified virtual XZ section in S2 before (Kmean)
and after (Kmax) rapid crack growth. It is worth noting that the
majority of the fibres in the fatigue crack wake are observed to
be intact and bridging the crack to effectively shield the crack tip
from the full driving force, giving rise to the stable crack growth
observed during the fatigue pre-cracking. Nevertheless, a few fi-
bre fractures are evident and some can be seen in the longitudinal
slice shown in Fig. 9(a). Most of the fractures lie very close to the
crack plane (see yellow arrows); however, one fibre (highlighted by

J-Qg ? i~

SiC fibre

Fibre fractures ZT Matrix crack

Ply1234

z
v

<«

Fig. 11. 3D morphology of crack in S2 before (at Kmean) and after (at Knax) the period of rapid crack growth, showing the spatial distribution of the matrix crack and fibre
fractures. Extracted and 3D volume rendered X-ray CT image of the crack (a) before and (b) after the period of rapid crack growth (the front on views (LHS) and perspective
views (RHS) of the matrix crack (red), SiC fibres (yellow) and fibre fractures (green)), and (c) the fibre fractures are grouped in four plies (represented by different shades
of blue) in S2 at Kmax with the matrix crack rendered semi-transparent. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 12. The map of crack height showing crack deflection and the height of fibre fractures (a) before and (b) after the period of rapid crack growth. The height of the crack
plane above and below z = 0 (the height of notch tip) was calculated based on the X-ray CT segmentation of S2 at Kmean and Kmax.

|
\

Low-temperature

Rapid-growth zone  “rapid fracture zone

100 pm

Fig. 13. The secondary electron SEM images of the fracture surface of S2. (a) An overall micrograph and magnified views, showing (b) the stable fatigue crack growth zone
and (c) the rapid crack growth zone developed at 350 °C, and (d) the zone that corresponds to the fast fracture in liquid nitrogen.

the white arrow) has fractured some distance (~350 pm) from the
crack plane. It is clear by comparing Fig. 9(a) and (b) that as Kmax
was approached a burst of fibre fractures has occurred leading to
the rapid advance of the crack.

It is well established that as the crack grows past increasing
numbers of fibres the crack tip shielding reduces the crack driving
force if no fibre fractures occur. Barney et al. [4] have shown that
at room temperature the level of Kpax is critical to whether fibres
fracture or not. They used the level of Knax at the point when one
row of fibres bridges the crack as an indicator of whether fibres
would break or crack arrest would occur. The local fibre arrange-
ment and crack opening was also found to be important. Cotter-
ill and Bowen [6] found that bursts in crack growth, with rates of
up to two orders of magnitude greater (up to ~ 104 mm/cycle at

10

350 °C), were associated with the fracture of one or a group of fi-
bres, during fatigue crack propagation in Ti-15-3/SCS6 composite at
elevated temperatures (200-500 °C). This was ascribed to a degra-
dation in fibre strength, either by interfacial reaction or mechani-
cal failure of the interface leading to damage of the fibre surface.
This is reinforced by the observations of interfacial degradation by
Legrand et al. [37] and Hung et al. [22] under elevated temperature
fatigue. Here, the rapid crack growth observed is even more pro-
nounced causing the crack to advance by 1 mm instantaneously. It
is clear that the fibre fractures have reduced the crack-tip shielding
enabling the fatigue crack formed during the stable-growth stage
to open significantly (see Fig. 9). In contrast to the fibres that frac-
tured during pre-fatigue which show fractures normal to the ap-
plied load, as seen in Fig. 9(b) many of the fibres that fractured in
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Fig. 14. Variation in relative axial fibre elastic strain distribution and interfacial sliding stress ahead of the notch in S2 at 350 °C. The fibre strain maps over a loading cycle,
(a) before rapid crack growth at K, and Kmean, and (b) after rapid crack growth at Kpnax and K,mi,, with the extracted matrix crack (in black) and the fibre fractures (in
brown) overlaid for Kmean and Kpnax. The dashed lines correspond to the X positions for (c) and (d). The crack tip is at x ~ 2 mm at K,;; and Kmean, Whereas at x ~ 3.1 mm
at Kmax and Kynin. () The fibre elastic strain profiles at X positions of 1.3, 2.2 and 3.25 mm. (d) The interfacial sliding stress (inferred from the corresponding fibre strains)
along the fibres at the X positions in (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the rapid burst exhibit several wedge/disc-shaped fractures, which
have the same morphological characteristics as those observed in
the static axial tensile failure of UD Ti-6A1-4V/SCS6 SiC fibre com-
posites at room temperature [38] as shown in the magnified in-
serts (i and iii) in Fig. 9.

A stack of 201 XY sections centred at the notch-height (z = 0)
in S2 were processed in MATLAB to obtain an image with the
darkest pixel (with minimum grey value, which corresponds to

n

crack/air) of all pixels in Z (i.e. having the same X and Y posi-
tions) plotted in a single XY slice image. (see Fig. 10) The pro-
jected XY sections show that the crack propagated predominantly
in the fibre-reinforced region restrained somewhat by the tougher
matrix-only cladding which may have also prevented catastrophic
fracture of the entire specimen.

Figs. 11 and 12 show the 3D morphology and topography of
the crack before and after the period of rapid growth. It is evi-
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dent that compared with the region corresponding to stable fa-
tigue growth, the region of rapid growth is somewhat less tortu-
ous. Furthermore, while the fibre fractures in the stable-growth
zone are located close to the matrix crack plane, those that have
fractured ahead of the original crack position are distributed over a
much larger distance extending further away from the matrix crack
plane, which could be because they formed ahead of the matrix
crack. This is corroborated by the presence of fibre fractures ahead
of the crack-tip position (see the 3D rendering in Fig. 11b), which
is typical of the static tensile failure of UD Ti/SiC fibre composite
[38]. This means there is less fibre pull-out in the stable fatigue-
growth zone (see Fig. 13(a)) than in the rapid-growth zone (see
Fig. 13(b)) on the final fracture surface. In Fig. 11(c), the fibre frac-
tures have been colour-coded based on their Y positions into four
plies. Although the fibre arrangement in the four plies of fibres is
slightly different, we have not observed any evidence of the fibre
mis-arrangement influencing the crack path.

3.2.2. Stress redistribution and interfacial sliding after rapid crack
growth

Fig. 14(a-b) shows the axial fibre elastic strain maps for S2 be-
fore and after rapid crack growth. Comparing the fibre strain map
of S2 at Kmean (see Fig. 14(a)) with that of S1 at Kpnax after the
same number of cycles (see Fig. 7(a)), where the damage states
correspond to fatigue crack development during stable growth, the
fibre strain map of S2 shows a larger wedge-shaped region charac-
teristic of load redistribution as a result of the higher applied load.
The effect of the rapid burst of fibre fractures is evident both in
terms of the changes in fibre strain field between Kmean and Kmax
(see Fig. 14(a-b)) but also by comparison of the fields at Kmyax for
S1 (see Fig. 7(a)) and S2 (see Fig. 14(b)). The fibre strains in the
vicinity of the crack plane (z = 0 mm) have fallen to zero (white
in Fig. 14(b)), confirming that the fractures evident in Fig. 11 (ex-
tending up to x ~ 3.1 mm) mean that the fibres were not sup-
porting any load across the crack. The positions of fibre fractures
(rendered brown) are generally found to match the regions with
zero fibre strain (in white). Note that the white (low stress) region
is larger in the rapid-growth zone than in the stable-growth zone,
which can be attributed to the relatively larger scatter in the loca-
tion of the fibre fractures away from the crack plane in this zone.
Ahead of the crack tip, the maximum elastic fibre strain is about
0.50% which is similar to the maximum fibre strain measured in
the bridging fibres in S1 (0.52%). In addition, the fibre strain falls
sharply from tensile strain into compressive strain across the re-
maining un-cracked ligament (3<x<4 mm), which may be due to
a bending component induced by crack opening on the remaining
(~0.9 mm long) un-cracked ligament (shown at Kmax and Ky, in
Fig. 14(b)). The fact that the strain in the remaining intact fibres is
not very high explains why the rapid crack growth and the large
number of fibre fractures did not lead to rupture of the sample.
This is due to the load borne by the un-cracked cladding in the
wake of the propagated crack seen in Fig. 10(b).

Further, the influence of load redistribution mechanisms upon
fibre fracture is investigated via the line profiles of fibre strains
and the ISS profiles (see Fig. 14(c-d)). Three characteristic regions
have been analysed: 1) the region where the bridging fibres have
fractured (x = 1.3 mm), 2) the region originally ahead of the crack
containing dispersed fractured fibres (x = 2.2 mm) and 3) ahead
of the final crack tip position (x = 3.25 mm).

At x = 1.3 mm, the peak in the strain profile at z = 0 mm at
Kmean clearly indicates the tensile load borne by the fibres bridging
the crack. This falls to zero after rapid crack growth due to the re-
sulting fibre fractures. The ISS profile at Kmean is indicative of for-
ward sliding (fibre pull-out) at a frictional shear stress of around
50 MPa as for S2 and a sliding length of around 600 wm either
side of the crack plane. After fracture the fibres retract over a dis-
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tance of around 200 um which, as for the fibres at x = 1 mm in
S1, then remain retracted as the load is cycled from Kmax to Kymip-
Prior to the burst of rapid crack growth the crack tip is positioned
at around 2 mm. Consequently the stress at X = 2.2 mm at Kmean is
considerably below that at the crack tip (see Fig. 14(a)) and there
is no evidence of frictional sliding along the fibres located there,
in common with the fibres just ahead of the crack for the low
stress amplitude sample (S1). After fibre fracture at Kpax the fibre
stresses (at z = 0 mm) fall to zero and the fibres retract signifi-
cantly (sliding over a length of ~700 wm) with a frictional sliding
stress around 55 MPa. Then upon unloading the fibres are pushed
out somewhat over a sliding length around 400 pm. For the fibres
ahead of the propagated crack tip (x = 3.25 mm), the stress profile
is very similar to that ahead of the crack for S1. There is no evi-
dence of interfacial sliding because the shear stresses here at Kmax
are very low.

4. Conclusions

In this study, the damage accumulation and load partition-
ing mechanisms of TC17 titanium alloy/SiC fibre composites at a
temperature representative of likely in-service aeroengine environ-
ments have been investigated by simultaneously visualising the 3D
damage morphology (by X-ray CT) and strain mapping (by XRD)
at 350 °C in the stable (fibre bridging) and rapid (fibre fracture)
growth regimes.

In the low stress amplitude case, stable fatigue crack growth
is accompanied by a fatigue crack that propagated without break-
ing the SiC fibres. In this case the tensile load is supported by the
bridging fibres and shields the fatigue crack, reducing the effec-
tive stress intensity factor at the crack tip. The matrix crack was
observed to deflect by 50-100 pm in height when bypassing bridg-
ing fibres. The fibres bridging the crack are observed to support
stresses up to ~2100 MPa at Kmax in the crack wake. This loading
of the fibres is achieved through the interfacial shear stress. It is
found that in this case the fibres slide out of the matrix at Kmax
by as much as 600 um in the crack wake and the closer the fibres
are to the crack tip the shorter the sliding distance. The frictional
sliding stress is around 55 MPa.

In the higher stress amplitude fatigue case, even in the sta-
ble growth regime some broken fibres are observed, mostly lying
near to the crack plane but a few further from it. This is in accor-
dance with previous observations that fibre fracture is encouraged
by higher Kmax values [4]. Loading to the Kpnax for this test led to a
rapid growth of the crack accompanied by a burst of fibre factures.
Many fibres were fractured with those lying ahead of the origi-
nal crack position breaking at a greater distance from the crack
plane compared to those that were originally bridging the crack
giving rise to higher levels of fibre pull-out. Given that there were
some cracked fibres ahead of the final crack position, this suggests
that some of these fibres may have broken ahead of the advanc-
ing crack. The fibres that fractured in this region tend to have a
more complex crack morphology than those that failed during sta-
ble crack growth. In this case the fractured fibres retract into the
matrix upon fracture over a sliding length of around 700 xm at a
frictional sliding stress around 55 MPa.

The maximum frictional sliding stress is ~55 MPa in both
regimes in the fatigued TC17/SiC fibre composites at 350 °C. This
is higher than the 20-40 MPa measured at 300 °C in fatigued Ti-
6Al-4V/[SCS-6 composite reported in [22].

In summary, fibre fractures are key to bursts in crack growth.
These are favoured by high Kmyax and tend to be more prevalent at
elevated temperature, probably aided by some degradation in fibre
or interface strength. Overall, the results show the importance of
maintaining the fatigue stress amplitude below the level capable
of breaking the bridging fibres. Even though it may be possible to
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identify an operating regime associated with stable growth in the
event of a fatigue crack nucleating, it is important to realise that
prolonged exposure to fatigue at elevated temperature may enable
fibre degradation to occur and that this increases the risk of fibre
fractures leading to bursts in crack growth and catastrophic failure.
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