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Abstract: 

Residual strain and texture variations were measured in two Titanium matrix composites 
reinforced with Silicon Carbide fibers (TVSiC) having the same composition but fabricated by 
dramatically different processing routes. In both specimens the Titanium matrix comprised an a lp  
alloy (Ti-6242) containing approximately 35% by volume of continuous S ic  fibers. In one case the 
matrix was produced by a plasma spray (PS) route and the other by a wire drawing (WD) process. 
The resulting textures in the matrix differ significantly, from approximately random for the PS 
matrix to 6.25X random in the WD matrix. No significant differences in matrix residual strains 
between the composites prepared by the two procedures were noted. Plane-specific elastic moduli, 
measured in load tests on the unreinforced matrices also showed little difference. 

1. Introduction: 

Titanium Matrix Composites (TMCs) continuously reinforced with silicon carbide (Sic) fibers 
have received considerable attention in the past, due to their potential to replace conventional 
titanium and nickel-base alloys in aerospace systems such as advanced turbine engines and hypersonic 
vehicles [I-31, where specific strength and stif iess at high temperatures are critical. However one 
concerns in the deyelopment of TMCs is the presence of residual stresses and their influence on 
fi-acture stress, toughness, fatigue resistance and other mechanical properties of these composites. 
Due to the inherent two-fold mismatch in the coefficient of thermal expansion between the titanium 
matrix and of the Sic reinforcement and fabrication temperatures around 900°C, residual stresses 
develop. For some TMCs, calculations estimate the matrix residual stresses to be as high as 75% of 
the yield strength of the matrix material [4]. These stresses are expected to be high enough to cause 
localized matrix-yielding around the fiber matrix interface in ductile materials or even cracking in 
some brittle matrices. 

Despite extensive characterization of TMCs in the past measurement and modeling of 
residual stresses faces a growing challenge because of the new processes that result in more 
complicated or highly textured microstructures. Owing to the anisotropic nature of the hexagonal 
lattice, preferred orientation of the a phase plays an important role in determining the mechanical 
behavior in titanium alloys with a significant volume fraction of this phase [*I. Since residual 
stresses develop during consolidation of the Titanium composites, the role of residual stresses in the 
mechanical behavior of titanium composites has been well studied [4-71. One of the new processes is 
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f6r some TMCs is wire drawing, which involves winding both the matrix in the form of wire and the 
fibers together on a large drum, using a small amount of binder followed by HIPing (see figure 1). 
The composite samples in the form of panels are then age-heat-treated. This type of process results 
in a strongly textured material. Models used for predicting residual stresses and their effects on 
lifetime predictions have to be validated. Therefore, it is important for residual stresses to be 
experimentally determined in these textured materials. In aircraft engine components texture or 
mechanical anisotropy must be accounted in order to achieve reliable design parameters. Conversely, 
if the anisotropy is known, it should be possible to exploit it in the design and life analysis of the 
part. As a result, significant economic benefits are predicted for the use of these alloys in selected 
engine components. 

The objective of this study is to demonstrate characterization of texture and strain two 
TMCs using a pulse neutron diffraction source technique. These results are compared with a similar 
TMC’s processed with a plasma spray process, which results in the titanium matrix having a random 
texture [6,18]. The comparison exposes the effects (or absense thereof) of processing route. 

2. Approach: 
Diffraction techniques (x-ray & neutron) are viable techniques for the measurements of 

strain or texture in TMCs because of the polycrystalline nature of the constituents. However X-ray 
stress measurements are restricted to surface and matrix only [S-181 and may in some circumstances 
not be representative of the interior [ 131. Alternatively, neutron strain measurement can measure 
residual strains in both the constituents [**I. 

The majority of measurements to date are reported for systems that have random or mild 
texture, because “strong” texture in the matrix material of the composite tends to hinder 
measurement by X-rays on indeed monochromatic neutron sources. In the Xrd case 
for “strongly“ textured materials such tilting methods may not work because the diffraction peak 
dissappears as the sample is tilted. Even in neutron diffraction techniques when the source of the 
neutrons is from a reactor (monochromatic beam of neutrons) similar restrictions may exist although 
it is less of a problem since tilting is not a prerequisite. 

However, when a pulse source is used, due to the polychromatic nature of the incident 
neutron beam, many different lattice reflections are possible and assuming there the texture allows it 
a reflection can always be found in any geometry. Neutron Powder Diffractometer (NPD) at Los 
Alamos National Laboratory that is used for measuring residual strains has this inherent advantage of 
the pulse source [13,18]. This leads to using multiple peaks to calculate the strains (residual & 
applied), and from this information a distinction between isotropic and anisotropic behavior of the 
reflections and the individual constinuents can be discerned. 

I 

3. Specimen Preparation: 

The wire drawn (WD) composites were produced by Atlantic Research Corporation (ARC) 
using Ti-6AI-ZSn-4Zr-ZMO wire and Trimarc-l(SiC) fibers. The 178 pm Ti-6242 cold drawn Wire 
was bought from a commercial weld-wire source according to AMS specification 4975-F. The 127 
pm Sic  fibers were bought from Americom and were produced by their joint venture with 3M. The 
fiber was produced by the CVD deposition of Sic onto a tungsten monofilament and the subsequent 
deposition of - 3ym of carbon in a 3-layered outer coating. The circular mat was slit across the 
drum, yielding a large, rectangular mat. Panels were cut to the appropriate size, bagged, outgassed t o  
remove the binder, and then HIP’d and then aged. Specimens were cut to a size of 100 mm x 25 mm 
from these panels by water jet cutting, then diamond ground. The composite samples were 10 ply, 
with a nominal volume fraction of fibers being 35%. From X-ray studies we determined that the 
matrix Ti-6242 was 95% alpha (HCP) and 5% beta (BCC). There the residual strain analysis was 
limited to alpha phase only and the strain in the beta phases was assumed to be negligible. 
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The plasm sprayed (PS) TMCs were fabricated at Textron Specialty Materials [7]. In the plasma spray 
process, superheated droplets of Ti-6242 matrix is deposited on silicon carbide fibers (SCS-6) wound on a rotating 
and axially translated drum surface. Some of the advantages of the plasma spray process are fiber 
swimming is virtually eliminated because the fiber is rigidly held in place by the sprayed metal. No added ribbon 
or wire is required and because the process uses powder, almost any matrix can be selected. The 136 pm Sic 
fibers (SCS-6) were bought from Textron Specialty Materials, Inc. The fiber was produced by the 
CVD deposition of Sic onto a carbon monofilament and the subsequent deposition of - 6pw of  
carbon in a 3-layered outer coating. The plasma sprayed fiber monotape and foil are cut into 
appropriate panel sizes. These are subsequently stacked for fabrication of the TMC using a hot- 
isostatic-press (HIP). Metallography of the the plasma sprayed matrix of the composite revealed an equiaxed 
a + p microstructure. Similar to the textured matrix, the matrix had about 90 % alpha (HCP) and 10% beta 
(BCC) as measured using X-ray diffraction techniques. The fiber volume fiaction (vf) was 3 1%. Specimens 
measuring 12 x 100 x 1.25 mm were cut from the panels. 

4. Texture Measurements on High Intensity Powder Diffractometer (HIPD) : 

Samples of the matrix alone and composites measuring 20 mm x 50 mm were placed in the 
neutron beam. Polychromatic neutron radiation and a High Intensity Neutron Diffractometer 
(HIPD) were used to determine texture in two samples of the neat matrix material and the composite 
[**I. Each sample was mounted on a two-circle goniometer with the fiber direction perpendicular t o  
the incident neutron beam. The sample was rotated in the plane perpendicular to the incident beam 
(about the pole figure angle x )  and with respect to the Bragg angle of diffraction (29). The changes 
in the relative intensity of the diffraction peaks with respect to the angular rotations were recorded. 
In addition, using the six detector banks on HIPD, six different diffraction vectors were measured a t  
each orientation setting. Diffraction patterns taken at a sufficient number of sample orientations 
were then fitted with a Rietveld refinement procedure, using a spherical harmonics description of the 
texture in Generalized Structural Analysis System (GSAS) to determine complete pole figures [ 19,201. 
Figure 2(a,b) show the pole figures for the WD and PS matrices of the composites for the prism 
plane (1 O.O), basal plane (00.1) and the pyramid plane (1 1.1) respectively. The pole figure for the 
textured matrix represents a strong fiber texture with the normal to the prism planes (10.0) oriented 
in the rolling direction. Transverse to the rolling direction, a strong texture of the (00.1) planes was 
observed. The texture analysis shows that the matrix of the texture composite could be considered as 
a pseudo-single crystal oriented with the basal pole “(00.2) pole” aligned transverse to the rolling 
direction. Note that in some orientations a small proportion of the grains did not possess the ideal 
texture. 

5. Residual Strain Measurements on Neutron Powder Diffractometer (NPD) : 

Neutron diffraction is performed “routinely” on the Neutron Powder Diffractometer a t  
LANL [**I. In the use of a Neutron Spallation Source for strain measurement, strains are measured 
out of all the grains (having different hkls) within the sampling volume. These are bulk 
measurements, and the strains are an average over many grains. Strains from different hkls are 
measured simultaneously, making this technique extremely useful and unique for studying this class of 
systems. The main limiting factor of strain measurements using textured and texture-free samples is 
the availability of all the reflections on texture-free samples, compared to working with only few 
reflections in textured samples. 

Strain direction is defined by the scattering vector. Thus, with the fibers oriented at 45’ t o  
the beam, the four banks provide simultaneous strain measurements at Ooo, 290°, 61’ and 90’ to the 
fiber direction [18]. Measurements were made in two orientations: First, the detectors at S O  degrees 
measured the longitudinal <ELL>Long and through thickness strains. In the second, the 
transverse < E ~ ~ > ~ ~ ~  and < E ~ > ~ ~ ~ ~  through thickness strains were recorded. This procedure was 



idopted as a check to verify if the strains measured were the principal strain components. The 
irradiated volume was - 840 mm3 and count periods of - 6 hours at a beam current of 70pA were 
used. 

Bragg reflections were fitted individually and strains (&hkl) were calculated by comparison of 
the composite with samples of monolithic alloy or fibers according to; 

where dhkl and do are the interplanar spacings in the composite and unstressed standard, respectively, 
and hkl are the Miller indices of the diffracting planes. As mentioned previously, the main limiting 
factor between strain measurements using textured and untextured samples is the availability of all 
the reflections on untextured samples, compared to working with only few reflections in textured 
samples as shown in figure (3a,b). Only the reflections which offered the best resolution in terms 
of peak fits were used for strain calculations. A total of twelve hk.1 reflections (10.0, 00.2, 10.1, 
11.0, 20.0, 10.3, 11.2, 20.1, 00.4, 21.1, 11.4, 30.0) in the matrix and five hk.1 reflections (11.0, 
22.0, 31.1, 42.2, 33.1, 51.1) in the fibers were used to calculate the strain in the matrix and the fiber. 
Strong texture variations were observed between the composites and monolithics. 

Ehkl = (dhkl - do)/do (1) 

6. Results and Discussion: 

The objective of this study was to demonstrate the use of neutron powder diffractometer 
spallation technique for measurement of strains in textured TMCs, and to compare the strains with 
measurements made on a similar but untextured TMCs. 

Plane-Specific-Elastic-Strains (PSES) in the individual components (matrix and fiber) of the 
composite material were measured by taking the differences in the d-spacings of the diffracting 
planes (hk.1) from the constituents of the TMCs and a representative strain-free standard. Residual 
strains in both the matrix and the fiber were determined with the specimens oriented in the 
longitudinal and transverse orientations as shown in figure 4. Consistent with expectations the 
residual strain in the matrix is tensile and that in the fiber is compressive both in the transverse and 
longitudinal orientations. 

In figure 4a (longitudinal orientation) generally the strains decrease in both the matrix and 
fiber with increasing a going from 0 to 90". Due to strong fiber texture in the matrix, only prism 
planes (10.0, 20.0, 30.0) produced diffraction peaks at a = 0". For a = 29, 57 and 90", basal 
(00.2,00.4), prism (1 1 .O) and pyramidal planes (1 0.1,11.2) planes produced diffraction peaks. 
Variation in the strains for the three (10.0), (20.0) and (30.0) prism planes is within f 5 % of the 
average elastic strain of approximately 3500 pe. For a =  90" the measured strains for different hk.ls 
ranges from + 48 to + 22 19 @e), with the prism plane (1 1 .O) showing the lowest value and the basal 
planes (00.2) showihg the highest value. Once again we see that the two basal (00.2), (00.4) planes 
used for measurement of the strains are within f 5 %. In contrast to the results from longitudinal 
fiber orientation (Figure 4a), the results for transverse orientation (Figure 4b) showed no specific 
preference of the diffracting planes for various angles of p. This is to be expected since the material 
was shown to have a fiber texture with the fiber axis parallel to the longitudinal fiber orientation. 
Similar to the trend observed in the longitudinal fiber orientation (Figure 4a) the residual strains 
which is indicative of a transversely isotropic system. This is further confirmed by the that in the 
transverse orientation residual strains measured fiom one set of diffracting planes do not show 
significant variation with changing angle of p (figure 4b) from 0 to 90". Additionally, these values 
are also similar to the strains measured for the corresponding planes in the longitudinal orientation 
(figure 4a) at a = 90'. In the longitudinal orientation, figure 4a, for those diffracting planes which 
produce diffraction peaks at two or more angles of a (10.1,ll .O, and 20.1) there is a trend of 
decreasing residual strains with increasing a angle is observed. In the case of residual strains in the 
fibers similar trends are observed for the longitudinal and transverse orientations, excepting all of 
these strains are of compressive in nature. 



Figures 5a and 5b are plots of measured strain for the orientations shown in the longitudinal 
and transverse directions for the untextured TMC. Unlike the the textured TMCs all 
crystallographic planes produce diffractions at all orientations. But, similar to the textured material 
the untextured material in the longitudinal orientation showed highest strain values for a = 0 and 
lowest strain values for a = 90 for any set of crystallographic planes. Similarly in the transverse 
orientation the untextured material showed very little variation in strains with varying p angles. 

Figure 6 shows a direct comparison of the plane-specific strains for the textured and 
untextured matrix. If the strain magnitudes are the same for the respective hk.1 between the textured 
and random-textured matrix material, they should essentially fall on the straight line. Within 
experimental errors intrinsic within the measurement process and the fact that the reinforcements 
(Sic fibers) used are not identical, except stochiometrically, these results surprisingly show that there 
seem to be no significant difference in the hk.1 strain distribution between the textured and 
untextured matrix materials. 

Another significant difference between the textured and the untextured TMCs is the strain 
values measured in the fibers. The untextured TMC showed significantly lower values of compressive 
strains both in the longitudinal and transverse orientation in comparison with the strains observed in 
the textured TMCs. It is presumed that these difference in the fiber strains could be attributed to the 
differences in the fiber manufacturing process and differences in the phases present in the fibers. In 
order to fully understand these observations a complete analysis of the three dimensional stress and 
strain state of both TMCs have to be conducted. 

Plane-specific elastic constants were determined using the in-situ loading measurements of 
the monolithic materials on neutron powder diffractometer. These values are tabulated for both 
texture and un-textured monolithic matrix materials in Table I. These values are also compared with 
calculations of plane specific elastic constants made using stiffness constants SI1, SI*, S13, S33, S44 for 
pure single crystal Titanium. There was a reasonable comparison between experimental and 
predicted values. 

The plane-specific residual stresses (ohkis) were in turn determined by using the measured 
strains from Figure 4 and 5 and the corresponding elastic constants from Table I. These values are 
listed in Table II. From the results shown in Table III, it appears that the plane-specific residual 
stresses are comparable between the textured and untextured material. This is so in spite of the fact 
that the textured material lends few diffraction planes for this analysis. 

Based on these stresses and measured strains a more detailed stresdstrain analysis is underway 
to account for all the observations 

7. Summary and Conclusions: 

Texture and residual strain variations were measured in two TMCs having the same 
composition but fabricated by a wired drawn (textured) and plasma spray (untextured) processes 
respectively. Texture and residual strains and stresses for the matrix of the composites are 
compared. The following is a summary of the results and observations based on our study. 

Texture measurements on the Wire Drawn matrix revealed a significant fiber texture measuring 
6.25X random with the fiber axis pointing in [10.0] direction of the HCP unit cell and 
transversely isotropic. In comparison, the Plasma Spray matrix exhibited random texture. 
Comparison of the plane specific matrix residual strains (tensile) between the textured and 
untextured TMC showed no significant differences, despite in the untextured TMC diffraction 
was observed from all planes in all orientations while in the textured TMC diffraction was limited 
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to specific planes depending on the orientation. In both cases the longitudinal orientations 
showed a continuos decrease in strain values with increasing angle from the fiber direction to the 
normal to the fiber direction. However in the transverse orientation no significant differences 
were observed at various angles. 
The trend seen with regard to residual strains (compressive) in the fiber in both TMCs were 
similar but the textured TMC showed significantly higher level of residual strains in comparison 
with the untextured TMC. This difference is attributed to the possible differences in phase 
contents of the reinforcing fibers in the two TMCs. 

Based on the above results we can conclude that, in spite of the fact that the textured TMCs lends 
few diffraction planes for measurement of, the neutron spallation technique can be used successfully. 
In addition the presence of texture appeared to have little effect on plane specific strains. A more 
detailed stresdstrain analysis to fully understand the implications of these observations is in progress. 
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Table 1 
Comparison of Plane Specific Elastic Constants from experimental measurements and from 

analytical predictions 

Texture Untexture Ehkl - Single 

(GPa) (GPa) predictions* 
HKLS (Wire-drawn) (Plasma - Sprayed) Crystal 

(GPa) 
100 110 111 103 
002 148 140 145 
101 116 111 108 
110 112 104 
112 97 109 
20 1 110 108 104 

*Note: This are based on the five independent stiffness constants S11, ,512, S13, S33,S44 

Table 2 

Neutron Calculated Stresses for Textured and Un-Textured matrix material 
(I/) Parallel to fiber - Matrix Stresses 

Plane Specific Elastic o h k i  - Texture q , k j  - Untexture 
Constants (Wire-drawn) (Plasma-Spray ed) 
(PSEC) (Mpa) W a )  

100,200,300 379 362 
002.004 596 

101 419 
110 444 
112 365 
20 1 404 460 

(I) Perpendicular to fiber - Matrix Stresses 

Plane Specific Elastic o h H  - Texture ohkl - Untexture 
Constants (Wire-drawn) (Plasma-Sprayed) 
(PSEC) W a )  W a )  
100,200,300 

002,004 315 312 
101 112 94 
110 70 
112 41 
20 1 105 

Note: The <Thkls represented are calculated simply by multiplying the measured PSECs 
Table 2) by the appropriate elastic strains measured from figure 4a for a=O", 90". 

:from 



Wire Winding 

.005 Dia Fiber 

.006/.007 Dia Wire 

Wire B o b b i p S t  L 

Ceramic Fiber 

I Fibercreel 
Fiber 
Bobbins 

Drum Winder 

Lay-up Monolayers * and Vacuum Hot 

(b) 
Figure 1. Schematic of the (a) Wire Winding technique and (b) RF Induction Plasma Deposition 
(Plasma Spray) technique used in fabricating the SiCRi Metal Matrix Composites. 



Bulk Texture Pole figures of Titanium Matrix in Composite 
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Figure 2: Pole figures for 100, 001 and 11 1 poles for the matrices of the PS and WD Th4Cs. 
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Figure 3. Schematic of the two orientations in which the samples were placed relative to the 
neutron beam; a) longitudinal Strain, <E,,>,,, and <E,,>,,, b) Transverse Strain measurements 
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Figure 4. Diffraction plots for the monlithic Ti6242 - a) untextured b) textured matrix alloy - 
scattering vector in the fiber direction. 
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Residual Strain in SCS-6 / Ti-6242 MMC 
Longitudinal Fiber Orientation - Untextured Matrix Fiber direction 
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Figure 6. Neutron measured hkl strains in the untextured TMC orientations as shown 
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Untexture Vs. Texture Matrix Residual Strains 
Ti-6A1-2Sn-4Zr-2Mo (wt. S) 
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Figure 7. Comparison of the strains measured in the matrix of WD (textured) and PS (untextured) 
composites for the fiber orientation shown. 
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Figure 8. Comparison of the equivalent strains measured in the matrix of WD (textured) and PS 
(untextured) composites for the same hkls’. 


