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Effect of Nickel Coating on the Interfacial Shear Strengths of
SiC Fiber Reinforced 7075 Aluminum Composites

Liang-Guang Chen and Su-Jien Lirf?

Department of Materials Science and Engineering, National Tsing-Hua University, Hsinchu, Taiwan

The effect of electroless nickel coating on the interfacial shear strengths of silicon carbide continuous fiber reinforced AA 7075
aluminum matrix composites (SiZ075AI) was investigated using a push-out method with a tungsten caf¥i@ cone

indenter. During indentation, no rupture of fibers was observed. This showed that the push-out test can measure the interfacial
shear strength of SgZ075Al precisely. The 160 MPa interfacial shear strength of the specimen without coating decreases to 120
MPa for the specimen with 0.&m nickel coating, even to 20 MPa with Oi8n nickel coating, and then slightly increases with
increasing coating film thickness. Nickel film reacted with aluminum matrix to form porous nickel aluminide intermetallic
compounds during processing and to lower the interfacial shear strength.

© 2002 The Electrochemical Society.DOI: 10.1149/1.1485082All rights reserved.

Manuscript submitted June 4, 2001; revised manuscript received February 2, 2002. Available electronically June 12, 2002.

Research on new materials with high strength, high stiffness,slides, and the stress gradually decreases. The stresses after the
high fracture toughness, low densities, high thermal conductivity, maximum value mean the interfacial friction forces, which decrease
and low coefficients of thermal expansi@@TEs)for application in with increasing displacement of fibers due to the decreasing contact
aerospace and electronic packaging industries are of tremendous imfea.
terest to materials scientists at present. Among these new materials, Silicon carbide fibers were electrolessly nickel coated previously
metal matrix composites reinforced by continuous fibers of highto investigate the effect of different interfacial treatments on the
strength, high stiffness, and good thermal stability have been coninterfacial shear strengths of SIZ075AI composites.
sidered as potential candidateSince the 1960s, continuous fiber
reinforced metal matrix composites have been developed quickly,
and the most successful, reliable processing method for them is Materials.—Continuous SiC fiber&SCS-8)from Textron Corp.
diffusion bonding. Because the interfacial shear strengths betweegith a diam of 142um were used as reinforcements. The SiC fibers
fibers and matrices seriously affect the tensile strengths and fracturgave a high strengt®#000 MPa), a high elastic modul(880 GPa),
toughness of composités,research on the interfacial shear strength 5 |ow density (3.2x 10% kg/n®), high thermal conductivity270
has attracted much more attentibhThe three most used methods W/mK), and a low CTE (5% 10- 6 1/K).2° Hence, the mechanical

for the measurement of interfacial shear strength have been de"ebroperties of SiC fiber reinforced composites are expected to be very
oped as follow3 0od

) . . . gooa.

1. Pull out: A part of the fiber is embedded into matrix. The "~ commercial AA 7075 aluminum alloy plates with a thickness of
exposed part is clamped, and then the fiber is pulled out. The applied 5 mm were used as the matrix.
loads for pulled-out fibers are measured, and the interfacial shear
strengths can be obtained. This method is not suitable for metal Electroless nickel plating—Fiber surfaces were treated prior to
matrix composites because of the difficulty of specimen preparation€lectroless nickel plating by surface cleaning, sensitization, and ac-

2. Push out: Composite specimens are sliced to several hundreldvation in order to achieve good nickel coated films. For surface
micrometers thick perpendicular to fibers. Fibers are pushed outleaning, the fibers were immersed in acetone and kNQunder
using an indenter, and stress-strain curves are measured to calculatérasonic vibration and continuous stirring for 15 min. They were
the interfacial shear strength. This method is suitable for most cesubsequently sensitized in an aqueous solution containing stannous
ramic fiber reinforced metal matrix composites. chloride (SnChL-H,0, 10 g/L) and hydrochloric acid(HCI, 40

3. Fragmentation: Composite specimens are tensile tested, folmL/L) for 15 min, and then activated in an aqueous solution con-
lowed by matrix etching and fiber extracting. The average length oftaining palladium chloridg¢PdCl,, 0.25 g/L)and HCI (2.5 mL/L)
fragmented fibers is measured to calculate the interfacial sheafor another 15 min. The activated fibers were finally washed by
strength. This method is also suitable for most ceramic fiber rein-deionized water and baked at 80°C.
forced metal matrix composites, but the elongation of the matrix  Electroless nickel plating solution was prepared by adding the
must be greatly larger than that of fibers using this method. components in the following order
cial Shear strengths of contious fiber reinforeed metal mar & NiClz 6HO 30 g/t
composites according to the following advantdge) stress- 2. NaOOCCHCH,COONa-6H0 10 g/L

Experimental

displacement curves can be obtained eagily, more data can be 3. HNCH,COOH 10 g/L

obtained in a same specimen for a more precise result(ignthe 4. NaH,PO,-H,0 20 g/L

sensitivity to interfacial conditions is high. The typical stress- 5. Pb(NO,) 2.5 ma/l
displacement curve of a fiber push-out test can be divided into three ) 2 ) 9

steps Plating was performed at 80°C under ultrasonic vibration for 5, 10,

1. Elastic deformation: the linear region in the curve at first. 50 ‘354 40 min to obtain different thicknesses of nickel films.
2. Interfacial debonding: the region when the stress drastically

drops. It occurs when the applied stress is larger than the interfacial Preparation of composite specimensAlternate layers of 1 mm
shear strength. The maximum stress indicates the interfacial sheapaced nickel coated fibers and AA 7075 aluminum alloy plates of
strength. 1.5 mm in thickness were stacked and diffusion bonded at 465°C,
3. Interfacial friction sliding: after interfacial debonding, the fiber 45 MPa in a vacuum of IG Torr for 30 min to obtain
SiG(Ni)/7075Al composites. The consolidated composite speci-
mens were then solid-solution treated at 470°C for 1 h, water
* Electrochemical Society Active Member. quenched to room temperature, and then T6 treated in an oil bath at
Z E-mail: sjlin@mse.nthu.edu.tw 120°C for 24 h.
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Figure 1. Experimental setup for the fiber push-out test.

Measurement of interfacial shear strengthThe T6 treated
composite specimens were sliced to 1 mm thick perpendicular to
fiber axis using a low speed diamond saw and then polished to 700
pm thick. The polished specimens were then placed on a steel
holder with a groove of 30um in width and 5 mm in depth, as
shown in Fig. 1. The SiC fiber to be indented was aligned to the
center of the groove, and then the specimen was mounted onto the
holder. The indentation was conducted using an Instron testing ma-
chine with a WC cone indenter with a cone angle of 30° and a
plateau of 10Qum in diam on the tip.

The fibers were aligned to the cone tip and then indented at a rate
of 10 wum/min. From the stress-displacement curves, the interfacial
shear strengths of SiZ075Al composites were obtained by the

A1
equatior (b)
b 1 Figure 2. Surface morphologies of SCS-8 SiC fibgi®) as-received anth)
T oarnt (1] after electroless nickel plating for 5 min.

wherer, p, r, andt are the interfacial shear strength, maximum load
fiber radius, and specimen thickness, respectively.

In the measurement of the interfacial shear strengths of differen
fibers in the same composite, the data deviation was smaller tha
5%, indicating good data reliability by fiber indentation. After push  \jicrostructures of Si@7075A1 composites.—Figures 4a and b
out, the fibers were pushed back to measure the interfacial sheat,s the microstructures of SiZ075AI composites containing fi-
strengths again for comparison. _ _ bers without nickel coating and with an nickel coating of .

The surface morphologies of nickel coated fibers, the microstruc+nic respectively. It is well known that nickel reacts with alumi-
tures of composites, and the surface morphologies of the indentefrum to form intermetallic compounds at elevated temperaftres.
specimens were examined by a scanning electron micCroscopgame interfacial reactions between electrolessly coated nickel films
(SEM). The SEM backscattering electron ima£l) and energy  gng gluminum matrix after diffusion bonding were also observed in
dispersion spectruniEDS) were used to investigate the interfacial s research. Figures 5a-d show the SEM micrographs of fiber/
_microstruc_tures of the composite_s. The s_urface_ morphologie_s of th'ra*natrix interfaces in SiEZ7075Al composites containing nickel
|nde_nted fibers and the_surroundlng matrix, which were obtained b)’coated fibers with different film thicknesses. Obvious reactions oc-
tearing up the composites along the interface between two aluMic, ring at the interfaces were found. According to SEM EDS analy-
num plates, were also examined by SEM. ses and an Al-Ni phase diagrdfhthe nickel coated layer with a

) ) thickness of 0.5um reacted completely with the aluminum matrix
Results and Discussion and formed stoichiometry NiAlintermetallic compound as shown

graphs of the surface morphologies of SCS-8 SiC fibers before andninide compounds tended to contain more nickel. With a nickel film
after electroless nickel plating for 5 min. A continuous nickel film thickness of 0.8.m, mixed NiAl; and porous NiAl; compounds
with few freely precipitated nickel particles was uniformly coated formed as shown in Fig. 5b. As shown in Fig. 5c, with a nickel film
on the surface of fiber. All the surface morphologies of fibers afterthickness of 1.7um, the compounds NiAl Ni,Al;, NiAl, and
electroless nickel plating for 10, 20, and 40 min are the same as thdtli;Al existed, and also a part of the coated nickel film retained.

" for 5 min. Figure 3 shows that the thickness of coated nickel films
increase linearly with increasing plating time at a deposition rate of
.07 pm/min.
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Figure 3. Relationship of film thickness of electroless nickel coating to plat-
ing time.

With increasing nickel film thickness to 3.0m, the fractions of
NiAl and NizAl increased, and the retained nickel film in the inner
layer was obviously found.

Effect of nickel coated film thickness on interfacial shear
strength.—Figure 6 shows the interfacial shear strengths of compos-
ites reinforced by fibers without nickel coating and with nickel coat-
ings of different film thicknesses in push-out tests. Without nickel
coating, the composites exhibited the highest interfacial shear
strength of 160 MPa, indicating strong interfacial bonds obtained at
465°C and 45 MPa in a vacuum of 1Torr for 30 min. The
interfacial shear strength of the composite reinforced by nickel
coated fibers with a thickness of 0u5n decreased to 120 MPa and
even lowered to 20 MPa with increasing nickel film thickness to 0.8
pm. As the thickness of the nickel coated films continued to in-
crease, the interfacial shear strengths of composites slightly in-
creased.

Figure 7 shows the surface morphology of indented/3075Al
composite containing fibers without electroless nickel coating. Fi- ) ) ) o
bers were pushed out without the deformation or fracture of bothfigure 4. Microstructures of Sig7075Al composites containing fibefa)
fibers and matrix, indicating that interfacial shear strength can beithout and(b) with an electroless nickel coating 3ym thick.
obtained precisely by fiber indentation. By tearing up the composite
specimens, surface morphologies of the SiC fibers and the aluminum
matrix before and after fiber push-out tests were obtained as shown
in Fig. 8. Before fibers were pushed out, smooth fiber surfaces simithis research,E,, = 71 GPa, o, = 25.2X 10°81/K, o;=5
lar to as-received one and the matrix with some pores resulting fromx 1076 1/K, v,, = 0.33, andAT = (415°C— RT). According to
hot pressing were observed, as shown in Fig. 8a and b. No chemicgty 2, was obtained as 420 MPa. The high interfacial shear
reaction between the carbon rich layer on SCS-8 fiber surface andirength is proportional to the large compression stress by a factor of
the aluminum matrix occurred even under hot pressing at 465°Gyiction coefficient.
which is near the solidus temperature of the 7075 aluminum alloy.  Figure 9 shows the surface morphologies of the matrices of torn

Af_ter fibers were pushed out, as shown in Fig. 8c and_ d, _the 707 p SiG/7075Al composites containing nickel coated fibers with dif-
aluminum alloy was found to adhere on the surface of SiC fiber, anckg ant film thicknesses after indentation. Reactions between the
obvious deformation of the matrix occurred due to the friction slid- ickel coated layers and the aluminum matrix were observed in all
ing of the fiber, both indicating a good physical bonding of the fiber ;5 qites as also seen in Fig. 5. The formation of brittle interme-
and the matrix. A strong mechanical bonding, which resulted from,jic compounds led to the easy fracture of interfaces and fiber
the high pressure and high temperature of hot pressing and the larggjging resulting in the reduction in interfacial shear strength as
radial compression stresses provided by the aluminum matrix durin reviously shown in Fig. 6. With the nickel film thickness of 0.5
cooling process of the composites, led to the highest interfacia m, NiAl; intermetallic compound formed. Flat surfaces of in-
shear strength and the obvious deformation of the matrix. The radia en’ted fibQ’ers and matrix without the preserit of matrix deformation

compression stressr) can be calculated using the equafibn and friction sliding were observed as shown in Fig. 9a. With increas-
E (an — apAT ing nickel film thickness, porous Bl; compound formed and
0= —om_H [2]  drastically lowered the interfacial shear strength as repdrtéh-

1+vy pecially the composite containing fibers with a nickel film thickness
of 0.8 wm exhibited the lowest interfacial shear strength of only 20
whereE,, is the Young's modulus of the matrix, ang,, o are the MPa due to the high content of porous,Ni; compound as ob-
coefficients of thermal expansion of the matrix and the fiber, respecserved on the surface of indented matrix shown in Fig. 9b. With
tively. Poisson’s ratio of the matrix is,,, andAT is the temperature  increasing nickel film thickness to 1um, less porous NAI; com-
difference during cooling where the thermal stresses build up. Inpound existed at interfaces as shown in Fig. 9c, and thus the inter-
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Figure 6. Interfacial shear strengths of SIZO75Al composites containing
fibers with different nickel film thicknesses in push-out tests.

facial shear strength slightly increased. With increasing nickel film
to 3.0 wm, much less NiAl; formed and nickel film was partly
retained on the surfaces of the fibers as shown in Fig. 9d, and thus
the interfacial shear strength was larger than those of the composites
with nickel films of 0.8 and 1.7um thick.

Stress-displacement curvesFigure 10 shows the interfacial
shear stress-displacement curves of ;Si75AI composites con-
taining fibers with different nickel film thickness in push-out tests,
and Fig. 11 shows the interfacial shear stress drp) 6f these
composites. The stress drep was obtained from the equation

4= S~ S (3]

where §; and S, are the first peak and first lower point, respec-
tively, as shown in Fig. 10. They of the composite containing fibers
without coating was 21 MPa. The composite with a nickel film
thickness of 0.5um exhibited the largesty of 42 MPa because of
the breaking of strongest chemical bonding between fiber and matrix
as discussed above in addition to the difference between static and
kinetic friction forces. The one with a nickel film thickness of 0.8
wm rapidly decreased to 3 MPa due to the porous interface provid-
ing little bonding. With increasing coating film thickness, more
nickel remained leading to less interfacial porosity and then slightly
increasedr .

CY

28kU XTaa S8rm GQBB587

Figure 5. Microstructures of fiber/matrix interfaces in Si@75Al compos-
ites containing fibers with electroless nickel coating(af 0.5, (b) 0.8, (c) Figure 7. Surface morphology of indented SI©075Al composite contain-
1.7, and(d) 3.0 pm thick. ing fibers without electroless nickel coating.
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Figure 8. Surface morphologies @#) SiC fiber andb) aluminum matrix of

the SiG/7075Al composite containing fibers without electroless nickel coat- Figure 9. Surface morphologies of the matrices of @T075Al composites
ing before fiber pushed ouf) SiC fiber andd) aluminum matrix after fiber containing fibers with electroless nickel coatings(af 0.5, (b) 0.8, (c) 1.7,
pushed out. and (d) 3.0 wm thick after fiber push out.
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Figure 10. Interfacial shear stress-displacement curves of/88Z5Al com- Fi 12, surf hol find d SITD75AI . .
posites containing fibers with different nickel film thicknesses in push-out Figure 12. Surface morphology of indented Si0 composite contain-
tests. ing fibers without electroless nickel coating when the indentation was inter-

rupted at 150 MPa.

Fibers without nickel coating—With increasing crosshead displace-

ment, the interfacial shear stress linearly increased at an elastic stage

as shown in Fig. 10. No interfacial decohesion between fiber andstress released, and the remained stress lowergg &n8 could not
matrix occurred until the stress accumulated to first pegk(865 drive the fiber to slide. As the crosshead continued to be pushed
MPa). It was proved by Fig. 12, the SEM micrograph of the surfaceforward, the stress accumulated to another pgak &nd then sub-
morphology of indented Si7075Al composite when the indenta- sequent fiber sliding and matrix shear occurred again. During the
tion was interrupted at the stress of 150 MPa; no interfacial failurestress accumulation and fiber sliding periodicals, the fluctuation am-
was observed. Besides, anstep meter was used to measure the plitude and the displacement almost remained constant. The sliding
surface profile of the indented fiber and matrix, and no difference instress decreased at an average rate of 1.3 MRaihich is much
height between the fiber and the matrix was found when the indenlarger than the stress decrease rate of 0.2 MPataused by the
tation was stopped at 150 MPa. As the interfacial shear stress indecreasing fiber/matrix interface area due to the trapped matrix de-
creased to the first peak,S the interface between fiber and matrix bris at the interface reducing the fiber/matrix contact area.

suddenly debonded, and the stress rapidly dropped to a lower poirgipe s with nickel coating—With increasing crosshead displace-
Spz (142 MPa). An obvious displacement of fiber of Jun was  ment, the interfacial shear stresses linearly increased to peaks and
measured by.-step meter within a small displacement of crossheadhen dropped due to the interfacial decohesion as shown in Fig. 10.
between & and $, because of the compliance of the test sysi@m: At the elastic stage, no interfacial decohesion between fiber and
Subsequently, with increasing crosshead displacement, the fibefatrix occurred until the stresses accumulated to peaks as same as
did not move until stress accumulated from, 8 S;3 (162 MPa).  the specimen without nickel coating. However, as the interfaces be-
After that, fiber slid again, and the stress dropped to next low pointiween the fiber and the matrix suddenly decohered, the stresses rap-
Sp4- This phenomenon cyclically repeated, and the stress fluctuationdly dropped to lower points, and the interfacial shear stresses
was as high as 20 MPa. It was realized from Fig. 8c and d that theslowly and smoothly decreased as the third stage. The phenomenon
matrix adjacent to the fibers deformed elastically before the stressf stress accumulation to second peak never occurred due to the
accumulated to 3, followed by obvious fiber sliding and matrix complete failure of interfaces.
shear after the stress reachggd .SThen a part of the accumulated
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Figure 11. Interfacial shear stress drop4j of SiC/7075Al composites con-  Figure 13. Interfacial shear strengths of SITO75AI composites containing
taining fibers with different nickel film thicknesses in push-out tests. fibers with different nickel film thickness in push-back tests.
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Figure 14. Difference in interfacial shear strengths of composites containing Figure 15. Interfacial shear stress-displacement curves of/80Z5AI com-
fibers with different nickel film thickness between push out and push-backposites containing fibers with different nickel film thickness in push-back
tests. tests.

The decrease rate of the interfacial shear stress at the third stage
was slightly reduced from 0.7 to 0.1 MRanh with increasing nickel ) . . ) ) . .
film thickness. aluminum matrix composites (SiZ075Al) was investigated using
a push-out method with a WC cone indenter. During indentation, no

Comparison of push-out and push-back tests.— Interfacial shearupture of fibers was observed. This showed that a push-out test can
strengths.—Figure 13 shows the interfacial shear strengths ofmeasure the interfacial shear strength of;Gi75Al precisely. The
SiG/7075Al composites containing fibers with different nickel film 160 MPa interfacial shear strength of the specimen without coating
thickness in push-back tests. Comparison of the curve shown in Figdecreases to 120 MPa for the specimen with% nickel coating,

6, shows that the relationship of strength to film thickness is theeven to 20 MPa with 0.§um nickel coating, and then slightly in-
same except that the interfacial shear strengths in push-out tests aggeases with increasing coating film thickness. Nickel film reacted
slightly higher than those in push-back tests. with aluminum matrix to form porous nickel aluminide intermetallic

Figure 14 shows the difference in the interfacial shear strengthsompounds during processing and lower the interfacial shear
between push-out and push-back tests,, which is mainly attrib-  strength. Stress-displacement curves of the push-out and push-back
uted to the interfacial chemical bonding. Thus, by comparing Fig.tests showed a zigzag-type curve after elastic deformation for the
11, ther,., of the composites with different nickel film thickness SiC/7075AI composites without coating. However, no zigzag-type
revealed the same trend ag because the breaking of chemical curve was found for the nickel coating specimen and a seat drop

bonding dominated,, andt4. The T, of the composite contain-

stress-drop phenomenon was observed for the push-back nickel

ing fibers without coating was 16 MPa, and the other compositescoating specimen.

have the almost same,, of about 4 MPa, except the composite
with a nickel film thickness of 0.fum exhibited the largest,., of

33 MPa because of the strongest chemical bonding.the larger
thant,,, and the difference between static and kinetic friction force
during push-out test contributed the difference betwegnandr.
Exceptionally, the composite with a nickel film thickness of Q1@
obviously exhibited an abnormal phenomenon of lowgbecause
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