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Abstract The axial residual stresses in the carbon coatings

deposited onto different silicon carbide monofilaments have

been determined experimentally using Raman spectroscopy.

The stress-dependent band shift for the carbon G-band at

around 1600 cm–1, due to symmetric in-plane stretching

mode of graphite, has been found to be –1.6 cm–1/GPa.

Using this calibration, the axial residual stresses in carbon

coatings can be estimated from measured band shifts be-

tween the broken end and middle of the monofilaments. It

was found that the stresses in the coatings of all monofila-

ments were compressive and between –440 and –810 MPa.

Modelling indicated that this was consistent with the coating

stress arising from the difference in coefficients of thermal

expansion of carbon and the underlying silicon carbide. The

coating stress was measured as a function of distance from

the broken monofilament end. It was found that the distance

for the stress to build up varied greatly, from 40 lm in Ultra-

SCS to 500 lm in SM1140+. This suggests there are sig-

nificantly different shear stresses between the coatings and

underlying silicon carbide in the different monofilaments.

Introduction

Large diameter SiC monofilaments produced by the CVD

process have been developed as reinforcements for metal-

and ceramic-matrix composites. They have high strength,

high modulus and excellent thermal stability. These SiC

monofilaments are usually deposited with an approxi-

mately 3–5 lm thick carbon coating before incorporated

into composite materials. Such a coating protects the SiC

monofilament from surface damage and consequently im-

proves its mechanical strength. It also plays an important

role in controlling the interface with the matrix. However,

deposition of such coatings at high processing temperatures

also results in the development of large thermal residual

stresses due to thermal mismatch between the coating and

the SiC substrate [1, 2]. The presence of excessive coating

compressive stresses could easily lead to extensive deb-

onding at the interface [1] and a tensile coating stress could

lead to cracking [2]. Determination of the residual stresses

is therefore important for the improvement of the coating

process to achieve better performance of both the mono-

filaments and the composites.

Previous studies [1, 3, 4] have shown that surface

coating on most of the SiC monofilaments consists mainly

of carbon. X-ray diffraction and neutron diffraction data

come from the bulk of the monofilaments as a whole, and

are also more sensitive to silicon carbide than carbon.

Since the penetration depth of the laser beam into carbon is

less than 0.1 lm, Raman spectroscopy can only detect

signals from the surface of a monofilament. It is therefore

suitable for studying surface coatings on the SiC monofil-

aments. Raman spectroscopy is a sensitive method for

identifying different forms of carbon [5–9], as well as

characterizing structural perfection and ordering in carbon,

graphite and carbon fibres [5–13]. It has also been shown to

be a non-destructive technique for monitoring stress and

strain in graphite and carbon fibres [10–13], and carbon-

containing SiC fibres produced by polymer precursors [14,

15]. Recently we have demonstrated that the technique

developed for the deformation studies of carbon fibres can

be extended effectively to the study of deformation
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behaviour of CVD-type SiC monofilaments, by following

the shifts of carbon bands from the carbon coatings on the

monofilaments [16]. In this paper it is demonstrated how

Raman spectroscopy can be used to estimate the residual

stresses in the coatings of different SiC monofilaments. The

technique has also been used to determine stress distribu-

tion away from the broken ends along the monofilaments

so that the interfacial adhesion and mechanism of stress

transfer between the coating and the underlying silicon

carbide can be investigated.

Experimental

Materials

The SiC monofilaments used in this study had either

tungsten or carbon cores. The tungsten-cored samples were

made by QinetiQ (Farnborough, UK). They consisted of a

standard, 105 lm diameter SM1140+ monofilament and

two experimental ~140 lm diameter samples, denoted here

as samples A and B. The carbon-cored monofilaments were

SCS-6 and Ultra-SCS, supplied by SMI (Lowell, USA) and

had diameters of ~140 lm. The relevant physical and

mechanical properties of the SiC monofilaments examined

in this study are given in Table 1.

Tungsten-cored SiC monofilaments were grown by

chemical vapour deposition using a two-stage process. A

mixture of dichloromethylsilane (DCMS) and hydrogen

was first reacted at the surface of an electrically heated

tungsten wire (15 lm diameter) to produce a SiC mono-

filament. A ~5 lm thick carbon coating was then deposited

onto the SiC substrate in a separate reactor from a mixture

of propane and chloroform in argon at approximately

1000 �C.

The carbon-cored SiC monofilaments were grown in a

two stage process on a ~33 lm carbon core heated at

1200–1400 �C, from a gas mixture of chlorosilane and

hydrogen. The ~3 lm carbon coating was produced at the

bottom of the second reactor from a mixture of propane,

chlorosilane and argon.

Raman spectroscopy

All the Raman spectra were obtained from a Renishaw

1000 Raman system using the 633 nm line of a He–Ne

laser and a sensitive Peltier-cooled coupled charge device

(CCD) detector. The laser beam was focused on the sample

using a 50· objective lens. The laser polarization was

parallel to the axial direction of monofilaments in all

measurements. It has been reported previously [14] that a

high laser power (>50 mW) and long exposure time causes

downshifts of both carbon bands, as a result of overheating

induced at the sample surface. In our experiments, Raman

spectra were obtained with laser powers less than 2 mW

and exposure times of less than 60 s to avoid this effect. A

neon lamp was introduced into the system and its

1582.5 cm–1 line was used as an internal calibration for the

spectra. All the spectra were curve fitted using GRAMS

curve-fitting software as discussed elsewhere [16].

Results and discussion

Microstructure of the surface coatings

Figure 1 shows the Raman spectra obtained from the

coating surface of the monofilaments in the 300–2000 cm–1

region. The spectra resemble those of disordered graphite

[9, 13] and low-modulus carbon fibres [9, 13], showing two

broad overlapping bands at around 1300 and 1600 cm–1.

The G-band at 1600 cm–1 is assigned to the E2g symmetry

in-plane stretching mode of single crystal graphite, and the

D-band at 1330 cm–1 is attributed to the breathing mode of

A1g symmetry, which only becomes active in the presence

of disorder arising from the crystal boundaries of poly-

crystalline graphite [5–9]. The presence of carbon bands in

the Raman spectra indicates the existence of carbon in the

surface coatings of all monofilaments.

The appearance of the Raman spectra, i.e. position,

width, and intensity of both carbon bands, is sensitive to

the structural disorder in the carbon structure. Any differ-

ences in the Raman bandshape of both carbon bands reflect

changes in the microstructure of carbon. It is, therefore

important to know the curve fitting procedures used when

comparing band positions and bandwidths. Since the car-

bon Raman bands from carbon coating are overlapping and

rather broad, the determination of band position and

bandwidth could be affected by the curve fitting procedure

used, such as the number of bands chosen and particular

function used to fit the band. Due to the asymmetrical

nature of the G-band with tails towards lower wavenumber,

Table 1 Material and mechanical properties of the SiC monofila-

ments

Monofilaments Fibre

diameter

(lm)

Coating

thickness

(lm)

Young’s

modulus

(GPa)

Fracture

strength

(GPa)

SCS-6 140 3 390 4.4

Ultra-SCS 143 3.3 410 5.6

SM1140+ 110 4 380 3.3

A 138 3 400 4.1

B 140 3 400 N/a
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it is often necessary to add more bands to get best fit of the

whole spectrum. The carbon spectrum has been fitted by a

Lorentzian for the D-band and two Gaussians at ~1500 and

1600 cm–1 for the asymmetrical G-band [14], while others

[8] tried a Lorentzian fit for the D-band and an asymmet-

rical Breit–Wigner–Fano (BWF) fit for the G-band. In the

present study we have chosen to fit the D-and G-bands

separately using a Lorentzian function on a linear sloping

baseline, consistent with previous studies [13, 16]. It has

been shown that the D-band grows in intensity with

increasing disorder or decreasing crystal size and the ratio

of its intensity to that of G-band, ID/IG, is inversely pro-

portional to the average in-plane crystallite size (La) for

disordered graphite in the range 2 nm< La <300 nm [5, 6].

The intensity ratio of two bands, ID/IG, can be expressed as

follows:

ID

IG

¼ CðkÞ
La

ð1Þ

where C(k) is 4.4 nm for incident laser wavelengths of 488

and 514 nm [5, 6] and 5.8 nm for an incident laser of

633 nm (Y. Ward, R. J. Young, unpublished results). The

position, width and relative intensity ratio of the D- and G-

bands determined from Raman spectra in Fig. 1 for all the

monofilaments are shown in Table 2. The intensity ratio

indicates that the carbon has a typical crystal size of

~4 nm. This is consistent with other microstructural

investigations. TEM studies [3, 17, 18] indicate that the

carbon is essentially turbostratic, with La and Lc of the

order of 2–3 nm, roughly aligned with the graphite c-axis

normal to the monofilament surface [18].

The Raman spectra in Fig. 1 also indicate that the

coatings on the monofilaments, SM1140+, samples A and

B, are composed of pure carbon without the presence of

small SiC particles. This is a direct result of the use of a gas

mixture of propane and chloroform in the coating process.

Hence the coating axial modulus of these SiC monofila-

ments is dependent solely on the microstructure of the

carbon. The small crystal size, combined with a degree of

disorder, leads to a low coating modulus. The axial mod-

ulus for the carbon coating on the SM1140+ monofilaments

has been determined experimentally to be around 100–

120 GPa [1]. An increase in crystallite size or structural

order in the carbon structure is correlated with a higher

carbon modulus based on the previous work on carbon

fibres [10–13].

The coating on the SCS-6 monofilament is different. It

has been found [3] (Y. Ward, R. J. Young, unpublished

results) that the coating on the SCS-6 is actually a mixture

of carbon and SiC, with small SiC crystallites distributed

non-uniformly in the carbon structure. This is due to the

use of propane and dichlorosilane in the coating process

[19]. SiC usually shows characteristic bands between 600

and 1,000 cm–1 in the Raman spectrum. However, the

Raman scattering efficiency of carbon is about 10 times of

that of SiC for an incident laser of 514 nm [20], so the

Raman spectrum is not a very sensitive means of detecting

SiC in the presence of carbon. It can be observed that the

carbon bands dominate the Raman spectra in Fig. 1 making

it difficult to detect the presence of SiC in the carbon

coating. However, when a longer wavelength laser

(785 nm) is used, the SiC Raman bands start to appear in

the spectra as shown in the inset to Fig. 1. This inset also

shows the Ultra-SCS also has some SiC in the carbon

coating, although there appears to be less than in SCS-6.
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Fig. 1 Raman spectra in the range 300–2000 cm–1 obtained from the

surfaces of various coated SiC monofilaments, showing both D- and

G-bands characteristic of carbon at 1330 and 1600 cm–1

Table 2 Raman band positions, bandwidths and ratio of intensities,

ID/IG, from carbon coatings on the different SiC monofilaments

Monofilaments Position (cm–1) Width (cm–1) ID/IG La (nm)

D-band G-band D-band G-band

SCS-6 1321 1580 210 127 1.4 4

Ultra-SCS 1322 1590 150 90 1.1 5

SM1140+ 1324 1595 218 110 1.5 4

A 1325 1595 235 110 1.3 4

B 1325 1594 235 110 1.3 4
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Strain or stress-dependent Raman band shifts in carbon

(graphite)

In order to measure stress or strain in the carbon coating,

the dependence of Raman band shifts upon stress or strain

is required. For a uniaxial stress r, applied along the basal

plane of the graphite, the stress dependence of the graphite

G-band position can be expressed by the following equa-

tion [11]:

dDmG

dr
¼ 1

2mG
0

ðAþ BÞS11 þ ðA� BÞS12½ � ð2Þ

In the equation, m0
G is the band position of the G-band

occurring at 1580 cm–1 in the absence of stress. The elastic

compliance constants of graphite have been determined as

S11 = 0.98 · 10–3 GPa–1 and S12 = –0.16 · 10–3 GPa–1

[21]. The material constants A and B describe the changes

in the spring constants of the optical phonon modes with

strain, and have been determined as A = –1.44 · 107 cm–2,

and B = 5.80 · 106 cm–2 [11]. Thus the effect of stress on

the shift of the G-band in graphite can be described by

dDmG

dr
¼ �1:64 ðcm�1=GPaÞ ð3Þ

This equation indicates that a negative, compressive

stress results in an upward shift of the Raman band,

whereas a positive tensile stress results in a downshift.

Experimentally, the shift of Raman band position with

applied strain is easier to determine. Equation 3 is modified

to

dDmG

de
¼ �1:64E ðcm�1Þ ð4Þ

i.e., the Raman shift with applied strain is linearly depen-

dent on the modulus of the carbon, E (in GPa).

Figure 2 demonstrates how the positions of both carbon

bands change with tensile strain in an SM1140+ monofil-

ament, applied using a four-point bending apparatus as

described previously [16]. It shows that the tensile strain

causes a linear shift of both carbon bands towards lower

wavenumber. The strain-dependent band shifts are found to

be –2.6 cm–1/% for the D-band and –1.8 cm–1/% for the G-

band. This gives 110 GPa as an estimate for the carbon

coating modulus, using Eq. 4, in excellent agreement with

previous measurements [1]. A similar experiment on SCS-

6 gives –3.6 cm–1/% for the D-band shift and –2.6 cm–1/%

for the G-band. This gives an estimate of 160 GPa for the

coating modulus of SCS-6 [16].

The higher modulus of the carbon coating in SCS-6

could be due to a slightly larger carbon crystallite size, a

higher degree of orientation of the carbon planes parallel to

the fibre surface, or the presence of SiC within the struc-

ture. If it is assumed that the SiC is responsible, then a
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the linear least-square fits of the data
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Ref. [16])
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volume fraction calculation, assuming EC = 110 GPa,

ESiC = 420 GPa, indicates that the SCS-6 coating contains

around 16% SiC. This is reasonably consistent with the

findings of Ning et al. [22].

The strain induced band shifts of these coatings are

consistent with those of carbon fibres. Figure 3 demon-

strates this, using data from the monofilaments and a

variety of carbon fibres.

Residual stresses in the carbon coatings

Raman spectroscopy has been used to determine thermal

residual stresses in SiC monofilaments when they are used

to reinforce titanium matrix composites [16]. Residual

compressive stresses of around –540 MPa were found in

the carbon coating of SM1140+, arising from thermal

mismatch between the titanium matrix and SiC monofila-

ment. The carbon coating on a free monofilament should

also have residual stresses as these coatings are deposited

at ~1000 �C. Subsequent cooling to room temperature

should lead to compressive axial stresses, as the coefficient

of thermal expansion of the partially aligned carbon in the

fibre axial direction will be lower than that of SiC. It should

be possible to estimate the magnitude of these stresses from

Raman measurements. Since the broken end of a mono-

filament is stress-free, any difference in the band position

between the end and middle of a monofilament could be

attributed to the residual stresses present in the carbon

coatings.

Figure 4 presents the Raman spectra obtained from the

broken end and the middle of monofilament A. It can be

observed that both carbon bands from the middle of the

monofilaments are shifted towards higher wavenumber,

indicating residual compressive stresses in the middle re-

gion.

Equation 3 can be used to evaluate the axial stress dif-

ference between the ends and middle of the monofilament.

The results are shown in Table 3. For each Raman band

shift, dDm, the mean value and standard deviation obtained

from 20 measurements are given. It can be seen that there

are significant stresses in the carbon coatings of all SiC

monofilaments. The coating stresses in the monofilaments

are compressive, with values ranging from –440 MPa in

SM1140+ to –810 MPa for Ultra-SCS.

The internal stresses arising from thermal mismatch in

the carbon coatings of different SiC monofilaments can be

calculated from the continuous coaxial cylinder model of

Warwick and Clyne [23]. The parameters used in the

coaxial cylinder calculation of internal stresses are shown in

Table 4 for SM1140+ and SCS-6. These give the measured

coating stresses when used in a coaxial model with a

1000 1200 1400 1600 1800

0

1000

2000

3000 Monofilament A

Raman Wavenumber / cm-1

nI
et

ns
yti

a / 
.u

.

 broken ends
 middle of the monofilament

Fig. 4 Raman spectra in the range 1,000–1,800 cm–1 obtained from

the carbon coating near the broken end and middle of monofilament A

Table 3 Raman band shifts, dDm and corresponding axial residual

stresses, in the coatings of different SiC monofilaments

Monofilaments dDm (cm–1) Residual stress (MPa)

D-band G-band

SCS-6 +1.2(±0.3) +0.8(±0.3) –530

Ultra-SCS +1.8(±0.3) +1.3(±0.3) –810

SM1140+ +0.9(±0.5) +0.7(±0.4) –440

A +1.7(±0.4) +1.2(±0.4) –750

B +1.6(±0.4) +1.1(±0.4) –690

Table 4 Parameters used in co-

axial cylinder model

calculations of internal stresses

in the carbon coatings of

different SiC monofilaments

a The authors have no

information on the modulus of

the carbon core. However, the

stresses in the outer carbon

coating are not significantly

affected by this parameter, so a

nominal value has been

assumed

Material Outer radius (lm) Young’s modulus (GPa) Poisson’s ratio CTE (·10–6 K–1)

Axial Radial Axial Radial Axial Radial

SM1140+

W 7.5 410 410 0.28 0.28 4.3 4.3

SiC 49 380 380 0.17 0.17 5 5

C 53 110 1 0.23 0.23 0.8 10

SCS-6

Ccore 15 390a 390 0.17 0.17 5 5

SiC 67 390 390 0.17 0.17 5 5

C 70 160 1 0.23 0.23 1.4 10
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nominal coating deposition temperature of ~1000 �C. The

SiC moduli of the monofilaments were measured using

techniques described in Ref. [1]. The radial modulus of the

carbon coating was estimated using nano-indentation

techniques in Ref. [18]. The axial moduli of the carbon

coatings used were from this present study. The axial

coefficient of thermal expansion (CTE) of the carbon

coating was varied to give the compressive coating stresses

observed in Table 3, using an estimate for the radial coef-

ficient of thermal expansion (CTE). Whilst the parameters

obtained do not represent unique fits to the data, they are

reasonable. The axial coating stresses are dependent mostly

on the axial coating modulus, coefficient of thermal

expansion and deposition temperature. The fits suggest that

the inclusion of SiC in the coating of SCS-6 increases both

the modulus and coefficient of thermal expansion.

It was not considered appropriate to fit the data on the

other monofilaments to the coaxial cylinder model, as
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relatively little is known about them. However, Ultra-SCS

has higher axial coating stresses despite having less SiC co-

deposited with the carbon. This suggests a more graphitic

carbon with higher axial modulus and lower CTE than

found in SCS-6 or SM1140+.

Axial stress distributions and coating adhesion

Raman spectra were taken at 10–20 lm intervals moving

away from the broken ends of the monofilaments. Equa-

tion 3 was used to compute the stress difference between

the measurement position and the monofilament end. The

results are shown in Fig. 5(a)–(e). All samples show a build

up of compressive coating stress with distance, but there

are significant differences between the different monofila-

ments. The stress build-up in Ultra-SCS takes place over

~50 lm, whereas SM1140+ shows a slow build-up of

stress well over ~500 lm. Both monofilaments A and B,

show the stress build-up over the distance of ~200 lm. The

coatings on monofilaments A and B were deposited in a

sequence of experiments seeking to increase the degree of

adhesion with the substrate SiC. It was therefore expected

that stress build-up would take place in a shorter distance

than for SM1140+. In Fig. 5(a)–(d), the data can be fitted to

the following function, similar to that described by the

shear-lag model used in composite micromechanics [24]:

rx ¼ r1 1� expð�bxÞf g ð5Þ

where rx is the stress in the coating at a distance x from the

broken end. This suggests the carbon coating is strongly

bonded to the substrate SiC and the stress transfer at the

interface is mainly by elastic shear. In contrast, Fig. 5(e)

shows a linear build up of compressive stress over a dis-

tance of ~500 lm in the coating of SM1140+. This sug-

gests the coating is de-bonded from the underlying SiC and

stress transfer takes place via frictional shear. Measure-

ments on a second sample of SCS-6 (not shown) showed

zero coating stress along the entire length of the coating. It

is suggested that the carbon coating in this case had also

de-bonded from the substrate. Since SCS-6 is smoother

than SM1140+, frictional transfer of stress did not occur to

a measurable extent. It has been observed by one of the

authors (RAS) that de-bonding of the coating can occur on

fracture of both SCS-6 and SM1140+, in an apparently

random manner. It is therefore no surprise that two samples

of a similar material show different behaviour. By contrast,

the coating on Ultra-SCS always appeared to be well

bonded to the substrate after fracture, suggesting a stronger

bond. A weak interface is considered beneficial when the

fibres are embedded in a composite, so it is possible that

optimal properties may not be obtained for composites

made with Ultra-SCS.

Conclusions

Raman spectroscopy has been used to study the internal

stresses in the carbon coatings of a variety of monofilaments

by determining the variations of the band positions with

distance from free fibre ends. The axial stress in the coatings

of all the monofilaments studied was found to be compres-

sive, consistent with the origin of this behaviour being a

thermal mismatch arising from the coefficient of thermal

expansion of SiC being greater than that of the carbon

coating. The rate of stress build-up away from the monofil-

ament end is significantly different for different monofila-

ments, being the highest for Ultra-SCS and lowest for

SM1140+. This suggests the shear stress at the interface

between the carbon coating and underlying SiC is highest for

Ultra-SCS.
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