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Design of Interfaces in MIetal Matrix Composi:'vs
Introduction

The main goal of this research is to optimize the interface propcrne>ý u.ta m.trx

composites by lattice matching the matrix and the dispersoids. An optimized irierf",acc should

have excellent thermal stability, high strength, and an absence of brittlene.s, (;uod thermal

stability is achieved by choosing phases that are in equilibrium with each other. mtcrT:,:es \'ith

low surface energy and limited solubility to limit diffusion. High strength reu•rones gtong

bonding across the interface. Absence of brittleness requires a larger extent of metallic h-Onding.

Stable, coherent dispersoids can be achieved by mechanically alloving lattice-matched

dispersoids into metal matrices and allowing some recrystallization or coarsening to occur, or bv

internal nitridization or carburization of homogeneous alloys. A model system that has a high

probability of forming coherent interfaces is ZrN in Nb. For comparison purposes the relatively

poorly matched systems TiN in Nb and TiN in Cu were also being studied. Other research areas

that were investigated include processing approaches to create particulate composites These

include high-energy high-rate processing and Selective Laser Reactive Sintering. The other

approach is one in the new general area of Solid Freeform Fabrication approaches. A inmited

effort was done on evaluating the influence of residual stresses on the impact properties of

graphite/aluminum matrix composites.

A brief discussion of the synthesis, processing, and characterization of the above

mentioned systems is presented in the following paragraphs, with details in the attached

appendices which are from submitted and published articles. Accesion For
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1. Nitridation of niobium alloys: interface effects

In this study metal matrix composites were fabricated by nitritation ot ,oiutc-h Nb-ili

and Nb-Zr alloys to form large volumes of nitrides. Studies of the kinetics of nitride tfnrmOtinn

and of the nature of the matrix-nitride interface were carried out. Nb-47.5Ti and Nh--7t% Zr

alloys were nitrided for different times and temperatures to nitride preferentially the solute

phases into Ti- and Zr- rich nitrides. X-ray diffraction analysis confirmed the ,ormation of the

nitrides in the Nb solid solution matrix, and microhardness measurements explicitly indicated ,he

hardening effect to be due to the formation of the nitrides. Orientation relationhips \k cre

obtained between the matrix and the nitride.,. but the habit planes were not defined. See

appendix A for details.

2. Attrition and Vibratory Milling of Cu-TiN

Two separate experiments involving attrition and vibratory milling of Cu-3wt.'TiN and

Cu-25wt.%TiN respectively, were conducted. The results showed that a layered morphology

occurred in the attrition milled specimen. but not in the vibratory milled sample. Massive

agglomeration was observed in the attrition milled powder resulting in particles sizes larger that

the starting powder sizes. In the vibratory milled case, excellent powder particle refinement

occurred and nanosize copper and titanium nitride particles were observed under the TENT. In

addition, consolidation of the vibratory milled powder did not cause much grain growth of the

copper particles. The final result has been mostly attributed to the high volume fraction ot TiN

particles which may have inhibited large scale grain growth. See Appendix B for details



3. Internal Nitridation of Cu-Ti alloys.

Titanium nitride and Zirconium nitride possess r !hirIvelv hiigh 1\ir,.ai c.'n. Ic, t[,

high hardness and high melting point. Copper alloys dispersion hairdened h\ i~iN and,'or ZrN

may thus be a new promising class of alloys to be used in electronic packaging applicalnons.

Based on the insolubility and slow diffusion of N in Cu two routes for the formation ot"FiN in

Cu alloys were studied.

(i) Surface nitridation of bulk Cu-Ti alloys which give a: conctjcive hiecanicaHlv hard

surface.

(ii) Surface nitridation of fine Cu-Ti powders, followed by mechanical alloving to

effectively break-tIp the TiN surface layers on the powder particles, and their so!id state

consolidation. This approach has resulted in a Cu-alloy strengthened by finely dispersed TiN

particles and one that seems to hold its strength to high temperature. See Appendix C for details.

4. Processing of Metal Matrix Composites

The use of powder constituents in the proces..ing and fabrication of metal matrix

composites provides diverse and flexible routes for assembly of materials at the microscopic

level. In the research that we describe here, the metal matrices were copper and tungsten., The

dispersed phases were graphitic carbon and boron carbide. Most of the processing was

performed with the constituents in the solid state . In the high energy high rate processing.

energetic high-current pulses are directly applied to a powder mass to provide pulsed Joule

heating. Heating rates of 1000 K/s to 10,000 K/s are achieved. When heat and pressure are

simultaneously applied, rapid densification can occur. A hornopolar pulse gcenerattor with I MA

current capability has been used as a high-current source. The investigation of hinderless



copper-graphite powder composites yielded materials with high densities. "';1n,, >nd

electrical conductivities. These materials have shov n superior perfomiunec iii tcrm), of tI eir h11Th

temperature capability and wear resistance in high-current , hi h-,,pved. c!cmtrrii>&Aoc'cal

evaluation. The tungsten-based composite system offers a metaliur,,:ic.il coon uc, , opha.,s

including W, W2C, FeWB, WB, Fe3C, FeOV6 C. Ni-IB,3, and Fe-W,,. Thlcsc irc ohlmncd hv

reactions in the multicomponent system: W, Ni, Fe B, C. Some of these phases have large heats

of formation and the consolidation proceeds by exothermic heating under prcssure. The

processing science based on these approaches has a common focus the understandini of the

influence cf basic processing parameters - time, temperature, and pressure - on the

microstructure and properties of these composites. Details are provided in A.rpCndix ).

5. Development of a Selective Laser Reaction Sintering Workstation

A Selective Laser Reaction Sintering workstation has been developed ;it The University

of Texas. The workstation allows the study of solid freefoma fabrication of reaction sintered

materials on a research scale. This technique has been applied to a variety of materials systems

including a multilayer Cu-TiN rectangular solid. See Appendix E for details.

6. Residual stress effect on impact properties of Gr/AI metal matrix composite

The effects of residual stress on the impact properties of the unidirectionally reinforced P

100 Gr/6061 Al metal matrix composites with different thermal histories have been investigated

using an instrumented impact test method and scanning electron microscopy. The cantilever

impact generally causes tensile failure at the notch and compressive loading on the opposite side

of the specimen. The specimens with yield tensile matrix residual stresses have planar fracture



surfaces and low impact energy due to the contribution of tensile residuatl stre,•s. Thw' PcCinLc!!,-

with small r sidual stresses have moderate impact energy because dchondirnr hcl\ ccrin tiber ,,d

matrix or fiber/matrix separation also serves as an additional mechanism tor cacr• \ ah-,rptam.

The specimens with higher compressive matrix residual stresses have the r . a • d

of all the specimens with the same matrix treatment. The specimen with matrix -ompressi% e

yield residual stress has the maximum impact energy owing to a stepv. ise fracture ,uInace. It ci n

be concluded that good impact properties of composite materials can be obtained bv choosing, a

suitable thermal history to modify the deleterious tensile matrix resiCdual stress- For &iL;:. c•f

this research see Appendix F.
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-7 Appendix A

Nitridation of niobium alloy's: inter-face effects

Mfichael Schmerlhnga. S. Ponnekanti. S. T'. Mear. A. Yeoh. Feng Chi. M. E. Fine. Z. Eliezcr and
H. L. M1arcus
Center/tbr Materials Science, 7-ne Unwivcrstrv of1 Texas at -Austin. Austin. TX 78712 LUSAI

.Abstract Mr? -

In this study metal matinx composites were fabricated bý nitridation of solute-rich Nh-Ti and Nb-Z, ajloý, I(- forr iarce
*ýOiumes of nimndes. Studies of the kinetics of ntinde formation and of dhe .,a!ure of the mnatnx-minde Interface -4.re

carried out. Nb-47wt.%Ti and \Nb--47w.%Zr ailo% s were nitrided for different times and Iemperatures to nitride
preferentially the solute phases into Ti- and Zr-rich njindles. X-ray diffracnion analysis confirmed the formation of the
nitrides in the Nb solid solution matrix, and microhardness measurements explicitly Indicated the hardening effect to r~e
due to the formation of tt'e niindes. Orientation relationships wkere obtained between the matrix and the mnitries. but the
hab)i: Hanes were not defined.

1. Introduction The same orientation relationships were seen in the
present work using ;Nb (with presumably the same

Dispersion hardening i's a common approach to initial habit planes) owing to the sumnilar atomic mis-
strengthening metal alloys. Nitrides are often the dis- matches along 1O100B 1 1 ~f10l]b, directions and was part
persoid used. In many systems they' show a lattice of the motivation for choosing these systems. It thus
correspondence and low energy Interface ihabit ý plane seemed possible to develop a class of NTb alloys wkith
which causes a coherent particle strenghening good mechanical properties by internal chemical
mechanism to occur il . This investigation examines reaction using easily diffused compound formers such
the results when hieher concentrations of nitride as C and N.
formers are used. The intention was to form a metal For the internal chemical reaction to be successful a
matrix composite (MMC) with a ceramic high strength nitride or carbide of the solute in an Nb solid solution
phase. An MMC benefits greatly from having a con- must have a substantialy lower free energy of forma-
trolled strength interface between the components. It tion than that of Nb at the reaction and application
would be best to have low energy interfaces to achieve temperatures. In addition, the diffuasion rate of C or N
this strength and to establish metallurgical stability, in Nb must be more rapid than diffusion of the solute
Internal nitridation creates these interfaces in situ to the surface of Nb. If the latter is not true, a scale
where they wkill tend to approach the lowest local rather than an internal carbide or nitride will form.
enerwy state. The research presented here probed for For this st-udy the formation of TiN and ZrN in a
the existence of these preferred low energy interfaces solute-rich Nib-Ti or Nb-Zr matrix hy internal nitrida-
in se-, eral n~iobium alloys. tion was considered. TiN and ZrN have substantially

Niobium is an attractive major element for a class of lower standard free energies of formation than NbN,
high temperature alloys because of its reiatmvel% higher At 1 200) *C the standard free eneTONv of formation is
melting temperature _2467 *C and comparable density -48 kcal mol- for NbN. -9-4 kcal mol- for TIN.
.8.6 ccm-> toNill45-3*Cand 8.9ecm<'.\ Whilethe and -l108kcal mol- for ZrN -4.
Ni hdse superalloys may be made' by con\,entional
metallurgical processing., i.e. meltiric and heat treat-
ment "tA or %; ithout mechanical deformation. no good 2. Experimental procedure
precipitation hardening Nb-based system has been
found. Nitrides of Zr and Ti have been formed in \Ao In the work presented here allovs of %%rouchi
by internal nitridation 121 and HfN' has been similarly Nb-47%kwi.%Ti 6-3.2 at-.% TI and arc-meited NMh-

formed in W. W-Re and W-Re--Nb alloys [3,1. Orienta- 47wi.11Zr ý47.5 at .' Zri were used for nitridatton
tion relationships between crystal lattices and well experiments. The b-w.%iis h.c.c. at all tempera-
defined habit planes were seen for the nitride precipi- tures j51and the Nb--Ow%iZr is b~c.c. above approxi-
tates in low concentration Ti and Zr in Mo alloys I I. mately . 950 0C. All the nitridation experiments \kere
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performed in the single phase field. Below 950-610"C The minded N-b-Zr X-ray diffraction panerns %,ere
there is a miscibilit- gap and a eutectoid reaction at taken Aith an Si standard. This '"as repeated after
610 *C for Nb-Zr '6 . Samples were cut from the allov grinding off ar, approximately 50 mm la~er each time
materials and their surfaces ground to remove the to determine the extent and the mmnde phase f',rmed
oxide scale present. and then cleaned ultrasonicallv in The metallographic samples of Nb-Zr-N were cut and
acetone prior to nitridation. mounted to observe the true cross-section under the

Homogeneity of the alloys was established using microscope. An etchant of the composition 50 ml
enerey-dispersive spectrometry EDS' and X-ray dif- H.O. 25 ml HLNO, and 5 mi l-tFI,. was used to etch
fraction AXRD: techniques. EDS was used by taking a preferentially the Nb. A rrucrohardness test was per-
composition profile over a 3 x 3 square point grid, formed on the cross-section unetched using Vickers
XRD was performed on a polished surface of the alloy hardness indentation with a 200 g load. The TEM
san.ples. sample was ground to 2 mil before being argon ion

initially. samples were nitrided by placing them in a beam milled ý0.75 mA. 5 kV,' from both sides unnil a
DTA furnace at combinations of several times 12, 4. 8. small hole appeared approximately 14 h
24 h) and temperarure- 1080-1300°C, in a pure In the Nb-Ti-N system samples for optical micros-
nitrogen gas environment. To flush the system of detn- copy. microhardness. AES and SEM analysis, were
mental oxygen or other possible contaminants, prepared by cross-sectioning to a final polish with
nitrogen gas was passed over the sample throughout 0.5 um alumina slurry. The SEM samples were sput-
the cycle. However. the residual oxygen and the strong ter-coated with a laver of Au-Pd. SEM anaivsis was
oxide-forming nature of the N-b alloys resulted in oxide performed on both unetched samples and samples in
format:on on the sample surface. which the Nqb-Ti matrix surroundir.g the TLN features

In order to control the oxidation during rutridation. had been preferentially etched away using an etchant of
an alumina tube furnace was constructed. Residual one part hydrofluonc acid and three pans rutric acid.
oxygen in the system was gettered through the use of After nitriding, TEM samples were prepared as
titanium powder. The experimental set-up for the described previously. For both alloys AES was used to
furnace is shown in Fig. 1. The samples, immersed in determine the approximate chermstry of the nitride.
Ti powder, were put in an alumina boat. The system
was evacuated and then flushed with ultrahigh purity
(99.999%) nitrogen for 2 h prior to the start of each 3. Results
experiment.

Samples were characterized using optical micros- EDS and SEM confirmed the homogeneity of the
copy, Vickers nicrohardness, Auger electron spectros- samples. The X-ray diffraction patterns taken off the
copy (AES, scanrnmg electron microscopy oSEM). polished surfaces showed only the presence of a solid
XRD. EDS, and transmission electron microscopy solution of Zr and Nb in the Nb-Zr system for samples
(TEM). quenched from the single phase field and a solid solu-

In the Nb-Zr system X-ray samples (1 cm x 1 cm x tion of Nb and Ti in the Nb-Ti system, with no indica-
0.3 cm), metallographic samples (0.2 x 0.2 x 0.7 cm 3), tion that the alloys contained any other phases.
and TEM samples (1 cm x 1 cm x 15 mil thick) were In the Nb-Zr-N system the XRD patlern on the
simultaneously nitrided in the tube furnace at 1200"C surface of the mrtnded sample m howed the presence of

for 24 h. The sample to Ti getter volume ratio used for ZrN. Ti ;from the getter;', and an oxvyiride of the Nb
this alloy system was 0.7. solid solution. After grinding off a laver of 100 pm the

pattern showed the presence of an Nb solid solution
__- __ , NolJ and ZrN. Further gnnding to 200 um. the pattern

,ii t"' showed the base Nb-Zr solid solution. indicatine that
r. •the nimded laver was about 200 um thick. Figure 2

- shows the XRD patterns taken after periodic .rIndine

1Microhardness tests, performed anmularl. on the
-aN .. r" .. .... cross-section. showed a twofold increase in the V'ickers

_________, __,___ hardness number from the inner material to the
L ,,,,,I I itIIIIrJ ri nainded crust. A schematic draw.inc of the true cross-.. -s~r, section of the sample along xith the microhardness

A z I I X u , I it data is shown in Fig. 3,
eF T,,- TEM analysis of the sample showked the presence of

Eno PWaten ZrN in an Nb-Zr solid solution matrix. Figre 4 illus-

Fig. 1. Expenmental set-up of the nindanon furnace. trates the morphology. Diffraction patterns at the inter-
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T 
I

M~NO
KbNO -

Z ,"N F ir -3 S c h e m a tic d ra v ,i n .o f th e C ,i , -•c ti :n a n d o r re',p o n d -
:nc mtcrohardness data m ke mm - axen irjnuiirJ'- o.nn tf

SS I, cross-section of the sam pie. load 200 ,of an N b- ,w t. °Z r
Zr'N Zj "am p le n min d ed fo r 24 h at C . 5 5 . 3. 520 9 .

ZrN Ti 5 520 .9. 5. 48 1.6 6.496.7. 7. .aT 6.. S. 4CI , 4466 . 10 , 4 -0.s)zrN~ 1 II1 366.e •. ] 2.326.,1 Z, ,3 6'.

96 71 42 30 faces showed that there is an onentation relationship
26 between the Nb-rich solid solution and ZrN ,olumes in

most areas of the thin foil TEM sample. Figure 5 shows
an interface and the corresponding diffraction pattern.
The diffraction patterns showed the onentation
relationship to be ;001! -,z,O OZ'1001izN. This is equiva-
lent to the 001kbz.1AI Il ,iz for 0001:, l001,1,,. A
simple lattice matching model shows this to be a low

si energv match due to the small, approximately 2%.
SZrN mismatch. The boundaries between the solid solution

si zrN• and ZrN did not appear to be the simple
': •I ! 001 1 II 001 I,,, plane expected for smaU precipitates.

zr" i si iZrN zrN indicating that the planar low energy interface was"ZtN� probably only present at an early point in the ZrN

a J z ;, growth. This early growth dictated the orientation
l .P ,,,relationship but as growth continued other factors

F I I' F F F influenced the exact phase boundary morphology.
90 7, 6 5,, 42 30 A sample of Nb-Ti which was nitrided in the DTA

26 for 24 h at 1200"C was cross-sectioned and then
mechanically polished. AES was performed on this
-ample. From a comoarison of the Auger spectrum of
the sample with the spectrum from pure ý,99.9%) TiN

Nb Soh powder, TiN was determined to be present in the
sl Soln sample. However, the spectrum showed that a large

amount of oxygen contaminant was also present in the
surface layer. XRD determtned that the surface oxide

S i present in the sample was Nb:TiO..N S o l ,o s 1
Sotl Fizure 6 is a rrucrograph of the EDS line scans for

S1 Nb and Ti on a polished sample which was nitnded for
SSo, sodIf Soin .4 h at 1080 *C. The white line across the sample is the
",,' i.., .I,.Sk .9. ' l lo c a ti o n a c r o s s t h e s a m p le f o r w h ic h t h e s c a n w a s

I ! I I F performed. From the line scan. there appears to be an
90 '8 66 54 ,2 33 excess concentration of Ti at the grain boundanes.

26 These regions appear to be zones A here rutrogen has
reacted with the matrx matenal. Thus both bulk diffu-
sion of nitrogen and diffusion of nitrogen aiong grain

Fic e a X-ra', diffracton pattern taken off the surface of an boundanes play an important role. .- s the nitndation
"Nh-a4w t°,Zr sample minded for 2 a h at 12 :o*C. lb X-ray temperature is ,,i.cased to 1.200 'C and then 1300 'C
dtffracton pattern taken off the surface of an Nb- ,7,I' .Zr and the reaction time increased from -4 to -24 h the
sample minded for 24 h at 1200 C. after gnnding off 100 urn., proresson of the reaction front can he folloý\ed untl
c X-ray diffraction patern taken off the surface of an
Nb-47'wt.%Zr sample ninded for 24 h at 1200 'C, after gnnd- complete reaction of the base matenal w\ith the

Ing off 200 Um. nitrogen has occurred throughout the specunen.
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Fir. 6, EDS line scan of N'b-47%%i_'oTi nirndd for 4 h at
1080 T ),ho~kine concentration oi Ti at o-rain h)oundanes.

Figure -1 shows a sample mnirded for -; h at 12'00 'C -

whilch has had the Nb-Ti matrt-x etched avka% to shoA
-TiN rods". EDS shows these rods to he rich in Ti. The
solid solution chemiustry is approximateIk Nb,,~Ti,,, N.
The -rods*' were confirmied to be solid solution TiN
from the TEM. diffraction patterns. Figure 8 shows a
TEM image of a sample nitrided for 4 h at 1 200 *C.-
The rod-like structures in this fioure corresprond in size
and shape to those in Fig. 70. The orienta-tion relation-
ships bermeen the Nb-Ti matrix and the TiN .%ere
determined to be:

100 1 0ifl ý.S

I 14- T, lt 2 rrT% Fig. 7. SEM images of Nb-4 ,wt.%Ti minded for 4 h at 200CT

These relationships are consistent with those found vhich has had the matnx etched away to show -riN rods",

for TiN in Mo by Ryan and Martin [1I] but not with that
predicted by simple matching of the BI :NaCI} TON
crystal structure with tie b.c.c. Nb-Ti solid solution front of the m~trogen- zrain boundary diffusion of the
crystal structure along ,100 planes of both where nitroeen. and the rod-like TL]N features.
I 00, }~I 1 019 and 'I 1GJA100;,,. This orientation TEM \ analysis could not confirm the continued pres-

shows a mismatch of approximately 91'' along a ) I 10 ence of an orientation relationship after exiensive
direction. The orientation relationship is not as simple nitriding: 24 h at 1 200 'C .Regions of TiLN were found
as that found for Nb-Zr solid solution-ZrN system surrounded by Nb-rich solid solution. While regions
%here the mismatch along the 1 10 , is about 29.It which .onijaned some eloneated ro~ds of 'TIN ýxere
was suspected that earl% in the gro~sth the habit plane found. the bulk of the rods ý.Pheroidized to -quiaxed
sas the 3ý10 11T 1 T.N b% jinaloes, w~ith the tzrains of TIN Solid SOlution.
lo -T IN s\ stem.
AES wa- performed on a mechanically polished

s;ample wkhich had been niti-ided for 2.1 h at I 200 0C. .4. Discussion
Aeamn. TIN Aas determined to be present using.AES. A
\verv thin surface oxide \%as also obs;erved, Only a small After nucleation and cro"Ih of -.mall oriented
amount less than 5 min of Inert ion sputtering \,as mnirde particles. nitrogen is, colntinuously xupplied
required to reduce the AES oxide signal to a negligible through the solid solution- nitride phases produced at
amount. SEM images of samples prepared in the tube the free surface and the grTo~xh continues b\,. a Cellular
furnace. both unetched and etched. ,ho\& the reaction Qrowrih mechanism. FiL-ure Q4 shows a schematic dia-
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ATTRITION AND VIBRATORY MILLING OF Cu-TiN

A. YEOH, M. SCHMERLING, H. L. MARCUS and Z. ELIEZER

Center for Materials Science and Engineering

The University of Texas at Austin

Austin, Texas 78712

Mechanical alloying or high-energy ball milling is a solid-state powder processing

method first developed by J.S. Benjamin in the late 1960's [1]. In mechanical alloying,

metal and/or ceramic powders are repeatedly fractured and welded resulting in individual

alloyed powder particles. Typically, hard ceramic or metal balls are used as grinding

media, hence the term ball milling. Commercially, mechanical alloying has been used for

many applications including the manufacture of oxide dispersion strengthened superalloys

[2], and more recently, the production of amorphous powders [3].

Generally, it is accepted that ball milling produces powder particles with a

characteristic lamellar structure [4]. However, this study of Cu-TiN showed that the

lamellar morphology was observed only in attrition milled powders and not in vibratory

milled powders.

In the attrition milling experiment, a SzegvariTM HD-01 attritor utilizing stainless

steel parts was used. 200 grams of 3/16 inch diameter stainless steel balls were selected as

the grinding media for 50 grams of Cu powder mixed with TiN powder to produce a Cu-3

wt.%TiN composition. The average starting Cu powder size was -75 p.m and the average

starting TiN powder size was -3 4zm as depicted in Figure 1. After sealing the powders



and grinding media in the tank, the system was purged with argon for 2 hours before

commencing the experiment. An argon flow rate of 0.8 Lmin was maintained throughout

the experiment. The actual experiment was conducted with a rotational speed of 600 rpm

which corresponds to a calculated ball collision speed of approximately 2.5 m/s. It should

be noted, however, that according to Courtney and Maurice [5] the average collision speed

in the attrition mill may not exceed 0.5 m/s. Flowing tap water (-20°C) was used as a tank

coolant throughout the 8 hour period of the run. At the end of the run the milled powder

was allowed to cool under the same argon flow for 2 hours. The powder was then

removed and stored in a vacuum desiccator for future analysis.

A SpexTM 8000 Mixer/Mill with hardened steel components was used for the

vibratory milling experiments. Three 1/2 inch diameter hardened steel balls with a

combined mass of 25 grams were used as the grinding media for 10 grams of

Cu-25 wt.%TiN powder mixture. Similar to the attrition milling experiment, the powders

were manually mixed prior to placement within the grinding vial. The same starting

powders were used but with a different weight ratio than during attrition milling. The vial

was then capped in an argon atmosphere and was not opened again until the end of the 16

hour run. Due to the nature of the vibratory mill apparatus no tank coolant was used, but

internal temperatures were expected to be higher due to collision speeds on the order of

17 m/s [5]. At the end of the experiment, the milled powder was left within the vial for

4 hours (to allow sufficient cooling) prior to removal and storage in a vacuum desiccator.

Before examining the milled powders, it was expected at this point that both

powder specimens would yield intimately mixed powder particles with a lamellar

morphology. The vibratory milled powders were expected to be much finer due to the

reported efficacy of the vibratory milling process. Suryanarayana and Froes [61 have

2



claimed that 16 hours of milling in the vibratory mill is equivalent to 100 hours in the

attrition mill.

The milled powders were characterized in loose form and in mounted and polished

form in a scanning electron microscope. The loose specimens were prepared by placing a

small amount of milled powder on an aluminum stage and sputter coating the sample with

gold-palladium. Preparing the polished specimen involved mounting the loose powder in

bakelite, manual grinding to 600 grit SiC paper, rough polishing with a I prn diamond

paste, and finally fine polishing with a 0.05 gim A120 3 slurry. In between each step the

specimen was cleaned with ethanol in an ultrasonic cleaner. After fine polishing, both

samples were etched for copper using an etchant consisting of 3 parts glacial CH3CO2H to

1 part HNO 3. Finally, the specimen was also sputter coated with gold-palladium for the

SEM analysis.

SEM micrographs of the 8 hour attrition milled Cu-3 wt.%TiN powder is depicted

in Figure 2. When compared to the starting copper powder, it was obvious that the milled

powder particles were actually agglomerations of smaller particles. This observation was

also made directly from the "layered" appearance of the milled powder particles. After

polishing and etching for copper, the lamellar structure characteristic of mechanically

alloyed powders became more evident. Closer inspection of Figure 2(b) reveals that the

lamellae within the agglomerates consists of submicron folds. A well dispersed

distribution of submicron titanium nitride particles between the copper folds can also be

seen in this micrograph. Therefore, ball milling appears to have refined the titanium nitride

particles. Submicron copper "folds" had also been concurrently formed, but agglomeration

of these "folds" effectively negated copper particle refinement as it is the size of the

individual/agglomerated powder particles that is important during subsequent
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consolidation. Hence, attritor milling had effectively formed large dispersion strengthened

powder particles.

Figure 3 is an SEM micrograph of the loose 16 hour vibratory milled Cu-25

wt.%TiN powder. Agglomeration can be observed throughout the powder specimen, hut

these agglomerates comprised submicron copper and titanium nitride individual particles.

Upon polishing and etching the powder specimen, no lamellar morphology was observed.

Instead, a very good dispersion of fine TiN particles within a "smooth" copper matrix was

observed as depicted in Figure 4. The powder specimen was consolidated via compaction

and conventional sintering in H2 (1000°C for 4 hours), then sectioned and thinned for

transmission electron microscope (TEM) investigation. Figure 5 is a TEM micrograph

showing the selected area diffraction (SAD) patterns from two adjacent regions. The ring

pattern indicated that polycrystalline copper was present at this scale, which was extremely

surprising considering that the specimen had been heat treated at a temperature conducive to

accelerated grain growth of copper. A possible explanation for this occurrence is that the

high content of TiN particles during milling could have functioned as minute grinding

agents. Hence, the already effective refinement method via vibratory milling is further

amplified by the presence of these small, hard particles. The milling process also disperses

the small TiN particles (which are also refined to submicron dimensions) that inhibit grain

growth of the copper, yielding a nanosize polycrystalline copper/titanium nitride composite.

As described, a lamellar morphology was observed in the attrition milled sample,

but none was observed in the vibratory milled specimen. This is possibly an effect of the

higher concentration of TiN powder in the latter experiment. However, ultrafine grains of

copper remained after this powder specimen was compacted and sintered indicating a

homogeneous distribution of TiN in Cu as opposed to a layered morphology. This
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homogeneity in the 25 wt.%TiN specimen may also be due to the larger volume percentage

of brittle phase surrounding the small copper particles which prevented large scale

agglomeration.

In summary, two separate experiments involving attrition and vibratory milling of

Cu-3 wt.%TiN and Cu-25 wt.%TiN respectively, were conducted. The results showed

that a layered morphology occurred in the attrition milled specimen, but not in the vibratory

milled sample. Massive agglomeration was observed in the attrition milled powder

resulting in particle sizes larger than the starting powder sizes. In the vibratory milled case,

excellent powder particle refinement occurred and nanosize copper and titanium nitride

particles were observed under the TEM. In addition, consolidation of the vibratory milled

powder did not cause much grain growth of the copper particles. The final result has been

mostly attributed to the high volume fraction of TiN particles which may have inhibited

large scale grain growth.
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t(a)

Figure 1 SEM micrographs of the (a) starting copper powder and (b) starting titanium

nitride powder.



.b)

Figure 2 SEM micrograph of the (a) 8 hour attrition milled Cu-3 wt.%TiN powder

(b) after polishing and etching for copper.



Figure 3 SEM micrograph of the 16 hour vibration milled Cu-25 wt.%TiN powder.

Figure 4 SEM micrograph of the 16 hour vibration milled Cu-25 wt.%TiN powder after
polishing and etching for copper.



Figure 5 (a) TEM micrograph of 16 hour vibration milled Cu-25 wt.%TiN powder
after sintering with (b) the diffraction pattern from A - TiN 110 , and
(c) the diffraction pattern from B - polycrystaline copper.
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Copper alloys dispersion-strengthened !y nitrides

Copper when dispersion strengthened bv oxides T,.\!2 02 . ZrU). :,nd lHc k)), 1. ridcs

(TiB2) and carbides (ZrC. TaC and NbC) offers a unique combination of hih sirený,ih and

hardness with excellent electrical conductivity. Such alloys are used for lead frames, spot

welding electrodes, etc. The effectiveness oft the dispersed particles in the matnix strengthening

and strength retention depends upon the particle size, interparticle spacing and chemical stability.

Transition nitrides such as TiN and ZrN possess high electrical conductivity, high hardness and

melting point. It is expected that a copper alloy dispersion hardened by TiN and ZrN would be

extremely useful. However, little research has been done on these systems. The object of this

investigation was to make TiN dispersion hardened copper alloys which possess high strength

and high electrical conductivity at high temperatures.

The experimental procedure is shown in the following block diagram.

Cu-3wtTiMechanical Alloyed Cu Exernal coaed Mechanical Cu-TiN alloy
[itre alloying powder nitridatia Cu powder alloying

Mechanical alloying was performed with a Spex 8000 mixer/mill using hardened steel vial and

grinding balls 12.7 mm in diameter. The milling process was interrupted periodically and a

small amount of the powder was taken out from the vial in a glove bag filled with high purity

nitrogen. After nitridation, the powder was finally mechanically alloyed for 10 hours. All

external nitridation was carried at 8O()C for 24 hours. The ball milled powder was characterized

by X-ray diffraction (XRD) using Cu Ka radiation. Scanning electron microscopy (SEM) was

used for morphological examination. Auger electron spectra (AES)' were obtaincd usim,- 3 Key

electron beam while the sample was sputtered with Ar ion at 4-* M- torr. Vickcrs microhardness

-valtucs were determined for the consolidated and high temperature annealed sm iplcý, i ,,ls-' a load



of 200g. Carbon extraction replicas were employed to observe the TISE.M ime. o. the Jitx'r~cd

nitride particles. Some TEM samples were also prepared by Ar ion beam thinnitwg.

The powder mechanically alloyed for 57.6 ks was nitrided at 1073 K for •6.4 ks ad

became golden colored. A TiN layer formed on surfaces of powders as confirmed by X-Ray

diffraction analysis (Fig. 1) and SEM microphotographs (Fig. 2). The nitrided powcder %,as then

spex-milled for 36 ks. It is interesting to note that almost theoretical density was obtained durin,-

the mechanical alloying process. The loose powders have changed into small agglomerates of

various size, some as bie as 6 mm in diameter. Few pores were observed Under SFNI

examination (Fig. 3).

Fig 4 is the TEM image of the extracted dispersed TiN particles and the correspondir.g

selected area diffraction pattern. It is clear that nanosized TiN particles were obtained by this

external nitridation method in combination with mechanical alloying. Occasional parnicles of the

nitride phase on the order of 14m were seen. Selected area diffraction ring patterns indicate that

these larger particles consist of many small TiN particles. These agglomerates were annealed at

elevated temperature in vacuum and showed very high room temperature hardness values wvhich

were independent of annealing temperature below 1173 K as shown in Fig. 5.

At this stage, mechanical alloying in combination with external nitridation seems to be a

very promising technique for the preparation of copper alloys dispersion-hardened with nitrides.
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Fig. 3 SEM images of Cu-TiN alloys

(a) as mechanically alloyed

(b) heated at 1173 K for 7.2 ks

(c) heated at 1273 K for 5.4 ks
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Fig. 4 TEIM images of the dispersed TiN particles
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Fig. 5 The room temperature hardness of Cu-TiN as a function
of annealing temperature
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Appendix E
Development of a Selective Laser Reaction Sintering Workstation

B.R. Birmingham, J.V. Tompkins, G. Zong, and H.L. Marcus

Center for Materials Science and Engineering
The Uniersity of Texas at Austin

Austin. Texas 78712

Abstract

The purpose of this paper is to describe the design and operation
of a Selective Laser Reaction Sintering workstation developed at The
University of Texas. The workstation allows the study of solid freeform
fabrication of reaction sintered materials on a research scale. The
mechanical and control systems of the workstation are detailed, and
Selective Laser Reaction Sintering as a technique is discussed including
example material systems that are currently under study.

Introduction

Solid freeform fabrication (SFF) is any manufacturing process that produces a
three dimensional part without the use of standard or part specific tooling. One form of

SFF, Selective Laser Sintering (SLS), uses a laser to sinter selected areas of a powder
bed. Additional layers of powder are spread on top of the first, and specific areas of

each layer are scanned and sintered by the laser before the next layer is spread. In this
way, a three dimensional sintered part is ':uilt up layer by layer. At the end of the

process, the manufactured shape may be removed from the surrounding loose powder.
Parts have been made from various polymers, metals and ceramics using this technique

[1,21. Selective Laser Reaction Sintering (SLRS) combines SLS with a simultaneous
gas/powder reaction process known as reaction sintering or reaction bonding[3]. This

simultaneous reaction typically involves the decomposition of a gas to solid or a gas
interacting with a liquid or solid to produce another solid. The SLRS process has the
potential of producing parts made of monolithic matenials and composites that are

difficult or impossible to sinter using SLS as well as producing microstructures that are

unobtainable using standard sintering techniques.

Equipment

To be successful a SLRS system must accomplish three basic functions. These

functions are 1) supply controlled laser power to a selected area, 2) provide multiple

layers of a powder bed having proper thickness and density and 3) provide the



appropriate gas environments including vacuum. An overall schematic of the SLRS
system is seen in figure 1.

S " • : _ ÷ : - - ...... . .. . .. .. . . . ... . . . .. .

Cv:

- ". - TA_Z -

Figure 1.

With the exception of the powder delivery mechanism, the basic arrangement of
this system has been previously described in the literature [3). The laser beam from a
25 watt CO2 laser is directed onto a substrate that is located in an environmentally
controlled chamber. A motor driven X-Y table moves the chamber/substrate under the
stationary beam effectively "scanning" the beam. Both laser power and X-Y table
controls have been upgraded for this workstation. Laser power fluctuations have been
reduced to less than 5% of setting by using a pulse width modulation controller
developed at the University [41. Power level can be adjusted manually or by computer.
Positional accuracy of the table/beam is now better than 201m and repeatability better
than 5pm at scan speeds to 3mm/sec using a computer controlled dc servo system.

Environmental control is achieved by locating the powder delivery
mechanism/substrate inside a vacuum chamber. The chamber has three independent
gas inputs with the emphasis on flexibility due to the research nature of the system. The
gas inputs have allowed for the introduction of a variety of gases including N2, N2/H 2 ,
NH 3 , Ar, H2, 02, CH 4 , and C2 H2. The chamber is currently set up for static gas
environments, but minor modifications could easily make it a flowing gas system if
desirable. Mechanical pumping initially provides 10-3 Tort vacuum to minimize gas
impurity content. Mechanical and resistance vacuum gauges monitor system pressure.
Power and thermocouple feedthroughs provide the ability to heat substrates and monitor
and control temperature using a PC based data acquisition system. A gas sampling port
has also been included to enable connection to a gas analyzer system(RGA). This will
be used to gather information about reactants and by-products during the reaction
sintering process. Mechanical feedthroughs currently enable manual operation of the
powder delivery mechanism. The mechanism will be automated in the future.
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The powder delivery system is similar in concept to one previously reported 15],
but considerable miniaturization was required to fit the entire mechanism inside the

available five inch diameter by 5 inch in height vacuum chamber. A schematic and
photograph can be seen in figures 2 and 3. Two rotation feedthroughs marked Powder
Feed and Powder Accept are coupled to worm/gear/leadscrew arrangements that
ultimately drive the powder feed and powder accept pistons up and down in their
respective cylinders. The rotation feedthrough marked Roller Traverse drives a spur
gear/leadscrew arrangement that causes the roller to traverse across the top of the stage.

e/' - . e.. .

' P'

--" -----

4Figure 2.

Figure 3.

During a standard production cycle the system starts with the traversing roller to

the far left, the powder feed piston would be down and its cylinder full of powder, and

the powder accept piston would be up. Powder is made available to the roller by raising

the powder feed piston an incremental amount. The roller is then traversed across the

3



stage and then back, spreading the powder into a thin layer. As the roller traverses, a
rack and pinion causes the roller to spin so that the roller surface in contact with the
powder is actually moving in a direction opposite to traverse direction. This is done for
improved powder spreading. After the new powder layer is spread, a laser scan is
performed, sintening specific areas of the powder layer above the powder accept piston.
When the scan is complete, the powder accept piston is lowered some specified layer
thickness. The powder feed piston is again raised, providing another incremental
amount of powder. The roller is brought across the stage, spreading a fresh layer of
powder over the powder accept piston and the previously sintered layer. The laser is
scanned again resulting in a second sintered layer. The powder accept piston is lowered
and the process is repeated until the part has been built up layer by layer. Maximum
part size from this mechanism is roughly a 1.5cm by 1.5cm by 1.5cm cube. The
gearing of the mechanism enables layer thickness control to within a few microns.
Working on this scale is advantageous when using difficult to make, hazardous or
expensive materials because of the small amounts of precursor required to load the
system. When the materials systems have been proven on this scale they can easily be
adapted to a larger system.

Applications

Laser reaction sitering can be used in a variety of ways to produce a variety of
results. The following discussion is by no means all inclusive, but is meant to give
examples demonstrating some of the interesting aspects of this technique.

Standard pressureless sintering of oxides, nitrides, and carbides is difficult.
However, formation of an oxide, nitride or carbide may be achievable by reaction
sintering in the corresponding oxygen, nitrogen, or carbon rich atmosphere. One
example is the reported success of sintering an ajuminum./aJumina mixture in the
presence of oxygen to form an alumina pre-form [6]. These pre-forms will be
infiltrated to create a metal-ceramic or ceramic-ceramic composite part.

Composite structures can be produced directly by partial conversion of powder
by reaction. A multi-layer Cu-TiN part was produced by this SLRS system using a Cu-
1OTi alloy as base material. Reaction sintering in a nitrogen atmosphere caused the Ti
to migrate to the surface of the alloy particles where it reacted with nitrogen to convert
to TiN. The result was a copper matrix with a sub micron TiN layer on each of the
original powder particles. TiN presence was confirmed by x-ray diffraction and the
dispersion of Ti rich areas(TiN) was mapped using EDS. Figure 4 shows a side view of
a 6mm by 6mm by 3mm thick Cu-TiN rectangular solid made using SLRS. Note that
the part is composed of 15 layers. The delamination observed can be eliminated with
proper substrate pre-heating. The microstructure of the part can be seen in Figure 5.
which contains a backscattering electron micrograph and a Ti element map of the same
region. The element map clearly shows the Ti migration to the surface of the alloy
particle where it formed a nitride coating on the particle. It is believed that proper
control of powder size and operating parameters can result in very fine microstructures
unobtainable by standard sintering techniques.
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Figure 4.

Figure 5.

A third technique involves laser sintering and simultaneous vapor deposition and

infiltration. One system currently under study combines the pyrolitic formation of SIC

from an organometallic gas precursor with the sintering of a SiC base powder. The

pyrolitically produced SiC infiltrates the SiC base powder and binds it together. Single

and multi-layer parts have been formed in this fashion. Figure 6 shows the side view of

a single layer of SLRS SIC. Starting powder was l6fm SIC. Note the density vaniation

through the layer. Figure 7 is the top view of a 6mm square by 1 mm thick SiC

rectangular solid. The six layer part was also made using 16,.m SiC. Bonding between

the layers is limited, but it is believed this can be improved by optimization of process

parameters including laser power, gas pressure, powder size and layer thickness.
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Figure 6.

Figure 7.

Conclusions

A Selective Laser Reaction Sintening workstation is in place and operational. It
is capable of producing multi-layer solid freeform parts in an environmentally
controlled chamber. This will enable tl'e study of laser sintering combined with gas
phase/powder reactions. It is believed that this combination is capable of producing
materials and structures unobtainable by standard suiltering technoiques. Preliminary
studies are positive.
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Residual stress effect on impact properties of
Gr/AI metal matrix composite

JI-LIANG DOONG
Department of Mechanical Engineering, National Central University. Chung.I. Taiwan 32C64

SHYH-NUNG S. LIN. H. L, MARCUS
Center for Materials Science and Engineering, The University of Texas at Austin
Austin. TX 78712, USA

The effects of residual stress on the impact properties of the unidirectionally reinforced P 100

Gri6061 Al metal matrix composites with different thermal histories have been investigated

using an instrumented impact test method and scanning electron microscopy. The cantilever
impact generally causes tensile failure at the notch and compressive loading on the opposite

side of the specimen. The specimens with yield tensile matrix residual stresses have planar

fracture surfaces and iow impact energy due to the contribution of tensile residual stress, The

specimens with small residual stresses have moderate impact energy because debonding
between fibre dnd matrix or fibre/matrix separation also serves as an additional mechanism for

energy absorption. The specimens with higher compressive matrix residual stresses have the

targest maximum load of all the specimens with the same matrix treatment. The specimen with

matrix compressive yield residual stress has the maximum impact energy owing to a stepwise

fracture surface. It can be concluded that good impact properties of composite materials can

be obtained by choosing a suitable thermal history to modify the deleter!Jus tensile mat'ix

residual stress.

1. Introduction Understanding the impact response of composites
Metal matrix composites iMMC) provide a relatively has become an area of great academic and practical
new way of strengthening metals and they are recog- interest [10-14]. It is well known that the mechanical
nized to have the potential for high-temperature ap- properties and the fracture mechanisms of composites
plication while maintaining usable levels of fracture with residual stresses are different from those of mater-
strength, However. a residual thermal stress can build ials without residual stresses, because of the super-
up because of a difference in thermal expansion co- imposition effect of the residual stresses with the
efficients of the fibre and the matnx when cooling from applied stresses. In addition, fibre composites are

)igh processing temperatures. Owing to the large highly susceptible te internal damage caused by im-

thermal mismatch in the fibre longitudinal direction, pact loading, It is therefore necessary that this effect
the thermal stress can be large enough to cause yield- should be studied in more detail.
ing in the matrix. For example. the combination of The impact response of composites reflects a failure
graphite fibres with slightly negative coefficient of process involving crack initiation and crack growth in
thermal expansion ICTE) and aluminium matrix with the elastic pla-tic matrix, fibre breakage and pull-out.
high positive CTE leads to a plastic flow in the matrix delamination, and debonding. The instrumented im-

and large internal stresses in the constituents even for pact test is potentially a more useful tool for evalu-

a relatively small temperature change ( I ]. The estima- ating the dynamic response of materials mainly be-
tion of residual stress is required to evaluate the cause the traditioni,! Charpy and [zod impact tests

performance of MMC. There have been a few studies could not provide such information. The force-

[2 -5] to estimate the thermal residual stresses. Some displacement curves of the test specimen during im-

research has focused on experimental measurements pact can be recorded by a computer-controlled data

of residual stresses [6-8]. It is well recognzed that the acquisition system and then analsed The shape of

state of stress affects the perfor-mance of these com- the curve provides information on the initiation. yield-

posites. The effect of the thermally induced residual Ing. and propagation energy during impact.
stresses on the yield behaviour has 'en discussed by The purpose of the present study is to in.estigate

Wakashima et ul. [9] However. tiere has been %,ery the effects of thermal residual stresses on the impact
little %,ork reported on the effects of residual stresses properties of MMC Pti0OGr 6061Al usirQ an nstru-
on dynamic responses of M MC materials. mented impact tester The test specimens '.4i;h various
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residual stresses can be obtained si heat treatt,wni'. [he mna imum reciduai e ic .d

of the alumimium matrix c~omposite Sc:anningeieectron qiuenchino ternper:tiurc .±rrxnitisL .t

microscopy is applied to stud.ý the microstructural 1411) %1 Pa for Al-rT4 and -\I. rh treatments rcs{icct -
failure mechanisms. .~elv T-he residual strevNes measured in the .iiuminiuin,

.illoý maitri S were hound %o !n it cod iicrrewmn
A ith the caliculated rc~uit% Rii:i 1' Le . J urici

2. Experimental procedure tinite element mnethods The tr- 4 the iibre
N unidirectionail]- reinforced double-plh pitch PI X TppOsite to that ofthi: nmitii\ . F r h .'

Cjr 061 -Al vt MC plate for this tudy has a tolil of uniaxiail. uflitorm displacement. thermal itrcs'
thickness of 0 S1 mm. with 6061 Al face .,heets of ~hanves in both phases [ he iT-pr,,XIMatC rciationshpr
thickness i0 1 mm on both sides. Fibre solume traction b~etwAeen thie matrix tiresN hjnacue An-.,. .nd tIbrc
of the composite. V,. is about 40%r. A detailed descrip- stress change. A(7.. :an he expressedi as

tion of residual stress estimation b, X-ray. diffraction A i Iii
was presented elsewhere [I15. 161ý The specimen num-
ber, thermal histories, and residual stresses are shown For these composites w ith I .~ 4. the residual ire-,s
in Table 1. of the fibres is opposite to that measured in the matrix

The drop-wetght impact tests \Aere conducted on a with a maenitude of I ý times Lis lar~ee It means that
Dynatup Model 8200 with GRC 7 10-1 automated interfacial -,hear stress between tibre and matrix in-
data acquisition and analysis system. The striking tup creases \Aith the matrix residual stresses For example.
and the ansil of the tester %ere designed according to the residual stresses of specimen w ith T6-1I treatment
the ASTM standatrd for Charpy test. The specimen ire 140 and - 10 %1 Pa for matrix and tibre. respect-
dimensions were 80 mm longa by 10 mm wide aind a iselv The -;tress difference is 34;0 \1 Pa For a ,ipecimen
2mm depth notch was machined at the centre of the w4ith T6-3 treatment, the stress difference is onl%

length. The hammer and tup weighed 9.55 kgf. The I MWa. In addition, interface debonding will occur tf

impact %elocity was set at 1.83 m s - IThe critical the interfacial bonding is not strone enougrh to with-
parameters which were used to compare the impact stand the shear stress resulting in the pull-out phe-
response of each material include: tat maximum load. nomenon. All these cause the failure of the composite
P_; bN energy absorbed to maximum load lend of materials. Therefore. the residual stress of composites
damage initiation phase). E_: (c) total absorbed should be reduced to as low as possible. Owing to the
energy for through-penetration. E.ý and (d) the energy supewrimposed effect of residual stresses on the applied
absorbed in the propagation phase. E, E, - E., and load, the compressise residual stress has a retarding
the ductility index. DI. equal to E, E_. The measure- effect on fatigue crack growth (20. 21].
ment data are summarized in Table 11 and typical The cantilever impact on the specimens causes ten-
impact response of force-time diagrams are shown in sile failure at the notch and compressive loading at the
Fig. I . surface opposite to the notch. The crack inttiation and

A Jeol 35 SEM using a 25 kcV primary beam was propagation occurs at the notch. Thus when comn-
used for the microstructural studies. The specific fea- pressive residual stresses are present in the matnx. the
tures in the micrographs of each tested specimen will applied stress must overcome them first so that the
be discussed in the next section. fracture can take place. In contrast, tensile residual

stresses in the matrix accelerate the fracture.

3. Results and discussion
3.1. Residual stress effect 3.2. Impact response
The previous microstructural studies [I5. 16] revealed Golovoy et al. (22] investigated the impact response
that maximum residual stresses of the composite were of laminate composttes and indicated that tensile fail-

determined by the yield strength of the aluminium ure is the major mechanism in the initiation stage.
matrix which was different from the monolithic alloy. Fracture propagation ins6olses both tensile and shear

TA BLE I Residual stresses or graphite tibrcs in Pt100 6i061 At matrix %iih Nairuus. thermal histories

Specimen Solution treatment Ageing treatment Quenching' Residual
number lemprsciture I Ire's I % Pi I

I C1 (h)i t~ihi

T41 30 2 Nkine '~RT

T4- ;1 Nor nc
T4-3 511)2 No ne

T6-1 530 2 16 ix ' titiR T) i..t

T6-2 '10 2 iN1i9

Th-3 1 302 :~ IX 1
r6-4 930 : INi IX 90

'Four different iherm~al historic% -~ere used -ith %'inous ijucn.,hing temperaiures .iier igeing rteitmeni in3 thenr xi..k ro-m itmpcrwiiarc

120 Ciý
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FiRure I The force-(imc-impact response diagrams of specimens iat T4-1. ibi T4-4

TABLE i1 The effect of residual stress on the composite impact properties

Specimen Maximum 1, E, E, E, DI
number load iNI Imt i01 Jt Jt

T4-1 18058 0350 00758 0 :144 02902 28298
T4-2 19560 0350 0.0691 05798 06489 8 3957
T4-3 199.34 0.350 00817 03697 0.4514 4 5238
T4.4 19952 01400 0 1045 0 5500 0 6545 5 2610
T6-1 18963 0350 00133 02567 03300 3 5001
T6-2 192.61 0325 00164 04839 05603 6 3308
T6-3 193 10 0450 00973 04599 0.5572 47266
T6.4 21747 0350 00853 02981 03834 34947

failure, which is simply by successive delamination residual stresses. This can be demonstrated by obser-
along planes parallel to the midplane. This statement xing the side fracture surface of the specimens isee
can be used to explain partially the impact response of Fig. 2). The differences in the macrographs of the
some spectmens with large propagation energy, E.. fracture surfaces in Fig. 2 clearly show the influence of
From Table II. the residual stress free specimens T4-2 residual stress on the impact response of the present
and T6-3 show significantly higher absorption energy composite materials. With large matrix tensile stress.
than the specimens T4-1 and T6-1 with yield tensile the fracture is planar but with near free or large
residual stresses in the matrix. The lower impact compressive matrix stresses, more shear fracture is
energy mode is caused by the larger tensile matrix observed.
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I'teure 2 Side fracture surfaces .ith TJ nod T6 treatmeni, • 0

It has been argued by Jang et at. [23]. that the
matrix should be the dominant factor with only a
small amount of fibre breakage prior to maximum
loading. Near the maximum loading and soon after
that. fibre breakage dominates. This suggests that
extensive fibre breakage occurs at the end of the
initiation phase of the impact loading The con-
siderable tensile residual stress in the natrix can
promote the initiation stage of fracture at the crack tip
to reduce the maximum impact loading of composite
materials. Fig. 3 indicates the effect of matrix residual
stress on carrying load. As the strain increases, the
crack tip, the tensile yielded matrix no longer will
carry additional load. resulting in excess stress in the
fibre. This leads to fibre breakage in a colinear manner Strain
with the crack resulting in the planar fracture surface Fieure 3 Matrix residual siress effect on the matrix stress-strain

shown in Fig. 4. When the matrix has a compressive :une tat compressive residual ,(ress, 4bi free residual stre. •c•

yield residual stress, it can carry a significant fraction tensite residual stress.

of the load at the crack tip and the fibres which are in a
tensile residual stress condition will fracture non-
colinearly with cracking. The net result is a great deal
of shear deformation and fibre pull-out along the
continuous fracture path lFig. 5). For intermediate
residual stress level, a mixture of the two failure
mechanisms was observed. All the above would be
equally true for T4 and T6 treatments.

3.3. Microstructural failure analysis
In general, the possible operating microfailure mech-
anisms during impact loading include matrix crack-
ing, fibre-matrix debonding. fibre breakage. and fibre i0 4m
pull-out. The work of fracture includes tio a small
contribution from the fracture energy of fibre and Fiturr 4 Frascture surface of ,pec:mcn Tt, I

matrix. hiit the debonding energy and linit the pull-out
energy. From the studies by Kelly [24] and Outwater
etc. (25], it is shown that the work done on separating imum loading and initiation energy. The micrographs
fibres and matrix can make a major contribution to of T6-1 and T4-1 ,,pqcimens haxe ,imilar fracture
the total energy of fracture. The mechanism of pull- pattern as ihown in Fig 4. on the microstructural
out is a more significant one than the debonding lesel. The fracture surface is planar Oxing to the
mechanism as an energy absorber. Howeer. debond- matrix '.ield tensile residual .tress effect as, discu'sscd
ine must occur before pull-out, but can be a result of preiously. the fibres break before ettens',e ,epara-
noncolinear fibre breakage. These observations are in tion of the fibres from the matrix leading to a ,smaller
agreement %ith the impact test of the matrix tensile amount of pull-out and thus les- absorbed cner,,
residual stress specimens which ha,,e the lowest max- [24. 25].
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I hc mcrograph,, o pcmc 14- I ,p- ec:d I men,
,ith intermediate residual -tre,,,ýc- nho, ., mirc
the t.o failure r echanhsm\. j plJatar iraciurc ,orioc.
jnd a stepwise fracture surface Thcrce ire ;ornc Nne
pull-out fibres on less planar fraiturt -urfacc' AhiLh

nc heobserved in Fig. h "This indica.tes that debon.
ding and pull-out mechanism,, pa•. ,,,e rolc- in the
rracture process.es and prohabi} re.uii fl in f ifrcai.

of impact ,ner.' 1-or the nc sri. lrfe, r.sidua• r
•pc.imens -6.3 and r4-2 ,F,, i ", dimphe-like !raiture
10urfaces Aith relatici, ýhorl ib rC,, extruding are oh-

______,_ ersed. The appearance ,eenms to lie between the iý,o
,extremes of planar and ,hear delormed frature

t-s~ir; i Fracture surface of specimen T4-4 ,urfaces.

4. Conclusions
Several important conclusions can be drawn. First. the

specimen with yteld tensile matrix residual stress has a
planar fracture surface and low impact energy due to
the yield tensile residual stress Secondly. the speci-
mens with higher compressive matrix residual stress
have largest maximum load of all the same matrix
treatment specimens The specimen T4-4 with matrix
compressive yield residual stress has the maximum
impact energy owing to a stepise fracture mech-
anism. Thirdlv. specimens with relatiel. small re-
W idual stress have moderate impact energy because of

%W a mixture of failure mechanisms of planar and step-
wise fracture surfaces. Finally. it can be concluded that

Feure 6 Fracture surface of specimen T6-4 good impact properties of composite matenals can be

obtained by selecting an appropriate thermal treat-
ment so that the deleterious tensile residual thermal
stress can be reduced or even eliminated.
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