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            NEUTRON DIFFRACTION MEASUREMENTS AND MODELING OF RESIDUAL STRAINS IN METAL MATRIX COMPOSITES C. R. Hubbard, S. T. Misture and X. L. Wang High Temperature Materials Laboratory Metals and Ceramics Division Oak Ridge National Laboratory Oak Ridge, TN 3783 l-6064 A. Saigal and G. G. Leisk Department of Mechanical Engineering Tufts University Medford, MA 02 155 Abstract Neutron diffraction measurements at room temperature are used to characterize the residual strains in tungsten fiber-reinforced copper matrix, tungsten fiber-reinforced Kanthal matrix, and diamond particulate-reinforced copper matrix composites. Results of finite element modeling are compared with the neutron diffraction data. In tungsten/Kanthal composites, the fibers are in compression, the matrix is in tension, and the thermal residual strains are a strong function of the volume fraction of fibers. In copper matrix composites, the matrix is in tension and the stresses are independent of the volume fraction of tungsten fibers or diamond particles and the assumed stress free temperature because of the low yield strength of the matrix phase. Introduction Tungsten fiber-reinforced copper composite systems provide high thermal conductivity and good creep/fatigue resistance for possible use in high temperature, space propulsion environments [ 11. FeAl and FeCrAl alloys containing small quantities of Y, such as Kanthal, have been shown to exhibit outstanding high-temperature oxidation/corrosion resistance and therefore have great potential for use as corrosion-resistant cladding in a variety of high-temperature applications [2,3]. In addition, FeAl alloys and tungsten fiber-reinforced Kanthal metal matrix composites have been developed with improved mechanical behavior and weldability for possible applications in space structures [4]. However, thermal residual stresses are developed as a result of the thermal expansion mismatch between the tungsten fibers and the copper or Kanthal matrix during post- fabrication cooldown. These stresses can be sufficiently large to yield the matrix, alter the initial yield surfaces and subsequent hardening response, and develop cracks in the matrix, thereby deteriorating the aggregate mechanical properties of the composites. To develop composites with reliable and enhanced properties, it is necessary to understand the nature and the magnitude of these residual strains and stresses. High-resolution neutron powder diffraction was used to investigate the residual strains and stresses at room temperature in W/copper and W/Kanthal composites containing different volume fractions of tungsten fibers. In addition, neutron diffraction was used to characterize the effect of volume fraction of diamond particles and Sic coating thickness on the residual strains in the particles and the matrix in diamond/copper composites, which are being developed for applications requiring high thermal conductivity. Background Theoretical and finite element models (FEM) have been used extensively to predict the residual stresses in particulate- and fiber-reinforced composites [5]. However, to determine parameters in the models and to verify them, it is desirable to experimentally measure the residual Copyright 0 JCPDS-International Centre for Diffraction Data 1997 Copyright (C) JCPDS-International Centre for Diffraction Data 1997 ISSN 1097-0002, Advances in X-ray Analysis, Volume 40 
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NEUTRON DIFFRACTION MEASUREMENTS AND MODELING OF RESIDUAL STRAINS IN METAL MATRIX COMPOSITES
 C. R. Hubbard, S. T. Misture and X. L. Wang High Temperature Materials Laboratory
 Metals and Ceramics Division Oak Ridge National Laboratory
 Oak Ridge, TN 3783 l-6064
 A. Saigal and G. G. Leisk Department of Mechanical Engineering
 Tufts University Medford, MA 02 155
 Abstract
 Neutron diffraction measurements at room temperature are used to characterize the residual strains in tungsten fiber-reinforced copper matrix, tungsten fiber-reinforced Kanthal matrix, and diamond particulate-reinforced copper matrix composites. Results of finite element modeling are compared with the neutron diffraction data. In tungsten/Kanthal composites, the fibers are in compression, the matrix is in tension, and the thermal residual strains are a strong function of the volume fraction of fibers. In copper matrix composites, the matrix is in tension and the stresses are independent of the volume fraction of tungsten fibers or diamond particles and the assumed stress free temperature because of the low yield strength of the matrix phase.
 Introduction
 Tungsten fiber-reinforced copper composite systems provide high thermal conductivity and good creep/fatigue resistance for possible use in high temperature, space propulsion environments [ 11. FeAl and FeCrAl alloys containing small quantities of Y, such as Kanthal, have been shown to exhibit outstanding high-temperature oxidation/corrosion resistance and therefore have great potential for use as corrosion-resistant cladding in a variety of high-temperature applications [2,3]. In addition, FeAl alloys and tungsten fiber-reinforced Kanthal metal matrix composites have been developed with improved mechanical behavior and weldability for possible applications in space structures [4]. However, thermal residual stresses are developed as a result of the thermal expansion mismatch between the tungsten fibers and the copper or Kanthal matrix during post- fabrication cooldown. These stresses can be sufficiently large to yield the matrix, alter the initial yield surfaces and subsequent hardening response, and develop cracks in the matrix, thereby deteriorating the aggregate mechanical properties of the composites. To develop composites with reliable and enhanced properties, it is necessary to understand the nature and the magnitude of these residual strains and stresses. High-resolution neutron powder diffraction was used to investigate the residual strains and stresses at room temperature in W/copper and W/Kanthal composites containing different volume fractions of tungsten fibers. In addition, neutron diffraction was used to characterize the effect of volume fraction of diamond particles and Sic coating thickness on the residual strains in the particles and the matrix in diamond/copper composites, which are being developed for applications requiring high thermal conductivity.
 Background
 Theoretical and finite element models (FEM) have been used extensively to predict the residual stresses in particulate- and fiber-reinforced composites [5]. However, to determine parameters in the models and to verify them, it is desirable to experimentally measure the residual
 Copyright 0 JCPDS-International Centre for Diffraction Data 1997
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stresses in composite samples. X-ray and neutron diffraction are powerful, nondestructive techniques for characterizing residual stresses in crystalline materials [6-91. When a material is subjected to a homogeneous strain field, the angular position of a diffraction peak will shift to either lower or higher 2-theta values, depending on whether the strain is tensile or compressive, respectively. If the material is subjected to an inhomogeneous strain field, then in addition to a possible shift in the peak position, the diffraction peak profile might also be broadened. From the experimentally determined strains, the residual stresses can be deduced using appropriate models. Because neutrons have a penetration power several orders of magnitude higher than X-rays in most engineering materials, neutron diffraction is the preferred method for the measurement of bulk residual strains and stresses, particularly in metal matrix composites.
 Exuerimental Details
 Tungsten/copper composites containing 9 and 36 vol.% fibers and tungsten/Kanthal composites containing 10,20, 30, and 70 vol.% fibers were fabricated at NASA Lewis Research Center using the liquid infiltration and arc-spray processes, respectively. The fibers were GE 2 18 tungsten fibers 200 pm in diameter. The copper matrix consists of oxygen-free, high conductivity (OFHC) copper (99.95 w/o Cu). The 9 and 36 vol.% W/Cu composite specimens were 3 x 12mm and 6 x 12 mm2 in cross-section, respectively. The specimens for diffraction measurements were about 10 mm long and cut from 200 mm long bars. The Kanthal matrix is of the following composition by weight percent: 73.2% Fe, 21% Cr, 5.8% Al and 0.04% C [lo]. The tungsten-Kanthal tapes with unidirectional fibers were hot pressed at 1065°C for 1 h before being cooled to room temperature. The final as-fabricated bars were approximately 25 mm wide, 2.5 mm thick and 200 mm long. Samples of 25 x 25 mm2 for the neutron diffraction measurements were then machined from the 200 mm bars using a diamond cut-off wheel. In addition, a monolithic Kanthal bar containing no fibers was fabricated. The diamond particulate- reinforced copper samples were 10 x 10 x 10 mm3 in size and contained 20 or 50 vol.% diamond particles (l-3 pm diameter) coated with 20 or 70 nm thick Sic.
 The neutron diffraction measurements were conducted using the HB-4 high resolution powder diffractometer at the High Flux Isotope Reactor at Oak Ridge National Laboratory. Neutron powder diffraction patterns were collected at room temperature for two W/Cu composites, four W/Kanthal composites, three diamond/Cu composite samples, a monolithic Kanthal bar, OFHC copper, and pure tungsten fibers. The diffraction data were collected using 1.417 A neutrons from 40 to 135 “20 at a step size of 0.05”. Each data set took from 6 to 12 h to collect. The samples were fully irradiated in the neutron beam, so the measurements represent a bulk average over the entire sample. To determine strains parallel to the fibers, the samples were placed in the beam so that the tungsten fibers were oriented at 57” with respect to the incident neutron beam and tungsten, copper and Kanthal reflections around 114” 20 were used to determine the strains. Diffraction peak locations and estimated standard deviations were determined by fitting Gaussian profiles to the observed data. The peak width at half maximum was about 0.5” 20, each profile was fitted to +O.Ol” which yields a strain resolution of approximately 5~10~~.
 The average lattice strain along a particular crystallographic direction, (hkl), is given by
 &I =
 d - d,
 d0
 (1)
 where d and d, are, respectively, the lattice spacing of the stressed and stress-free (reference) samples along (hkl). Once the average lattice strains are measured along the directions parallel
 Coovriaht 0 JCPDS-lnternntinnal Cantre fnr niffractinn natn 19~7
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(axial), E, , and perpendicular (transverse), E, , to the fibers, the residual stresses along these directions, Go and 0, , can be estimated using Hooke’s law. Assuming transverse isotropy,
 0, = E ((l-v) E, + 2v a,) / (l+ v)(l-2v)
 0, = E (v a, + a,) / (l+ v)( 1-2~) (3)
 where E is the diffraction Young’s modulus and V is the Poisson’s ratio of the specific material considered.
 Finite Element Modeling
 The finite element model assumes that the W/Cu composites can be approximated by an infinite square array of cylindrical tungsten fibers in the copper matrix. In order to validate the model, the aggregate stress-strain curves of 28 and 67.4 vol.% composites were generated using the commercially available finite element code ANSYS and were compared with the experimental, room temperature, tensile stress-strain curves in the direction parallel to the fiber axis and with data available in the literature for these composite systems [ 1,111. As such, a one-quarter symmetry mesh was constructed that consisted of 168 eight-noded, solid, isoparametric, generalized plane strain (STIF45) elements . This micromechanical model represents a cross-section of the composite materials perpendicular to the fiber axis. The stress-free temperature was assumed to be 900°C.
 Elastic-plastic finite element analysis was performed. Temperature-dependent constituent material properties such as yield stress, Young’s modulus and thermal expansion coefficients were included for both the tungsten fiber and the copper matrix [ 12,131. The yield stress of the matrix corresponds to the annealed condition. Figure 1 shows that the predicted and measured stress- strain curves are in excellent agreement for the two volume fractions of tungsten fibers. In addition, it was found that the predicted stress-strain curves are quite similar, independent of the assumed stress-free temperature of 542 or 900°C. This can be attributed to the low yield stress (35-40 MPa) of annealed OFHC copper. The stress-free temperature of 900°C is 150-200°C below the liquid infiltration temperature and has been adopted by other researchers to avoid the significant viscoplastic material behavior present at high temperatures whereas 542°C represents the lowest limit for W/Cu composites system in the literature [ 141. This model was then used to predict the residual strains and stresses in 9 and 36 vol.% W/Cu composites.
 Results and Discussion
 Tungsten/Copper composites
 Figure 2 shows the measured axial strains in the fibers and the matrix in 9 and 36 vol.% W/Cu composites. The strain in the copper matrix is tensile and is between +0.0003 and +0.0004 and is essentially independent of the volume fraction of fibers in the composite. This is in agreement with the estimated value of +0.0003 from the finite element model. On the other hand, the measured axial residual strain in the W fiber is compressive and decreases from -0.0017 to -0.0001 as the volume fraction of fibers is increased from 9 to 36%. The estimated strain in the fibers (36 vol.% composite) from FEM is -0.0002, which is within the experimental error. IIowever, the estimated strain in the fibers in the 9 vol.% composite is only about -0.0011. This can be attributed to the variation in the local volume fraction of fibers. IJsing the ratio of the amplitude of the tungsten to copper peaks in Figure 3, the local volume fraction of the fibers in overall 9 vol.% composite is estimated to be about 6%. For 6 vol.% fibers, the estimated strain in the fibers from finite element analysis is about -0.0016, which is in agreement with the measured
 Copyright 0 JCPDS-International Centre for Diffraction Data 1997
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value. In addition, the force balance analysis supports the presence of 6 vol.% fibers in the irradiated volume.
 1500
 1000
 500
 0 /
 -500 a -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
 Strain
 Figure 1 Predicted and experimental stress-strain curves for 28 and 67.4 vol.% tungsten/copper composites.
 10 15 20 25 30 35 40
 Vol% W Fibers
 Figure 2 Axial strains in the fibers and the matrix in 9 and 36 vol.% W/Cu composites.
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 Figure 3 Neutron diffraction patterns for 9 and 36 vol.% W/Cu composites.
 TungstenLKanthal composites
 The measured strains were based on the (321) line for tungsten and the (222) line for Kanthal. The bulk axial strain in the tungsten fibers is compressive and varies from about -0.0020 to -0.0004, whereas the bulk axial strain in the Kanthal matrix is tensile and increases from +0.0003 to +0.0027 as the amount of tungsten fibers in the composite increases from 10 to 70 vol.%. Compressive strain in the tungsten fibers and tensile strain in the Kanthal is expected because the coefficient of thermal expansion of Kanthal (about 9.5 x 10m6 K-l) is greater than that of tungsten (about 4.5 x 10y6 K-l).
 The total axial strain measured in the fibers and the matrix is about 0.0030 for 20 to 70 vol.% tungsten fiber-reinforced composites. Based on the total temperature drop of about 1000°C from the hot press temperature to room temperature, the total axial strain in the fibers and the matrix should be about 0.0050. This is much greater than the measured value of 0.0030, which indicates that the thermal residual stresses relax at high temperatures and that the stress-free temperature of the composites should be around 650°C, much lower than the hot press temperature. To verily this and model the residual stresses in W/Kanthal composites, it is necessary to conduct neutron diffraction measurements at elevated temperatures.
 In addition to the above measurements, the composite samples were rotated by 90” to measure the transverse strains perpendicular to the fibers. The measured strains perpendicular to the fibers in the 30 vol.% composite are on the order of 0.0002 in the tungsten fibers and 0.0001 in the Kanthal matrix. Using V and the Young’s moduli, one can estimate the residual stresses in the composites. Tungsten is exceptionally isotropic, so the 222 diffraction elastic constant of 410 GPa was used, with V = 0.28 [8]. The 211 diffraction elastic constant for iron of 203 GPa, which is representative of the bulk value, was used for Kanthal [ 151. A value of 0.28 was used for V for the Kanthal. Figure 4 shows the calculated residual stresses in the fibers and the matrix as a function of the volume fraction of fibers. As the fiber content increases from 10 to 70 vol.%,
 Copyright 0 JCPDS-International Centre for Diffraction Data 1997
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 Figure 4 Residual stresses in the tungsten fibers and the Kanthal matrix as a function of the volume fraction of fibers.
 the axial residual stress in tungsten fibers decreases from -1035 to -230 MPa. On the other hand, the residual stress in the Kanthal matrix is tensile and increases from 60 to 720 MPa. Based on the very small strains perpendicular to the fiber direction the transverse stresses are close to zero.
 Diamond/Copper composites
 Table 1 shows the measured d-spacing in diamond particulate-reinforced copper composites. The measured d-spacing (and corresponding residual strains) in the diamond particles as well as OFHC copper were found to remain constant, independent of the volume fraction of diamond particles. This can once again be attributed to the low yield stress of the OFHC copper matrix. However, it should be noted that within the limitations of the experimental measurements, the thickness of the Sic coating on the diamond particles seems to affect the d-spacing. As the Sic coating thickness increases from 20 to 70 nm, the d-spacing decreases in both diamond and copper. As the coefficient of thermal expansion of copper is larger than that of diamond, this means that increasing the Sic coating thickness from 20 to 70 nm increases the compressive residual strain in diamond particles and decreases the tensile residual strain in the copper matrix. Using the ratio of the amplitude of the diamond to copper peaks it was verified that the composites contain 20 and 50 vol.% diamond particles.
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Table 1 - Measured d-spacings in diamond/copper composites.
 Vol.% Diamond
 50
 20
 50
 Sic Coating Thickness d-spacing of diamond d-spacing of copper (nm> (nn-0 O-u@
 20 0.81795 0.80845
 70 0.81785 0.80830
 70 0.81785 0.80830
 Conclusions
 High-resolution neutron powder diffraction has been used to measure the residual strains at room temperature in W/Cu, W/Kanthal and diamond/copper composites. In W/Cu composites, the axial residual strain in the matrix is about +0.0003. In W/Kanthal composites, the bulk axial strain in the tungsten fibers is compressive and varies from about -0.0020 to -0.0004, whereas the bulk axial strain in the Kanthal matrix is tensile and increases from +0.0003 to +0.0027 as the amount of tungsten fibers in the composite increases from 10 to 70 vol.%. Using elastic theory and the measured strains, this corresponds to compressive axial residual stress in tungsten fibers of -1035 to -230 MPa and tensile residual stress in the Kanthal matrix of 60 to 720 MPa. In addition, it appears that the thermal residual stresses relax at high temperatures and that the stress-free temperature of the composites should be around 650°C. In diamond particulate-reinforced copper composites, the d-spacing (and the corresponding residual strains) in the diamond particles as well as the OFHC copper was found to remain constant, independent of the volume fraction of diamond particles. Increasing the Sic coating thickness on diamond particles from 20 to 70 nm increases the compressive residual strain in diamond particles and decreases the tensile residual strain in the copper matrix.
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