ssa | WDTIC @

\\\\\\\\\\\\\\\\\\\\m\\\u\mm\\\u\\m - S

Final Report

DEFORMATION AND DAMAGE MECHANISMS
IN HIGH TEMPERATURE COMPOSITES
WITH DUCTILE MATRICES

by

George J. Dvorak and Yehia A. Bahei—El-Din
Department of Civil and Environmental Engmeenng
and
Center for Composite Materials and Structures

Rensselaer Polytechnic Institute
Troy, New York 121803590

Submitted to

Air Force Office of Scientific Research
Bolling Air Force Base, Washington, DC

Contract Number AFOSR—88—0150 : t

June 1992

2-19911
o oY \\ll“|\|\\|\\|l\\\l\|\| [N




----------‘

A\

REPORT DOCUMENTAT]ON PAGE ' . Form Approvea

QM8 No. 07040138

#.00¢ *QOOMTING OUIAEN *3¢ 1AI3 COHETUOA OF A*GI™AtiIN 3 AUMAIE] ‘0 V€ 8GT  “OW 07 “S1gOAIE. ~CILAING NG TIME 'OF *PNEWING . MINUCUOM, Werching €INLing 3888 WCurzem.
JAANNg 10 Muntamaq (NE 4T NEIGEE. 41d (3P OIEBNG ING (v Emng P C Qt 'ntar Sena 'u7m IITS OUFGEN STNMATE OF 4PV IRV 24OBCT =¥ =
L31HICTION OF ‘A1OIMEtIoN. ACUIAY WGGEITONS *OF *sGUNG (i OUrden. ‘0 VIVINGION “0880uArten Servici. DirecIarate 1Or IntOrmeton Qomwatons ane Agwora, ('Y .ertermon
Sovnm migiway. Swite 1 108, AMAGION. 1A 127314)02. 4nd 1G the Qe I MINIAETENT 4nG Sudqet 208rWOrt AeAUCDOn Sroect (07040 188). Warningron. SC (3343,

P —— T T .,

1. AGENCY USE ONLY (Leave dianx) | 2. REPQRT DATE 3. R!SOR: :P! ANO OATES CQVERED

S — %‘
4. TITLE AND SUSTITLE

S. FUNDING NUMBERS

Deformation and Damage Mechanisms in High Temperatur
j> C - AFOSR-88-0150

Composites with Ductile Matrices (/LA/

& AUTHOR(S)
George J. Dvorak and Yehia A. Bahei-El-Din

[7. PURFORMING ORGANIZATION NAME(S) AND ADORESS($5) & PERFORMING ORGANLZATION
Department of Civil and Environmental Engineering and REPORT NuMBIR

Center for Composite Materials and Structures .
Rensselaer Polytechnic Institute AFOSRTR: b o w7 4
Troy, New York 12180-3590

T T v T T T T YTV o Ty T S V"V 7T 77T Ty P T Y YTTYY———

9. SPONSORING /| MONITORING AGENCY NAME(S) AND ADORESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

Dr. Walter Jomnes

Air Force Office of Scientific Research
Bolling Air Force Base, Washington DC 20332

11. SUPPLAMENTARY NOTIS

. Yo —
122. OISTRIBUTION / AVAILASIUTY STATEMENT 128, OISTRIBUTION CODE

Approved for public release.
Distribution unlimited.

713, ASSTRACT (Mammum 200 woras)

This resport presents a summary of the theoretical and experimental work
performed in our research program on deformation and damage of high temperature
composites. The theoretical part focused on two areas; modeling of fatigue
damage in metal matrix composite and laminates by shakedown and nonlinear
optimization, and refinement of the unified viscoplasticity theory formulated
last year for homogeneous materials, in order to model certain phenomena observed
in high temperature experiments of unreinforced metals. Implementation of the
new viscoplasticity theory for the phases in the Periodic Hexagonal Array model
for unidirectional composites was an important part of the research. Progress
in these theoretical aspects of the program is summarized. The report also
describes achievements in the experimental program.

4 SURRCY Tikaas T5. NUMBIA OF PAGES
Composite materials, damage accumulation, 57

viscoplasticity theory 76 PRCE COOt |
18. SECURITY CLASSIFICATION |19, SECURITY QLASSINCA UMITATION OF ABSTRACT ‘
17. § Qs ] T stcyarn m K

Of REPORT Of TS PAGE
Unclassified . Unclassified Unclassified SAR
Y54 7940-01.280-9520 Stancard Form 29¢ (Rev 1.89)

Srencr@B® Bv ANY e (190




]

v

- e

GENERAL INSTRUCTIONS FOR COMPLETING SF 298

n—

The Report Documentation Page (ROP) s Jsed :n announcirg and cataloging reports. it s mporant
Wtat s information De consistent with the rest of ne report. Jarticuiary the cover and ute sage.
Instructions for filling in eacn biock af tre form ‘ollow. it s 1MpPArtant o stay within the /ines 1o meet
optical scanning requirements.

Block 1. Agency Use Only (Leave blank). Block 123. DistributiornsAvailabiiity Statement.
Denotes puoiie availaniiity or limitations. Cte any

availabihty to tne public. Enter additional
lirmtauons or special markings in ail capitais (e.g.

8lock 2. 3eport Date. Fuil publication date
inciuding day, month, and year, :f availabie (®.g9. 1

Jan 88). Must cite at least the year. NOFORN, REL, ITAR).
8lock 3. Type of Report and Dates Covered. .
State whether report s intenm, final, etc. If DOD - SeeDoDOD 5230.24, “Distnbution
applicable, enter inclusive report dates (e.g. 10 Statements en Techrical
Jun 87 - 30 Jun 88). 00E Oocuments.”
- See authorities.
Block 4. Title and Sybtitie. A title is taken from NASA - See Handbook NHB8 2200.2.
the part of the report that provides the most NTIS - Leavebiank.

meaningful and compiete information. When a
report is prepared in more than one volume, e
repeat the primary title, add volume number, and Block 12b. Distribytion Cade.
include subtitie for the specific volume. On

dassified documents enter the title classification 000 - Leaveblank.

DOE - Enter DOE distribution categories

in parentneses. from the Standard Distribution for
Block S. Fynding Nymbers. Toinclude contract g"“““ﬁ‘d Scientific and Technical
and grant numbers; may include program eports.
element number(s), project number(s), task NASA - Leave blank.
number(s), and work unit number(s). Use the NTIS - Leaveblank.
following labels:
C - Contract PR - Project Slock 13. Abstract. Indude a brief (Maximum
G - Gramt TA - Task 200 words) factual summary of the most
PE - Program WU - Work Unit significant information contained in the report.
Element Accession No.
Block 6. Aythor(s). Name(s) of person(s) Block 14. Sybiect Terms. Keywords or phrases
responsible for wnting the report, performing identifying major subjects in the report.

the research, or credited with the content of the

report. |f editor or comprier, this shouid follow
the name(s). Block 15. Nymber of Pages. Enter the total

number of pages.
Block 7. Performing Qragnization Name(s) and
Address(es). Seif-expianatory.
o i Block 16. Price Gode. Enter appropriate price

Block 8. Performing Qrganization Report code (NTIS aniy).
Nymbaer. Enter the unique alphanumerc report

number(s) assigned by the organizatuon

performi report. Blocks 17.- 19. Secynty Clasyifications. Seif-

ing the explanatory. Enter U.S. Secunty Casufication in

Block 9. in itQring Agency Nam accordance with U.S. Security Regulations (i.e.,

and Addresy(es). Seif-explanatory. UNCLASSIFIED). If form contains classified
information, starr » dasaification on the top and

Block 10. 3ponsoring/Monitoring Agency bottom of the page.

Repory Nymber. (If known)

Slock 11. Syppiementary Notes. Enter Slock 20. Limitation of Abstract. Thisblock must

information not included eisewhere such as: be compieted t0 assign a limitation to the

Prepared in cooperation with...; Trans. of...; To be abstract. Enter either UL (urndimited) or SAR (same

oublished in.... When a reportis revised, include asreport). An entry in this block is necessary if

3 statement wnather the new report supersec as the apstractis to be limited. if biank, the adstract

ar sucDlements the gider report. .$ Issured "0 be urtimited,

|

Stangare form 198 Back (Rev. 1-39)

2ttt e




TABLE OF CONTENT.,

ABSTRACT

INTRODUCTION

THEORETICAL WORK

2.1  Thermoviscoplasticity of Fibrous Composites

Micromechanical Models

Uniform Fields and Phase Eigenstrains
in Heterogeneous Media

Constitutive Equations of the Phases
Comparison with Experiments

Rate Dependent Analysis of Metal
Matrix Composite Systems

Numerical and Experimental Results

1.
1.

v PPN BN
' e
(=] O o SO DI =

[y

2.2  Fatigue Damage in Metal Matrix Composites
EXPERIMENTAL WORK

3.1 Equipment
3.2  Specimens

ACKNOWLEDGEMENT

REFERENCES

TABLES

FIGURES

LIST OF PUBLICATIONS

LIST OF PRESENTATIONS - /
_Aosasatoa ”__@[_‘

LIST OF PROFESSIONAL PERSONNEL NTIT  GB4MI

P8 TAB

0O
APPENDIX Uosuiaocuniecd 0
Justifileation

) 3%

Aveilatility Codes

Aemi L‘.n\"iiorr
ii Dot gpoecial

LY
L

Page

iii

Lol CINN R X}

—
k=X =]

16

17
20

20
21

21
22
24
25
44
45
48




ABSTRACT

This report presents a summary of the theoretical and experimental work performed
in our research program on deformation and damage of high temperature composites. The
theoretical part focused on two areas; modeling of fatigue damage in metal matrix
composite and laminates by shakedown and nonlinear optimization, and refinement of the
unified viscoplasticity theory formulated last year for homogeneous materials, in order to
model certain phenomena observed in high temperature experiments of unreinforced
metals. Implementation of the new viscoplasticity theory for the phase sin the Periodic
Hexagonal Array model for unidirectional composites was an important part of the
research. Progress in these theoretical aspects of the program is summarized. The report

also describes achievements in the experimental program.
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1. INTRODUCTION

The main goal of this research is to understand and evaluate the deformation and
damage mechanisms evolving in high temperature composites under thermomechanical
service loads. The research program aims at examining a specific composite system with a
ductile matrix which has the potential of providing a better material for jet engine parts
and other high—temperature applications. In past progress reports, we described a new
unified thermoviscoplasticity theory based on overstress for homogeneous materials to
represent the matrix and fiber phases. This theory can be applied to the phases of any
micromechanical model to obtain the local stresses and overall response of unidirectionally
reinforced composites. A complete discussion of the theory is given by Shah (1991).
Moreover, a new model for fatigue damage in metal matrix composites and laminates based
on shakedown and nonlinear optimization has been developed. In parallel, our efforts
concentrated on assembling the high—temperature facilities and procurement of the
specimens in preparation for the experiments. The following major accomplishments were
achieved:

- Development of a thermoviscoplasticity theory with time recovery effects for
homogeneous materials.
- Implementation of the rate—dependent constitutive equations of the phases in the

Periodic Hexagonal Array model and the ABAQUS finite element program.

- Modeling of fatigue damage in metal matrix composites and laminates with regard
to experimental observations and a bimodal damage theory.
- Assembling the high temperature equipment.

- Fabrication of tubular samples of a fiber—reinforced superalloy composite.

A summary of these developments is presented in the sequel.




2. THEORETICAL WORK

2.1  Thermoviscoplasticity of Fibrous Composites

2.1.1 Micromechanical Models

Evaluation of overall properties of composite materials is best done with appropriate
micromechanical models which can incorporate the inelastic constitutive relations that
describe phase behavior, and which reflect the dominant deformation mechanisms in the
microstructure. The selection of models which satisfy these requirements was motivated by
our past experience with modeling of experimentally observed elastic—plastic behavior of
fibrous B/Al composite systems (Dvorak et al., 1988, 1990). In particular, the periodic
hexagonal array (PHA) model (Dvorak and Teply 1985, Teply and Dvorak, 1988), and the
bimodal plasticity theory (Dvorak and Bahei—El-Din, 1987) were chosen and adapted for
this purpose.

In the PHA model, the centers of the aligned fibers are assumed to be arranged in a
periodic hexagonal array in the transverse plane. The circular cross sections of the fibers
are approximated by (6 x n) polygonal cross sections, which tend to converge rapidly when
the integer n > 1 increases. The hexagonal array is divided into identical unit cells.
Appropriate periodic boundary conditions are prescribed for these cells such that the
solution for a single cell can be used to generate the deformation field in a fibrous
composite subjected to uniform overall strains or stresses, and to a uniform thermal
change. Figure 1 illustrates the PHA model for two subdivisions of the unit cell. Coarser
subdivisions are adequate if overall response alone is of interest, whereas more refined
meshes are used in evaluation of local fields in the phases and at the fiber—matrix interface.
Models of this kind have the ability to approximate the variable local fields, which
determine many aspects of the overall response, and are therefore preferable to the models

which rely on averages of local fields, such as the self—consistent or Mori—Tanaka




approximations. Typically, the solution is found with the ABAQUS finite element
program. However, in the present research the problem was reformulated as described
below, hence the solution can be now found in a more efficient manner, without inelastic
finite element routines.

The bimodal plasticity theory was originally deduced, in part, from experimental
observations of elastic—plastic behavior of unidirectional B/Al systems. More recently, it
was applied to several high—temperature systems, and extended to accommodate
viscoplastic behavior of the matrix phase (Hall 1989). The theory recognizes two distinct
deformation modes, the fiber dominated (FDM) and the matrix—dominated (MDM) mode.
In the fiber mode, the local fields in the composite are assumed to be approximately
uniform, and the overall response is evaluated from an averaging model. In the matrix
mode, the dominant mode of deformation is approximated by smooth shearing on planes
parallel to the fiber axis. Each of the two modes has a separate branch of the overall yield
surface, and is activated according to the current position of the loading vector. Figure 2
shows examples of the surfaces in the plane stress space. The size and shape of the MDM
yield surface does not depend on fiber properties and volume fraction, but these parameters
do affect the FDM surface. In systems reinforced with fibers of high longitudinal shear
modulus, such as boron, silicon carbide, or tungsten, the FDM surface contains a large part
of the MDM surface which in turn controls the onset of yielding, and subsequent plastic
flow. In contrast, systems reinforced with carbon fibers of low shear modulus may have a
FDM surface which lies entirely within the MDM branch. The matrix mode is not present
in such systems, but the FDM model assumptions may no longer hold and the PHA model

is again indicated.




2.1.2 Uniform Fields and Phage Eigenstrains in Heterogeneous Media
In a series of recent papers, Dvorak (1983, 1986, 1987, 1990a) examined the

consequences of his discovery of the existence of uniform strain fields in heterogeneous
media. The recent papers (1990, 1992a, 1992b), and a related review paper (Dvorak 1991),
establish connections between mechanical and eigenstrain—induced local fields, and regard
plastic strains as phase eigenstrains. A solution scheme for the PHA and FDM models was
developed as a result of this investigation.

The new method may be summarized as follows. Consider a representative volume
of the composite aggregate under uniform overall stress o or strain ¢, and a uniform
thermal change df. A subdivision of the RVE is made such that in each subelement
r =1, 2,...N, the actual local field is approximated by uniform stress, and the stress field in
the entire domain becomes piecewise uniform. Some initial loading has taken place in the
elastic and inelastic deformation ranges. Then, an increment of overall uniform strain de
or stress do is applied from the current state. The total strain increment der in each
subelement is decomposed into elastic strains Arde caused by external loads, and total
strains which incorporate the local (uniform) inelastic strains together with the elastic
strains transmitted from all other subelements. The same decomposition is applied to the

local stresses:

N

de = Arde+ardd+ ) D ded, (1)
8=1
N

do; = Brdo+ b do+ Y F, dd;, 2)
s=1

R
dog = L de?,

where A; is strain concentration factor, a; is thermal strain vector, and Ls is the elastic




stiffness. The tensors D;s and Fyg are eigenstrain and eigenstress concentration factors
which evaluate the average strain or stress in subelement r due to a single uniform unit
eigenstrain or eigenstress in subelement s, while the composite is fully constrained but not
otherwise loaded. This is combined with the phase constitutive equation, evaluated in each
subelement at the current local stress. In particular, the total strain increment is

additively decomposed, der = de€ + de? , and the inelastic part takes the form

dfrs) (.lr—Mr) dar""‘(’r—mr) do,

(3)
de® = G;doy + g db,

where A4 denotes the instantaneous compliance, M the elastic compliance, e the
instantaneous coefficient of thermal expansion, and m; the elastic coefficient of thermal

expansion. Local stresses in the subelements are then expressed as

N
dar+2F,sLs(Gsda,+g,d0) = B;do+ b do. (4)

s=1

This is a system of N equations for the unknown local stresses. Note that the
transformation concentration factors are constant for a given RVE, and easily evaluated by
elastic analysis. The solution of (4) can be readily utilized in evaluation of local and

overall strains as follows:

der = (Mr+ Gr) da'r,
(5)
N
de; = Zc,de,, de® = de—Mdo,

LED]




which gives the overall plastic strain increment under dg. Particularly simple forms of the
above procedure follow for two—phase systems, which are of interest in implementations of
the FDM model.

Additional applications of the uniform field concept have been made in development
of general relations between mechanical and eigenstrain concentration factors, and of
universal connections between overall and phase moduli, and also between coefficients of
the concentration factors themselves (Dvorak 1990). Of particular interest in the present
work is an exact analysis of the effect of thermal hardening in two—phase systems (Dvorak

1991).

2.1.3 Constitutive Equations of the Phases

To reflect the particular inelastic behavior of ductile high—temperature composites,
it is necessary to introduce into the analysis the appropriate viscoplastic constitutive
relations of the constituent phases. We assume the phases to be homogeneous, the matrix
elastically isotropic, and the fiber transversely isotropic. [Either phase may exhibit
nonlinear response under thermomechanical loads which exceed the elastic limit of the
material. In this case, however, the present theory requires the material to be elastically
isotropic.

The total strain rate, ;;j, is divided into elastic, thermal and inelastic components:

. .€ ot -p
€ij = €ij + €ij + €ij . (6)

Considering isotropic materials and assuming the thermoelastic properties to be

temperature—dependent, the elastic and thermal strain rates are given by

E?j = ngkl () w1, (7)




ei = [(d Mija(6)/d6) o + my(9)] 6, (8)
mij(8) = & a*(6), (9)

where @ is the current temperature, ngk1(0) is the elastic compliance, and a*(f) is the
coefficient of thermal expansion.

The inelastic part of the strain is found with the help of a viscoplasticity theory
which incorporates the isothermal formulation by Eisenberg and Yen (1981). Our research
in the past year concentrated on modifying the theory to include thermal loads,
temperature—dependent properties, and thermal time recovery. In what follows, we
summarize the constitutive equations developed for rate—dependent deformation.

We assume the existence of an equilibrium yield surface which is the locus of all
stress states that can be reached form the current state by purely elastic deformation.
Inelastic deformation develops only when the stress point lies outside the equilibrium yield
surface. In the presence of kinematic and isotropic hardening, a Mises form of the current

equilibrium yield surface can be written as
I ) 2/9 —
f=35 (sij aij)(sij aij) (Y+Q)3 =0, (16)

where s;; is the deviatoric stress, a;; denotes the center of the yield surface, Y = Y(6) is
the yield stress in tension, which is independent of the loading rate, and Q is an isotropic
hardening function. The latter can be written as a function of the accumulated inelastic

strain as

- ) = O _e 0Py (1)

p = fdcp = 3-fdeu e8; def, = 0. (12)




Tae functions Qa(0) and q(6) are material parameters and deP is effective inelastic strain

increment.

The equilibrium stress, s3;, which lies on the yield surface, is found from (10) as

2Y(9) + Q(e)*

3(sky - ) (5yy —ay)

]
*
i

(sij ~ aij) + a5 - (13)

The effective overstress, R, is a measure of the distance between the actual stress point, Sij,
and the equilibrium stress point, s3;- It vanishes if the stress point lies on or inside the

yield surface. In particular

R =[5 (s;—s3;)(s55 — st iff>0,  (14)
R =0 iff<0. (15)

The inelastic strain rate is assumed in the form of a power law of the overstress:

. 4]
€ = I 5 k(0) R nij(sy) (16)

where the functions k(6) and p(4) are assumed to be material parameters and nj; is the unit
normal to the equilibrium yield surface (10) at the current equilibrium stress point.

The rate of translation of the center of the yield surface, a;, is expressed as

p(e

1
=% [[H(o)-aQ/aEin] k(6) R

Dy %

- 6Q/80] 2

—e(8) 3 (ay/a) , (17)




a = ()t (18)

Here, H(0) is the tangent modulus of the inelastic stress—strain curve, and vj; specifies the
direction of translation of the yield surface in the absence of static time recovery. This
recovery is given by the second term in (17) and may be active even when the material is
elastic. It is caused by rearrangement of déslocations by climb and recrystallization from

annealing and is more pronounced at high temperatures. The functions c,(f) and m{6) are

material parameters. Thermal recovery effects on the isotropic hardening rate Q (see
eq. (11)) can be also considered in the model; Shah (1991). This is omitted here for
brevity, we note, however, that description of this effect require four additional material
parameters which may depend on temperature.

A bounding surface is used to establish the instantaneous tangent modulus H and to
describe accurately the cyclic behavior of the material, Fig. 3. This surface is derived as an
isotropic expansion of the equilibrium yield surface. During inelastic deformation, the
bounding surface translates in the stress space and exhibits isotropic changes as well.
Translation of the bounding surface is dictated by the requirement that the yield surface
and the bounding surface have a common normal when they become in contact. Details of
this kinematic hardening rule are given by Dafalias and Popov (1976). In analogy with the
equilibrium yield surface, thermal time recovery of isotropic as well as kinematic hardening
of the bounding surface can be included in the model.

The instantaneous tangent modulus, H, is found as a function of the distance, 4,

between the equilibrium stress, st., and a corresponding point on the bounding surface, s;j,

b A
1)?

with unit normal Hij(iij) = ni,-(s;j):

H(6) = Ho(6) + h(0) [¢/(én — 8], (19)




%

b = B (55 — %) (85 ‘sij)] (20)

The parameters Ho(6) and h(4) need to be determined experimentally.

2.1.4 Comparison with Experiments

The preceding theory was used to computed the response of unreinforced Ti—15—3
under uniaxial tension which was tested by Tuttle, Rogacki and Johnson (1990). The tests
were conducted at roomn temperature, 482°C, and 649°C. At each temperature, two
tension tests were performed, one under stress—controlled loading at stress rate of
2.6 MPa/s, the other under strain—controlled loading at strain rate of 1074/s. The
strain—controlled test consisted of a number of loading and relaxation periods. The
objective of this test was to determine the inelastic equilibrium stress—strain curve.

The parameters of the model found by matching the stress—controlled experiments
and the equilibrium response are shown in Table 1. The parameters with top bar
correspond to the bounding surface and have the same meaning of their yield surface
counterparts. For example, Y is the ‘radius’ of the bounding surface, and Qa, q are
material parameters related to the bounding surface isotropic hardening function Q which
is similar in form to the yield surface isotropic hardening function Q given in eq. (11).

The measured and computed responses are shown in Figs. 46 for the
stress—controlled tests and Figs. 7-9 for the strain—controlled tests. The agreement is
remarkably satisfactory. In particular, the theory replicates the descending portions of the
stress—strain curves under strain—controlled loading when the specimen is reloaded

following each relaxation period, Figs. 7-9.

10




2.1.5 Rate Dependent Analysis of Metal Matrix Composite Systems

The elastic deformation region of fibrous composites with metallic matrices is
reduced considerably at high temperatures. The individual phases, and hence the
composite aggregate become sensitive to the rate at which the overall temperature or
mechanical loads are applied and to other time dependent processes. Under sustained
loads, the response of these materials is also time dependent.

The local fields arising in the composite during thermomechanical loading are highly
nonuniform. As a result, stress and strain rates may vary from point to point in the
material, with the steepest gradients occurring at the interface between the fiber and the
matrix. These nonuniformities and gradients in local stress rates affect the overall loading
of the composite, those regions with very high stress or strain rates remain stiff as a result
of the dependence of instantaneous properties on the loading rates. This may cause even
higher stress concentrations in these areas, which are usually close to the interface of the
fiber and matrix, and may result in debonding or matrix cracking. Again, during overall
relaxation or creep, high inelastic strain rates will exist in the same regions due to effect of
prior loading history. This results in a redistribution of stresses within the phases which is
then bound to have an effect on the subsequent overall behavior.

All these aspects of high temperature deformation of metal matrix composites must
be considered in structural analysis. The only recourse in this case is the use of
micromechanics and in particular those models which assume nonuniform or at most
piecewise uniform local fields. @ The response of silicon carbide—titanium 15-3
unidirectional composites, at high temperatures, was analyzed using the periodic hexagonal
array (PHA) model outlined in Fig. 1. The thermoviscoplastic constitutive theory for the
deformation of the matrix phase recovery developed and tested in §2.1.3, was extended by
Shah (1991) to include thermal time. The temperature dependent material properties
required for the theory were evaluated in op. cit. from experiments on unreinforced

titanium 15-3.
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The thermoviscoplastic constitutive equations were implemented in a subroutine to
be interfaced with the ABAQUS finite element code. The purpose of this subroutine was
to compute the material stiffness and stress increment for a given strain increment. The
purpose was to compute the material stiffness and stress increment for a given strain
increment. The subroutine would be called by the ABAQUS main program at each
integration point in the finite element mesh and for every loading increment. The actual
assembling of element stiffnesses, computation of displacements from the applied nodal
forces and conversion of these into strain increments was performed by the ABAQUS
program. Integration of the overall solution was performed in the main program using the
Newton—Raphson method.

The following information is provided to ABAQUS via UMAT at each material
integration point: Given the stress, total elapsed time, strain increment, time interval in
which the strain increment is applied, temperature at the start of the increment,
temperature increment, and all user defined solution dependent variables at the start of the
increment, the UMAT subroutine must return the stress, and the instantaneous stiffness at
the end of the increment as well as update all solution dependent variables. Solution
dependent variables are those which change with time and affect the computations in the
next increment. Examples are the location and size of the yield and bounding surfaces and
the accumulated inelastic strain.

A flowchart of the overall iteration scheme of ABAQUS is provided in Fig. 10, and
the corresponding overall stress—strain diagram of the Newton—Raphson procedure is
shown in Fig. 11. The steps involved in the entire procedure for computing the overall

response are outlined below:

Step 1: Input material properties, one set at each temperature, mechanical and thermal
loading history, initial temperature, initial time step for global integration and initial time

step for local integration.

12




Step 2: At the start of a global time increment ABAQUS passes a zero strain increment to
UMAT, with all current solution dependent variables and current stress. UMAT computes

the instantaneous stiffness at the current temperature and returns it to ABAQUS.

Step 3: ABAQUS assembles the global stiffness matrix and solves for the unknown nodal
displacements, Auy, due to the loads applied in that increment. The strain increments at
integration points, Ae%, are computed from the displacements using the element shape
functions, and passed into UMAT together with the current solution dependent variables

and current stress.

Step 4: UMAT calculates the strain rate from the strain increment and time step. It then

integrates the constitutive equations based on this strain rate. The stress increment is

. - e . . i . t . .
found by integrating ij = Lijxi(ex1 — el — exi). The solution dependent variables are

updated and the instantaneous stiffness is computed and returned to ABAQUS.

Step 5: ABAQUS computes the off-balance or residual forces, Af‘k, from the stresses
returned by UMAT. The global stiffness is reassembled with the instantaneous local
stiffnesses supplied by UMAT. Displacement, and hence strain increments are computed
from the residual loads. These are added to the strain increment in Step 3, Fig. 11, and
returned to UMAT with the solution dependent variables and total stress that were current

at beginning of Step 3.
Step 6: Step 4 and 5 are repeated until the off—balance forces are less than predefined

tolerance, TOLG, which is set by the user. If the tolerance is not met, the strain

increments computed in Step 5 are added to those computed previously in the same time

13




increment. If the tolerance is met, all variables are updated and Steps 2 through 6 are

repeated for the next time increment.

Two numerical integration schemes for systems of first order ordinary differential
equations of the form y; = f(yy,...yn,t), were used in Step 4 above. One was the explicit
fourth order Rung—Kutta—Fehlberg scheme{ (Burden and Faires, 1985). The other was a
predictor—corrector method for stiff ODEs (Kumar, et al, 1980). A one step Euler method
was used as the predictor and the two step Adam—Bashforth method as the corrector.
Both integration schemes showed no instabilities and provided comparable accuracy on the
overall solution. The fourth order method required six function evaluations per step,
compared to two required for the corrector—predictor scheme. However, the former
allowed for larger time steps for the same accuracy. Yet, in most cases solution time using
the latter was 20—30 percent less.

Figure 12 shows a flow chart for the computations performed by UMAT. The steps
involved are briefly explained below.

Step 1: ABAQUS passes to UMAT the increments of strain, temperature and time, the
current values of stress and other solution dependent variable and the initial time step for
local integration. From this information the strain rate is calculated. If the strain rate is
zero the current instantaneous stiffness is returned, this indicates the beginning of a step.

If the strain rate is non—zero then UMAT proceeds to perform the numerical integration.

Step 2: The yield condition is checked, if it is not violated then an elastic analysis is
performed, Step 3, otherwise the inelastic equations are integrated Step 4.

Step 3: Elastic analysis. The new stress and other solution dependent variables are

comouted, the time step, At, is increased, and all variables updated. Step 2 is repeated
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until the entire time increment, AT, is covered.

Step 4: Inelastic analysis. Computation of the overstress; unit normal, equilibrium stress,
plastic tangent modulus, inelastic strain rate, stress rate, translation rates of the yield and
bounding surfaces and the rate of isotropic hardening is performed in this order.

For the Runge—Kutta—Fehlberg method the local truncation error, in the effective
inelastic strain rate is divided by the effective inelastic strain rate and compared against a

present tolerance,

In the case of the predictor—corrector scheme the error is defined as

Zin Zin l
€ - €
corrector predictor
e = - <TOL.
—in
| €correctorl

If the tolerance is met the variables are updated and the time step increased. Step 2 is
then repeaied till the entire time increment is covered. If the error is larger than the

tolerance, the time step is suitably reduced and Step 4 is repeated.

Step 5: At the end of the time increment, AT, the instantaneous stiffness is computed and

returned to ABAQUS with the updated stress and solution dependent variable.

A description and listing of the UMAT subroutine which implements the above
algorithm is presented in Shah (1991).
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2.1.6 Numerical and Experimental Results

The periodic array finite element model, together with the thermoviscoplastic
constitutive equations, were used to predict the rate dependent behavior of a unidirectional
SCS6/Ti—15—3 composite at high temperatures. Experimental data for comparison was
provided by Tuttle et al. (1990). Test specimens were manufactured by hot—pressing
Ti—15-3 foils between unidirectional tapes of silicon carbide fibers. The diameter of the
fibers was 0.14 mm, and the fiber volume content of the composite was 32 percent.
Material properties of titanium, for the numerical analysis, were evaluated by fitting
experimental data obtained at elevated temperatures from unreinforced specimens. These
neat matrix specimens were manufactured by the same process as the composite and so are
expected to represent the in situ properties of the matrix in the reinforced specimens. The
SCS6 fibers were found to remain elastic in the temperature range considered here. The
finite element mesh used for the analysis is shown in Fig. 1.

The first specimen was subjected to a multistep creep test at a temperature of
566°C. Loading was in the direction of the fiber. Figure 13 shows the loading history of
axial stress against time in hours. The specimen was allowed to creep at stress levels of
49 MPa, 97 MPa, 167 MPa and 262 MPa with hold time of 1.35, 1.42, 17.20 and 5.11 hours
respectively. The computed strain in the axial direction is compared to the experimental
record in Fig. 14. The onset of the creep strain is marked in the figure each stress level.
For each stress level, the axial strain computed immediately after application of the
sustained stress magnitude was drawn to match the strain found in the experiment. In this
way, any errors that might have accumulated during application of the overall stress have
been subtracted.

Almost no creep strain was measured at the lowest stress of 49 MPa. As expected,
both experiment and calculations show an increase in creep rate with increase in the overall
stress increment. In general, the numerical model predicted higher rates in the early stages

of each step compared to those measured experimentally, however the total creep strains in
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each step were comparable. Some noise in the experimental data appears in the figure and
is attributed to equipment limitations.

In the second experiment, a cyclic strain controlled test was performed at 650°C.
The specimen was loaded in the fiber direction at a rate of 10-4/sec to a total strain of
6500 = 10-8, unloaded at the same rate to 2600 = 10-¢ and then reloaded at a higher rate of
10-3/sec to 6500 x 106. A comparison of the measured and computed stress—strain
response is shown in Fig. 15. Qualitatively, there is a good agreement between the two,
however a stiffer response in predicted from the simulation. Both the experimental data
and calculations reach a higher stress at the end of the second cycle as compared to the
first, for the same strain level. This is obviously due to the increase in strain rate.

From the limited available experimental data, at elevated temperatures, for the
SCS6/Ti—15—3 composite system, it appears that the thermoviscoplastic composite model
developed here does predict the actual response fairly well.

2.2 Fatigue Damage in Metal Matrix Composites

Experiments suggest that cyclic loading of metal matrix composites may not lead to
fracture, but it results in a substantial reduction of laminate elastic stiffness depending on
the applied stress amplitude. The two major causes of stiffness reduction consist of matrix
cracks parallel to the fibers and matrix cracks transverse to the fibers. The observed loss of
stiffness associated with the matrix cracks transverse to the fibers. The observed loss of
stiffness associated with the matrix cracking in unidirectional B/Al composites and
laminates cycled under constant amplitude (Dvorak and Johnson 1980) indicates that
damage develops only if the load amplitude reaches a certain magnitude in a given
laminate, and that the stiffness loss terminates in a saturation damage stat after a certain

number of cycles.
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Our research developed a failure damage theory with regard to the aforementioned
experimental observations. The model recognizes the relation between cyclic plastic
straining and damage growth in metal matrix composites, which was described in our
previous work (Dvorak and Wung 1988), and focuses on evaluation of the type and extent
of damage in individual plies of the laminate, required to reach a shakedown state under a
prescribed program of variable cyclic loading. Our choice of micromechanical models is
motivated, in part, by experimental observations of the crack systems in individual plies of
fatigued laminates. Of course, a detailed description of the actual damage geometry would
be quite difficult. Instead, for modeling purposes, the mode of damage that is expected to
develop in a given ply is derived from a bimodal damage theory that identifies crack
systems associated with the fiber—dominated (FDM) or matrix—dominated (MDM) modes
of the analogous bimodal plasticity theory of plastic deformation of fibrous plies, proposed
by Dvorak and Bahei—El-Din (1987). An examination of the plastic straining and crack
growth processes leads to the conclusion that the actual saturation damage state
corresponds 10 a minimum amount of damage required for shakedown of the laminate.
Appropriate crack density measure are introduced, and the total crack demsity in the
laminate is identified with an objective function that is minimized with an optimization
scheme that involves physically based nonlinear constraints in a general loading domain
(Dvorak, Lagoudas and Huang 1990b). The analysis evaluates stiffness changes in the
saturation state and also yields estimates of the average stresses in fibers of the damaged
composite.

A comparison of the theoretical predictions indicated by the present optimization
procedure, with experiments conducted by Dvorak and Johnson (1980) is given in Fig. 16
for a (0/90),, laminate and in Fig. 17 for a (0/+45/90/0/+45/490),, laminate. The
correlation is quite good for the whole range of stress amplitudes applied in the
optimization scheme, as it can be seen from the figures. We note that the optimization

scheme may be come unstable if the applied stress amplitude becomes too large. Moreover,
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the analysis itself may not be applicable if the maximum stress approaches about 90% of
the endurance limit, due to the experimentally detected frequency of fiber breaks.

As the composite’s endurance limit is approached, damage development in the
matrix almost unloads completely the matrix and transfers the applied loading to the
fibers. The composite will eventually fail when the endurance limit of the fibers in the 0°
plies as a function of the maximum applied overall stress for the (0/90)s,
(0/+45/90/0/+45/490)3s laminates and a 0s unidirectional in Fig. 18. The maximum
applied stress ranges from zero up to the endurance limit of the laminate as reported by
Dvorak and Johnson (1980) (the endurance limit of the O is taken to be 800 MPa, of the
(0/90)2s is 500 MPa and of the (0/+45/90/0/+45/490)2 laminate indicates extrapolation
from the last computed point that corresponds to 325 MPa. Taking into consideration the
scattering in the experimental data for the endurance limit of the various laminates, the
maximum fiber stress (fiber endurance limit) may be approximated by the average of the

maximum fiber stresses in the three cases of Fig. 18.
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3. EXPERIMENTAL WORK

3.1 Equipment

Under partial support from this grant, we have acquired a new high temperature
testing facility for biaxial loading of composite thin—walled tube specimens. Mechanical
loads are applied by a MTS axial-torsion servohydraulic machine. The maximum loads
are # 225 KN axial, and 2.8 KN—m in torsion. An IBM 386 microcomputer is connected to
the testing system for data acquisition and load control.

Test temperatures are provided and controlled by a resistive furnace manufactured
by CM Furnaces, Inc. This is a vertical tube furnace which splits open along a vertical
axis to wrap around the specimen. The unit consists of three independent heating zones
placed on top of each other. The center zone is 2" long and the top and bottom zones are
each 1" long. The resistive heaters are made of platinum rhodium 60/40 0.020" diameter
wire. The inner diameter of the furnace is 2" and the outer diameter about 10" which
enables the furnace to be accommodated in the existing MTS machine frame. The overall
height of the furnace is approximately 6". The maximum operating temperature of the
furnace is 1400°C. The temperature gradient along the length of the center zone, where
the strain measurements are usually made, was evaluated by heating a steel tube with
thermocouples connected to its inner and outer surfaces. At 1000°C, the temperature in
the gage area was 1000 + 2°C.

Strain measurements are made with a biaxial MTS extensometer.  The
extensometer is water cooled and can be used in conjunction with quartz connecting rods
which make it possible to operate at 1000°C or with ceramic rods that can operate at
1200°C. The extensometer rod ends contact single points on the tubular specimen wall and
pivot on them to measure extension and rotation. The contact points require small

dimples be imprinted on the specimen to avoid any slippage during test. To prevent
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damaging the composite specimen, the required dimples will be imprinted on small tabs
made of ceramic cement and affixed to the specimen. The gage length of the extensometer
is 1" and the operating ranges are + 0.1" in the axial direction and + 5° in the torsional
direction. However, the maximum windup at the contact points is + 10° which dictates on
the torsional range which we can measure with our tubular specimen. The strain ranges
computed from the above values are + 10% for the normal strain in the axial direction, and

+ 1.5% for the longitudinal shear strain.

3.2  Specimens

The composite system selected for this project is a nickel base Waspaloy matrix
reinforced by GE 218 tungsten wire. This system was selected based on experience gained
during fabrication of flat specimens of the same system by Westinghouse. Last year, we
contracted Westinghouse for fabrication of thin wall tubular specimens for this project.
Fiber volume fraction was specified as 0.35 and the number of plies as 5. The specimen
diameter (1.25") and length (15") were selected to conform with the equipment described
above and with gripping outside the furnace. Delivery of the specimen was delayed several
times due to inability of General Electric to provide 3D tungsten wire, and due to the lack
of a standard procedure for making superalloy matrix composite tubes. The tubes were
finally delivered in early 1992. The report by Blankenship (1992) in the enclosure describes
the manufacturing procedure. The tubes will be tested under the forthcoming AFOSR

grant, in the summer—fall period of 1992.
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Table 1 Parameters used in prediction of Ti—15—3 behavior

Material Units 27 C 482°C 649°C
Property
E GPa 92.4 72.2 55.0
v 0.351 0.351 0.351
Y MPa 810 250 52.5
H, MPa 1400 60 50
h GPa 40 90 52
Y MPa 930 870 278
p 9.95 2.45 1.43
k (MPa)P/;  7.6x1020 4.2x107 3.2x10-8
Qa MPa -120 —9220 -30
Qs MPa 50 1700 95
q 920 7.5 2.61
q 920 7.5 2.61
m, 1.2 1.20 1.35
Cr (MPa) ™"},  1.0x10+ 7.0x104 2.0x104
3 (MPa)™'},  1.0x104 7.0%10 2.0x104
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Fig. 10 Flowchart of global iteration scheme for the ABAQUS finite element
program.
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FABRICATION OF METAL MATRIX COMPOSITE TUBES FOR
RENSSELAER POLYTECHNIC INSTITUTE

Introduction

Westinghouse Advanced Energy Systems (AES) received an order (Purchase
Order No. P31507) from The Department of Civil Engineering, Rensselaer
Polytechnic Institute (RPI), on January 30, 1990 to fabricate
tungsten-fiber-reinforced superalloy-matrix composite tubes for structural
behavior studies. The original scope of work was defined as follows:

Specifications:
o Matrix Material: Nickel base superalloy
o Reinforcement Fiber: GE-3D" lamp filament, 0.006-inch dia.
o Fiber Volume Fraction: 0.35
o Tube 0.D.: 1.25 + .025 inches
o Plies: 2 to 5 (as determined by degree of difficulty of assembly)
o Tube Length: 15 inches
o Fiber Orientation: Parallel to tube axis

Articles To Be Fabricated:

0 One short (4- to 6-inch) "prototype" composite tube to verify
assembly and hot isostatic pressing (HIP) procedures. Evaluation
to be via metallographic examination.

o Two 15-inch long composite tubes, fabricated using the above
procedures and examination as a guide. Inspection to be via
metallographic examination of samples taken from tube ends.
Nondestructive examination not included.

Basis of Supply: Product-of-best-effort.

* Changed to GE-218...see below.




Based on our existing experience in fabricating flat panels of tungsten-
fiber-reinforced superalloy-matrix composites, the choice of matrix
material was limited to the iron-base alloy Incoloy 907 and the
nickel-base alloy Waspaloy. In telecon discussions between Mr. R. L.
Ammon of AES and Dr. Y. A. Bahei-E1-Din of RPI, Waspaloy* was selected
as the material to be used for the composite tubes.

Upon attempting to purchase 0.006-inch diameter GE-3D lamp filament from
General Electric, it was determined that this material was not available
in the context of the project schedule. It was therefore agreed between
Mr. Ammon and Dr. Bahei-E1-Din that GE-218 filament would be used

instead. It originally appeared as if the latter would only be available
in 0.008-inch diameter, but eventually 0.006-inch diameter GE-218 filament
was obtained.

Design and Fabrication of Prototype No. 1

Previously-fabricated Waspaloy matrix composite panels were assembled from
monotapes in which matrix material was arc-sprayed on both sides of the
fiber. Approximately 60 percent of the matrix material was sprayed on the
first side and 40 percent on the opposite side. This produced a flat and
stress-free monotape for layup into a composite panel. A monotape made in
this manner is not flexible enough to be formed into a small diameter tube
and would readily split. Through experience in removing from the
deposition drum a monotape which had only the first side sprayed, it was
known that (due to residual stresses) the monotape would curl into a
tubular shape. To take advantage of this effect in the subject work, all
monotapes used in fabricating composite tubes were arc sprayed on just one
side of the tungsten fibers. The single problem that resulted was that
the outer monotape forming the composite tube would have exposed fibers at
its outer surface. The solution was to arc spray a Waspaloy foil (without
reinforcement) and add this layer to form the outermost portion of the
composite tube.

I S A N N R i

* Composition: Ni-19.5Cr-13.5C0-4.3M0-3.0Ti-2.0(max)Fe-1.4A1
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The proposed approach to fabricating the composite tubes was to build an
assembly of concentric monotape and foil layers, encapsulate this assembly
in a hermetically sealed annular package bounded by inner and outer
stainless steel pipes or tubes, evacuate and seal off the package via an
evacuation tube, and consolidate the assembly by hot isostatic pressing
(HIP). To verify the adequacy of the detailed assembly method and HIP
consolidation cycle, a sublength composite tube designated Prototype No. 1
was fabricated.

The first step in this fabrication was the production of monotapes and
foils. To produce a monotape, the reinforcing fiber was wrapped at the
required pitch on a 16-inch diameter x 20-inch long aluminum drum which
was mounted in a custom-built wire wrapping lathe. Appropriate tension
for the given reinforcing wire diameter was maintained by an electrically
controlled clutch. Prior to wrapping, a release agent was applied to the
drum surface to prevent adherence of arc-sprayed metal. A monotape of 35
volume percent reinforcement using 0.006-inch diameter wire requires a
wrapping pitch of 0.009 inches. Typically, monotape widths of
approximately 5 inches were wrapped which required wire spools containing
about 765 yards (700 meters) of GE-218 Tamp filament.

Upon completion of the wire wrapping operation, the drum was removed from
the lathe and transferred to the arc spray chamber. The drum was mounted
to the shaft of a rotational/translational positioning system which
protrudes into the chamber through the center of its door. The door was
closed, the chamber evacuated and backfilled with an argon - § percent
hydrogen arc spray atmosphere, and a continuous gas purge initiated. The
spray gun valve was opened and the gun inserted to the desired standoff
distance from the drum. Arc spraying of the matrix alloy was then
initiated, with the drum being rotated and translated under the stationary
arc spray gun. Multiple passes (translations) were performed to produce
monotape having the required amount of deposited matrix alloy.

Production of Waspaloy foil layers was similar to that described above for
monotape, except that no fiber was involved and the Waspaloy was sprayed
directly onto a roughened, release-layer-coated carbon steel sheet wrapped
around the circumference of the deposition drum.
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Typical arc spray parameters used to produce the monotap.s were:

0 Matrix wire: 0.045-inch diameter Waspaloy
0 Wire feed rate: 190 inches/minute

o Voltage: 38 volts

0 Current: 120 amps

0 Gun standoff distance: 5 inches

o Spray pressure: 60 psi

o Rotation speed: 60 rpm

o Translation speed: 10 inches/minute

o Gas: Argon - 5 percent hydrogen

Upon completion of arc spraying the material cooled, the chamber opened
and the monotape or foil surfaces vacuumed to remove any fine metal dust
particles. The drum was then removed from the chamber, and turnbuckles on
each side adjusted to contract its 0.D., releasing the tension on the
deposited layer. The layer was then cut from the drum using an air driven
abrasive disc cutter. The product was then visually inspected, weighed,
dimensioned and its reinforcement volume fraction verified by calculation.

The design of the HIP package for fabrication of Prototype No. 1 is shown
schematically in Figure 1. The package was ass?mbled using standard T304
stainless steel inner and outer pipe sizes. Layers of Fe-Cr-Al (oxidized
Kanthal A) and Mo foil were used to prevent bonding of the composite
layers to the stainless steel envelope. A subassembly consisting of the
outer Fe-Cr-Al, Mo and Waspaloy foil and outer monotape layers was
inserted into the [.D. of the outer pipe first, followed by successive
monotape layers filling toward the center. The five layers of monotape
were sized to form cylinders with butt joints; i.e, no overlapping was
employed. Inner Mo and Fe-Cr-Al foil layers were then added, and the 0.D.
of the inner pipe was swaged to fit the remaining opening and inserted
last. The ends of this inner pipe were flared to meet the outer pipe and
seal welded together, along with an evacuation tube at one end. As was
shown in Figure 1, the outer Fe-Cr-Al and Mo layers were shortened to
allow one inch of composite/stainless steel contact at each end. This was
done to investigate whether diffusion bonding of the composite to the
outer pipe would permit the machining of strong, integrally bonded tensile
grips into the ends of the outer pipe after consolidation.
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The resultant HIP package was evacuated and internally outgassed at
550°F. It was then successfully leak tested using a mass spectrometer
leak detector, and the evacuation tube sealed off by welding. The
completed package is shown in Figure 2. It was then consolidated in a
2100°F - 30,000 psi - 20 minute HIP cycle. The parametric configuration
of the HIP cycle is shown in Figures 3a and 3b, and the as-HIP’d Package
is shown in Figure 4.

The consolidated HIP package was machined to remove the inner pipe and the
center 4 inches of the outer pipe (down-to the composite surface), as
shown in Figure 5. This left in place the one-inch end sections of the
outer stainless steel pipe which were diffusion bonded to the composite
tube. The 1.D. and exposed 4-inch section on the 0.D. of the composite
tube were glass bead blasted and etched to remove any traces of adherent
Mo foil. A 1.25-inch long end section was cut off and its ends surface
ground parallel to one another and perpendicular to the tube axis. This
section was then used to evaluate the strength of the composite/stainless
steel diffusion bond. The data from this evaluation is shown in Table 1.

Jable 1. Strength of Composite/Stainless Steel Diffusion Bond

Bond Region Dimensions: 1.22 inch diameter x 0.908 inch long

Bond Area: 3.48 in*2

Load Stress Deflection

{pounds) {psi) —{inches)
0 0 0.0000
5500 1580 0.0140
11000 3161 0.0296
16500 4741 0.0450
22000 6322 0.0604
27500 7902 0.0760
33000 9483 0.0920

(Note: Sample did not fail at 33,000 pounds)
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The opposite face of the composite tube at the sectioning cut was
metallographically prepared and polished. Photographs of the
microstructure are shown in Figure 6. The cross section shows several
areas in which serious anomalies exist in the composite structure. Areas
are seen where fewer than the as-assembled five uniform rows of tungsten
fibers are present, and severe localized tube wall thinning is present at
two of these locations. These results were attributed to some combination
of local yielding plus butt joint opening due to the HIP cycle pressure
applied to the tube I.D., with adjacent layers filling in the voids in the

latter case.

Dimensional measurements on the composite tube revealed it to be out-of-
round. The 0.D. ranged from 1.210 to 1.240 inches, while the I.D. range
was 1.118 to 1.149 inches. (A check with the HIP vendor revealed that the
tube had been loaded horizontally in the HIP unit, and its cross section
may have sagged at temperature). The composite tube wall thickness was
nominally 0.046 inches, representing an approximate 39 percent reduction
of the original 0.075 inch thickness of the five monotape layers prior to
consolidation.

Based on the above, the deficiencies in Prototype No. 1 are summarized
below:

0 Cross section out-of-round.

0 Localized anomalies in reinforcement layers.

0 Localized tube wall thinning.
In view of these deficiencies, it was decided in telecons between W. P.
Blankenship of Westinghouse and Dr. Bahei-E1-Din that a second prototype
should be designed and fabricated in order to verify the proposed

approaches to their elimination. This is described in the following
section.
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1, Cross Section Microstructural Details.

Prototype No.

Figure 6.
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Design and Fabrication of Prototype No. 2

A second but smaller prototype was designed incorporating ideas for a
simpler and more viable configuration. By careful layout, short 3-inch
long sections were cut from the monotapes already produced for the
fabrication of the 15-inch long deliverable tubes. 1In this manner a 4-ply
prototype could be fabricated without incurring additional material or arc
spraying costs. The configuration of the Prototype No. 2 HIP package is
shown in Figure 7.

This new configuration utilized the same size outer stainless steel pipe
used for Prototype No.l but eliminates the inner and outer layers of
Fe-Cr-Al foil and the inner layer of Mo foil. To permit modifying the
consolidation process, the inner package member was changed to a solid
stainless steel rod which was coated with a 0.0005-inch layer of Mo by
electron beam vapor deposition. This would constrain the HIP cycle
pressure to be applied only to the outer surface and ends of the package,
thus ensuring inward consolidation. The rod and the outer 0.002-inch Mo
foil were painted with a Y505 slurry to help prevent diffusion

bonding. The ends of the outer pipe were counterbored to receive simple
stainless steel discs as end closures. An evacuation tube was welded into
the center of one end disc. The boron nitride rings were added to
facilitate decladding of the composite tube after consolidation.

Assembly of the package was similar to that of Prototype No. 1, with the
outer layers inserted into the envelope first and successive layers
filling toward the center. The innermost monotape and center rod were
inserted together to prevent scraping the Y,03 coating off the rod.

Inserting the boron nitride rings and stainless steel discs completed the
assembly.

After welding the end closures, the package was evacuated and outgassed at
5500F, successfully leak tested and sealed off. It was then loaded
vertically in the vendor’s HIP unit and consolidated in a 2100°F -

29,000 psi - 20 minute HIP cycle. The detailed parametric configuration
data for this cycle is not available.
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The consolidated package was machined to remove the stainless steel and
boron nitride end rings and provide access to the center rod ends.
Gripping the rod ends in a lathe collet permitted machining the outer
surface concentric to the 1.D. of the composite tube. A1l of the outer
pipe was machined in this manner, and the center rod was then removed.
Decladding was simple and straightforward, due to the utilization of the
Y503 release coating. The resultant composite tube was glass bead
Tasted and etched in the same manner as Prototype No. 1. The tube is
shown in the as-etched condition in Figure 8.

Dimensional measurements indicated the tube 0.D. to range from 1.177 to
1.180 inches, with a uniform wall thickness of 0.040 inches. This
represents a 43% reduction from the original 0.070 inch thickness of the
four monotapes plus outer layer of Waspaloy foil.

Two 0.3-inch long samples were sliced from one end of Prototype #2. One
was left unmounted and used for visual examination of the tube inner
surface. No evidence of ply separation was seen, and the tute interior
was smooth and continuous. The other section was mounted 2ad polished for
metallographic examination. A montage of macrophotographs of this section
is shown in Figure 9. Localized perturbations in the tube wall are
visible at the locations marke. A, B, and C. Location A shows a
perturbation in the butt joint of (outer) Ply No. 4, which is shown at
higher magnification in Figure 10. Location B is the butt joint of Ply
No. 3 which is deficient in fibers in this area. A higher magnification
view of this area is shown in Figure 11. A similar condition in Ply No. 2
occurred at Location C. In general, the tube wall thickness is uniform
and free of voids in the matrix. A high magnification photograph of a
typical unperturbed region is shown in Figure 12.

Tungsten fiber splits that propogate into the Waspaloy matrix (or
vice-versa) were seen at one location in Ply No. 1, as shown in Figure

13. This phenomenon, caused by differential thermal expansion between the
tungsten fiber and Waspaloy matrix during cooldown in the HIP cycle, has
been observed previously in flat composite panels of similar composition.
A method for eliminating such splits has been developed for flat panel

geometry, but an analogous method for tubular geometry does not exist at
present.
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‘igure 10. Prototype No. 2, Microstructural Details at Location A (20X).
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Figure 11.

Prototype No.

2, Microstructural Details at Location B (80X).
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Figure 12. Prototype No. 2, Microstructural Details of
Typical Unperturbed Region (80X).
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Figure 13. Prototype No. 2, Tungsten Fiber Splits in Ply No. 1 (200X).
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The tungsten/Waspaloy interdiffusion reaction zone developed during HIP is
seen for a typical fiber in Figure 14. The zone thickness, nominally
0.0001 inches, is within the range of acceptability for achieving good
fiber/matrix bonding without developing brittle intermetallic
characteristics.

From the above evaluation, it was concluded that a major improvement in
composite tube structural uniformity and freedom from serious
perturbations had been achieved with the Prototype No. 2 assembly and
processing approach. However, it is doubtful that complete freedom from
localized perturbations can ever be achieved with an assembly of
individual butt-jointed plies. A multiple-ply spiral wrap assembly made
from a single continuous width monotape might yield superior results, but
fabricating a superalloy matrix monotape of such width is beyond the
capability of our state-of-the-art methodology.

A meeting was held at RPI on December 12, 1990 to review the status of the
project. A presentation was made detailing the results of the first two
prototype tubes and noting the inescapable trial-and-error nature of this
first-of-a-kind project. Agreement was reached on the approach to be
taken in fabricating full length deliverable tubes, and that the scope
would be modified to require delivery of only one 15-inch product. The
key change to be implemented was to overlap the outer monotape a small
amount (5 or 6 fibers) to eliminate the perturbation on the 0.D. of the
composite tube. At the same time, it was agreed that the scope of work
would be expanded to include fabrication of a flat panel of Waspaloy foil
to permit RPI to fabricate and test samples of unreinforced matrix
material.
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Figure 14.

Prototype No. 2, Typical Tungsten Fiber/Waspaloy
Matrix Interdiffusion Reaction Zone (500X).
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Design and Fabrication of Tube No. 1 and Waspaloy Panel

The design of (full length) Tube No. 1 was based on the results obtained
with Prototype No. 2 and additional details specified by RPI in the sketch
of Figure 15. The design of the HIP package is shown schematically in
Figure 16. To promote diffusion bonding of the outer stainless steel pipe
to the composite tube ends while precluding such bonding over the 6-inch
center test section, a 6-inch long layer of 0.001-inch Mo foil, coated
with Y503, was positioned as shown 4 inches from one end of the

pre-cut outer Waspaloy foil layer, and the two inserted as a unit into the
outer pipe. The outer monotape ply was cut to allow 0.050 to 0.060 inches
of joint overlap to preclude development of a groove in the composite
outer layer. All other monotapes were butt jointed with the joint
locations staggered around the tube circumference. The inner stainless
steel rod was turned to an 0.D. of 1.054 inches and then plasma sprayed
with a Mo release layer. The Mo was sanded back to a thickness of 0.001
inches and coated with Y,03. The inner monotape layer and the center

rod were then assembled together and inserted as a unit to prevent
scraping the coating off the rod. Inserting the boron nitride rings and
stainless steel discs completed the assembly. After welding the end
closures, the package was evacuated and outgassed at 550°F, successfully
leak tested and sealed off.

A sheet of 0.017:jnch thick Waspaloy foil was arc sprayed using the
parameters previously listed. It was cut into 5 x 8 inch sheets, 5 of
which were stacked, sandwiched between Mo pressing platens and
encapsulated by welding into a HIP package made of stainless steel sheet
and an evacuation tube. The resultant package was evacuated and outgassed
at 550°F, successfully leak tested and sealed off.

The tube and panel packages were loaded vertically in the vendor’s HIP
unit and consolidated in a 2100°F - 30,000 psi - 20 minute HIP cycle.
The parametric configuration of this cycle is shown in Figures 17a and
17b, and the as-HIP’d packages are shown in Figure 18.
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Geometry of the Waspaloy-Tungsten Composite Specimen
with Grips and Cooling Arrangement
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Figure 1S. Tube No. 1, Design Details and Test Arrangement.
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Figure 16. Tube No. 1, HIP Package Schematic.
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The panel package envelope was machined away in a straigtforward manner to
yield the flat panel of unreinforced Waspaloy. The surfaces were glass
bead blasted and etched to remove any traces of the Mo foil release
layers. The completed panel is shown in Figure 19. Its thickness was
0.056 inches thick, representing a 34 percent reduction from the
as-sprayed foil thickness.

The tube package was machined to the configuration specified in the RPI
sketch of Figure 20, and the center rod removed to yield the composite
tube with diffusion bonded stainless steel grip sections at each end. The
stainless steel end sections were masked with a stop-off lacquer, and the
outer surface of the center section was glass bead blasted and etched.

The completed tube is shown in Figure 21. The as-HIP’d tube I.D. was
quite uniform, with all measurements in the range 1.056 to 1.057 inches.
The as-machined 0.D. of the stainless steel grip sections was 1.350
inches, and that of the composite center section approximately 1.175
inches. The outer layer of Waspaloy matrix material was irregular in
texture and contained several shallow, extended grooves. It appeared that
the outer Mo foil release layer had wrinkled during the HIP consolidation,
and that the texture of the wrinkles was reproduced in the Waspaloy
surface layer. A thin slice was cut from the longer grip end of the tube
and prepared for metallographic examination. The microstructure is shown
in Figure 22. The fiber distribution and ply-to-ply relationship are
reasonably uniform. The 0.060-inch wide localized void seen in the matrix
between fiber layers 2 and 3 is an anomaly related to the fact that the
section was taken at the very end of the monotape layers. These ends are
somewhat ragged and the occurance of a void or inclusion of some sort is
not surprising. In subsequent processing, this void disappeared after
removing less than 0.050 inches of the tube end.

After discussing the unexpected Waspaloy surface condition in a telecon
with Dr. Bahei-E1-Din, this first-of-a-kind composite tube (together with
the completed panel) was shipped to RPI for their examination. In a
subsequent telecon discussion between W. P. Blankenship and Dr. G. J.
Dvorak of RPI, Dr. Dvorak expressed concern that some of the outer surface
layer irregularities might act as crack initiation sites during mechanical
testing. It was agreed that the tube would be returned to AES for
evaluation of approaches to removing the subject irregularities.
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Figure 22. Tube No. 1, Cross Section Microstructure.
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Various ideas regarding the situation were discussed in telecons between
W. P. Blankenship and Drs. Bahei-E1-Din and Himanshu Nigam of RPI. The
first implemented modification was the removal of the extended grooves in
the outer Waspaloy layer. This was accomplished by careful precision
machining to a uniform 0.D. of 1.160 inches. The irregularities were
successfully removed, but nothing remained of the outer Waspaloy layer at
completion. This was judged by RPI to be unacceptable due to the risk of
crack initiation at the fiber/surface intersection during testing.
Various approaches were then explored for adding a new surface layer of
Waspaloy matrix material to the 6-inch long center section. In addition,
RPI asked that we propose a method of adding precisely located, integrally
bonded extensometer socket pads to the tube outer surface. The final
definition of these pads is shown in the RPI sketch of Figure 23.

i

i

i

i

i

i

i

II A meeting was held at RPI between W. P. Blankenship and Dr. Bahei-E1-Din
on May 24, 1991 to discuss options for reprocessing the tube. An approach
was agreed upon as described next. A multiple layer spiral wrap of

l Waspaloy foil would be assembled onto the center section of the tube. The
thickness of the layers would be such that, after reencapsulation and a

|I second HIP cycle to consolidate this foil and diffusion bond it to the
existing tube surface, the socket pads could be machined directly into the

l consolidated Waspaloy. A modified HIP cycle configuration would be used
in which, after the 20 minute hold at 2100°F and 30,000 psi, the

. pressure would be maintained at (or as close as possible to) the 30,000
psi level while the package was cooled. Depressurization would then be
performed at room temperature. (Theoretical considerations indicate that

I this type of cycle configuration will result in minimizing the residual
internal stresses in the consolidated composite assembly.) ODr.

I Bahei-E1-Din agreed to consider the alternatives of whether the HIP cycle
pressure should be applied to both inner and outer package surfaces or to

I the outer surface only. (In a later telecon, he advised us of his
preference for the inner/outer surface alternative.) It was also agreed

l that the order scope would be expanded to include a second full length
tube, designed and constructed with incorporation of "lessons learned"
from the above experience. In this second tube, the additional outer

ll Waspaloy layers would be an integral part of th2 initial package assembly

l and would extend over the full length of the composite tube.

]
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The design of the HIP package for reprocessing Tube No. 1 is shown in
Figure 24. The intent was that, following assembly and HIP consolidation,
precision machining would remove the encapsulation and provide a
consolidated outer layer of defect-free Waspaloy at least 0.005 inches
thick, plus two sets of integral extensometer pads.

To supply matrix material for reprocessing Tube No. 1, a 0.011-inch thick
sheet of Waspaloy foil was successfully arc sprayed and removed from the
drum. This sheet was cut to a 37-inch length, with a width tapering from
6.000 inches at the starting end to 6.176 inches at the opposite end. It
was assembled onto the composite tube as a 9-layer spiral wrap positioned
between the stainless steel end grips. A few small resistance spot welds
were used to keep the wraps tight and prevent unraveling. The final
diameter of the wrapped section was 1.365 inches. This assembly fitted
snugly into the 1.370 inch 1.D. of the outer stainless steel tube of the
HIP package. The inner stainless steel pipe was machined to a 1.045 inch
0.D. and then sent to a vendor for plasma spraying its outer surface with
a Mo release layer. After coating with Y,03, the final 0.D. was 1.051
inches. The inner tube was then inserted into the 1.056 inch I.D. of the
composite tube. Installation of boron nitride and stainless steel end
rings and the evacuation tube completed the HIP package assembly.

After welding the end closures, the package was evacuated and outgassed at
550CF. It was successfully leak tested and the evacuation tube sealed
off. The package was loaded vertically in the vendor’s HIP unit (together
with Tube No. 2, as described in the next section) and consolidated in the
special 2100°F - 30,00 psi - 20 minute HIP cycle. The parametric
configuration of this special cycle is shown in Figures 25a and 25b, and
the as-HIP’d package is shown in Figure 26. As seen in the photograph,
the outer stainless steel tube was severely bucklied along the length of
the center section. (A similar but less severe buckling had occurred on
the opposite side from that shown.) It was immediately obvious from this
buckled condition that the amount of compaction required to consolidate
the nine-layer wrap of unreinforced Waspaloy had been more than this HIP
package design could tolerate.
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Figure 24. Tube No. 1, Second HIP Package Schematic.
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Machining was initiated to bring the tube to the configuration shown
previously in Figure 23. The 0.D. was turned to 1.350 inches to
reestablish the stainless steel grip dimension. Then the locations of the
extensometer socket pads and the grip section inboard end chamfers were
layed out, and machining of these features initiated. Machining proceeded
in 0.005-inch diametral increments, with a target diameter of 1.170
inches; based on the as-assembled diameter of 1.160 inches, this would
provide a 0.005-inch thick outer layer of Waspaloy covering the outermost
layer of fibers. However, when machining the region between the short
grip end and the adjacent pad precursor ring, reinforcing fiber was
exposed at a diameter of 1.182 inches. Similarly, in the region between
the two pad precursor rings, fiber was exposed at a diameter of 1.206
inches. Machining was terminated at this point. The overall package
appearance at this stage is shown in Figure 27, and a closeup of one
exposed fiber region is shown in Figure 28. The application of HIP
pressure to the package I.D. had obviously expanded the composite outward
along the center section between the original grips, with the amount of
expansion increasing toward the midpoint of this section. This is
illustrated more quantitatively in Figure 29. It was concluded with
hindsight that a better approach to reprocessing Tube No. 1 would have
been to apply HIP pressure to the outer surfaces only.

It was decided that the tube would be reworked by plasma spraying a layer
of nickel base superalloy onto the regions between the pad precursor rings
and the grips, and then machining the plasma-sprayed layer to a
conservative final diameter. Dr. Nigam was advised of this decision in a
telecon with W. P. Blankenship. Waspaloy is not commercially available as
a plasma spray powder, so METCO 461, a standard plasma spray alloy of
composition Ni-l7.5€r—5.5A1-2.5Co-0.5Y203, was selected. This alloy

is a good thermal expansion match with Waspaloy (coefficient of thermal
expansion of 13 x 1078 91 ¢f. 12.2 x 10°® for Waspaloy), and

has good oxidation resistance to 1800°F. The grips, pad precursor rings
and tube center section were masked off, and spraying performed by a local
vendor. The plasma sprayed regions were then machined to a diameter of
1.220 inches, and the pads milled to their final 3mm x 3mm x lmm high
dimensions. The center stainless steel tube was then removed, completing
the fabrication process. The final appearance of Tube No. 1 is shown in
Figure 30, and a closeup of the center section is shown in Figure 31.
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The completed tube was shipped to RPI on July 30, 1991. A meeting was
held at RPI on August 6, 1991 between W. P. Blankenship and Drs.
Bahei-E1-Din and Nigam, in which the reprocessing of Tube No. 1 was
discussed in some detail. It was agreed that machining of Tube No. 2,
discussed in the next section, would not be initiated until Dr. Dvorak had
been briefed on the status of the work.

Design and Fabrication of Tube No. 2

The design of the HIP package for Tube No. 2 is shown in Figure 32. In
addition to the 5 monotape layers, 9 outer layers of 0.011-inch Waspaloy
foil were incorporated to provide material for the extensometer socket
pads. Since 0.D. machining of the entire tube length would inevitably be
required, no release layer was used between the Waspaloy foil and the
outer stainless steel pipe. As before, the package was assembled from the
outer layer inward. The stainless steel center rod 0.D. was machined to
fit the assembly, plasma sprayed with Mo, turned to a final 0.D. of 1.042
inches and coated with Y,03. It was mated with the innermost monotape
layer and the two inserted as a subassembly to avoid scraping off the
Y503 coating. 1Installation of the boron nitride rings, stainless

steel end discs and the evacuation tube completed the assembly. After
welding the end closures, the package was evacuated and outgassed at
5500F. It was then successfully leak tested and sealed off.

The package was loaded (together with that for Tube No. 1, described in
the previous section) vertically in a vendor’s autoclave and processed in
a specially configured 2100°F - 30,000 psi - 20 minute HIP cycle. The
parametric configuration of this cycle was shown previously in Figures 25a
and 25b. The as-HIP’'d package is shown in Figure 33. As seen in this
figure, the outer pipe was severely buckled along the entire length of the
package.
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Figure 32. Tube No. 2, HIP Package Schematic.
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In a telecon between W. P. Blankenship and Dr. Nigam, approval was given to
machine Tube No. 2 to essentially the same configuration as Tube No. ].
Machining of the package was initiated by turning to the 1.350-inch grip
diameter over its entire length. Machining inboard of the grips then proceeded
with the removal of 0.005-inch layers, with a target final diameter of 1.17¢
inches. However, localized exposure of the outer layer of fibers occurred at a
diameter of 1.182 inches on the short grip end and 1.178 inches on the Tong
grip end of the center section. Machining of the tube 0.D. was terminated at
this point. After completion of milling of the extensometer socket pads, the
center rod was removed to complete the. composite tube decladding process. A
thin slice was removed from one end of the tube, mounted and polished for
metallographic examination. The microstructure is shown in Figure 34. It is
obvious from this photograph that the HIP package buckling produced severe
distortion of the composite structure at Locations A and C. Some "“ess severe
distortion is also seen at Locations B and D. The area at which some outer
fibers were exposed during the final machining pass undoubtedly corresponds to
either Location A or C. As was the case with Tube No. 1, it is obvious from
the buckled condition of the HIP package and resultant distortion of the
composite structure that the amount of compaction required to consolidate the
nine-layer wrap of unreinforced Waspaloy was more than this HIP package design
could tolerate.

The appearance of Tube No. 2 was discussed in a telecon between W. P.
Blankenship and Dr. Nigam, and it was agreed that the tube would be shipped to
RPI for examination. This was done, and resulted in a request from RPI that
the tube be plasma sprayed with a thin layer of METCO 461 to cover the exposed
fibers. The tube was returned to AES and the plasma spraying performed by a
local vendor. After spraying, it was found that a slight bend had developed
near one end of the center section. Most of this effect was removed by
adjusting the setup of the tube in the lathe prior to final machining. The
as-sprayed appearance of the tube center section is shown in Figure 35. Final
machining and polishing was then performed to yield a 0.010-inch METCO 461
layer thickness and a final center section 0.D. of 1.190 inches. The completed
tube is shown in Figure 36. Tube No. 2 was shipped to RPI on September 23,
1991, completing the requirements of the original order and subsequent
modifications.
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Conclusions

1. A method was developed for fabricating 4- or 5-ply tungsten-fiber-
reinforced Waspaloy-matrix tubes up to 15 inches in length. A fiber
diameter of 0.006 inches and fiber volume fraction of 0.35 were
successfully incorporated. Key features of the method include:

0 Using a solid rod as the center member of the HIP package, thus
constraining application of the HIP cycle pressure to the package
outer surfaces only.

] Using sprayed coatings of HIP package release layers rather than
separate layers of foil.

0 Limiting the thickness of the unreinforced outer layer of
Waspaloy matrix material in the HIP package to 0.010 inches or
less.

2. While a reasonably uniform composite structure was obtained using a
multilayer assembly of butt-jointed plies, some perturbations in the
structure at the butt joint locations are probably inevitable.

3. Serious difficulties were encountered in attempting to add integrally
consolidated and bonded Waspaloy extensometer socket pads to the outer
surfaces of the composite tubes. Both of the approaches attempted
resulted in moderate to severe distortion of the composite structure
and/or the tube geometry.

4. Some of the problems resulting from the above distortions were
successfully mitigated by plasma spraying the composite tube with a
layer of the oxidation resistant superalloy METCO 461.

5. One 4-ply and one 5-ply sublength prototype and two 15-inch long 5-ply

tubes were fabricated, together with a flat panel of unreinforced
Waspaloy, and delivered to RPI.
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Recommendations

1. Order at least one additional 15-inch tube to be fabricated without
the additional outer layers of Waspaloy foil.

2. Investigate alternative approaches to adding extensometer socket pads
to the tube outer surface. Possibilities include machining the pads
from a diffusion bonded HIP package outer pipe, attaching separately
machined pads by resistance spot welding, and machining the pads from
METCO 461 (or similar) alloy plasma sprayed onto the tube surface
after tube fabrication is complete. These approaches should be
investigated on relatively inexpensive subscale models prior to
committing one of them to a full size composite tube.

3. If possible, make future composite tubes longer than the final

required size to permit sectioning for metallographic examination well
inboard of the ends of the composite plies.
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