
logged stand of trees. 
21. Lltterial data from (S), ndcate  that t t e r f a  lnputs of 

carbon are between about 50 and 120 g m-'year-' 
for coniferous forests of the Slerra transect above 
1200 m eevaton We estimated carbon productivity 
for grasses at the Fabrook slte by assumng that 
ther va l~~es  are smlar  to those for other grassland 
soils In Cafornla (between 50 and 100 g m-' y e a r 1  
[R. Vaentn  et a1 , Ecology 76 1940 (1 995)] 

22 D. C. Nepstad e i  a/. , i~laiure 372 666 (I 994) 
23 S E Trumbore er a1 , Global Biogeochem Cycles 9. 

515 (1995). 
24. W M Post era/., Nature 298, 156 (1 982); D. S. Jen- 

klnson, D E Adams, A. W11d /bid 351,304 (1991), A. 
R. Townsend eta/., Chm Change 22, 293 (1992). 

25. M. Klrschba~lm So11 Blol. Biochem. 27, 753 (1 995). 
26. The est~mates of carbon change In Fig. 3 Ignore 

important factors, such as probable changes n car- 
bon inputs to the soil by plants and feedbacks be- 

tween SOM decomposton and plant productivity, In 
additlon the climate transects studled ~n H a w a  and 
the Serra Nevada Integrate long-term adj~~stment of 
ecosystems to average cllmatic cond~t~ons, and 
translent responses may not be predctabe from the 
temperature-turnover relations derlved here How- 
ever, soil incubations and so l  respratlon measure- 
ments have shown that on short tme  scales, carbon 
fluxes from soils are strongly dependent on temper- 
ature, with Ql, values ranglng from 2 to 5 [J. W. 
Rach and W. H. Schesnger, Tellus 448, 81 (1 992); 
D W. Klckghter er a/., J. Geophys Res. 99, 1303 
(1 994)] (25) In accord with values, derlved from F g  
2, of 3 0 to 3 8. [Q,, 1s the rateoia b ioogca  process 
(here, decompositon) at one temperatwe divded by 
the rate of the process at a temperature 10°C cooler ] 

27. E. G Dutton and J. R. Christy, Geophys. Res. Lett. 
19, 2313 (1992), G W. Basset and Z. Y. Lin C6m 
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Engineered Interfaces for Adherent Diamond 
Coatings on Large Thermal-Expansion 

Coefficient Mismatched Substrates 
Rajiv K. Singh, D. R. Gilbert, J. Fitz-Gerald, S. Harkness, 

D. G. Lee 

Adhesion of thin or thick films on substrates is a critical issue in systems where the 
thermal-expansion coefficients of the coating and bulk material are significantly different 
from each other. The large mismatch of the expansion coefficients results in the generation 
of very high stresses in the coating that may lead to delamination, cracking, or other 
deleterious effects. A method to increase the adherence of diamond coatings on tungsten- 
carbide and stainless steel substrates is reported based on a substrate-modification 
process that creates a three-dimensional thermally and compositionally graded interface. 
Scratch and indentation tests on diamond-coated steel and tungsten-carbide samples did 
not exhibit film fracture at the interface and concomitant catastrophic propagation of 
interfacial cracks. 

T h e r e  has been a considerable effort in 
recent years to  develop adherent coatings, 
especially in  systems in which there is a 
large n~ismatch between the thermal-ex- 
pansion coefficients (1-6). During heating 
or cooling, very high stresses are induced in 
the  coating when the  thermal-expansion 
coefficients of the  films and the  substrate 
vary significantly from each other. These 
stresses frequently crack or delaminate the 
coating from the substrate material. A n u n -  
ber of techniques have been developed to 
increase adhesion strength so that coatings 
remain adherent even when subjected to 
large compressive or tensile stresses. Sonle 
of the methods used include r o u ~ h e n i n ~  of 
the surface for mechanical interlocking and 
the  use of chemically compatible interlayers 
having interlnediate expansion coefficients 
(1-4). These methods to  enhance adhesion 
have been successf~~l in some lnaterial sys- 
tems; however, in  very large thermal-mis- 
matched systems, cracking or debonding of 
the  coating can still occur. 

Diamond coatinos o n  substrates like 

steel and tungsten-carbide ( W C )  with co- 
balt (WC-10% C o )  are thermally mis- 
matched but are expected to have applica- 
tions in  cutting tools and corrosion- and 
erosion-resistant coatings. Many techniques 
have been applied to improve adhesion in  
this case but have met with very lilnlted 
success ( 1  ). T h e  maill problem for the  dep- 
osition of d ian~ond  thin films o n  these ina- 
terials 1s the  large therinal stress generated 
during the  deposition process. Besides ther- 
mal stresses, other complicating problems 
such as the diffusion of carbon species and 
the  graphitization of diainond species by 
iron or cobalt can reduce the  adhesion 
streneth substantiallv. " 

Several lnethods to  improve the  adhe- 
sion of diamond coatings have been inves- 
tigated (1-7). O n e  of the  most common 
methods to enhance adhesion is to apply 
interlayers having intermediate thermal-ex- 
pansion coefficierlts. T h e  interlayers are ex- 
pected to  decrease the  effect of interfacial 
stresses and reduce the  graphitization and 
diffusion of carbon s ~ e c i e s  during deaosi- 

28. J. Harte, Consider a S,oherical Cow (Unversty Sci- 
ence Books, M I  Valley, CA, 1985), p 257, 

29 S~~ppor ted by NASA Mlssion to Planet Earth tlhrough 
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sttl lte of Technology, and R.A. from Caforna Ex- 
perlment Station Hatch funds. We thank L Root for 
allowing us to resampe the Fabrook soil, S Zheng 
for analyses, G. Huntington, J. Harden, R. Cicerone, 
M Prather, and 8. Brasher for dsc i~ssons,  J Sou- 
thon for help meas~~ring l% samples, and a of 
those responsbe for mantaining s o  archives at the 
University of California, Berkeley. Orglna fled notes 
and topographc maps for the S~erra Nevada froin 
1958 through 1963 were from G. Huntington Unl- 
versty of Caiforna Davis. 
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debond from the  inter~nedlate film. 
W e  have observed that creatlon of a 

three-dlmens~onal 13D) therlnallv and 
compositionally gracLd interface bbtween 
diamond and the substrate lnaterial leads to 
improved adhesion of the dlaluond fllln (8). 
A schemat~c  diagram of the nature of the  " 

film in sharp and 3 D  chemically and ther- 
lually graded interfaces is s h o ~ v n  in Fig. 1. 
T h e  diainond f ~ l ~ n  was subjected to biaxial 
compression while the  lnetalllc substrate 
was u~ lde r  tension. Figure 1 A  shows ail 
idealized representation of the  normal 
stresses across the cross section of the  ho- 
mogeneous coating and freestanding sub- 
strate at a point far froin the edge. T h e  
stress distribution in  the film is determined 
by the  req~~irenlell ts that the  normal forces, 
and the bendlng moments, over the total 
cross section should be zero (9) .  Fronl the  
first requirement, stresses of opposite sign 
must form in  the  substrate to balance those 
in  the  film. Thus, the  stress reverses sion a t  " 
the ~nterface. Because of the  much larger 
thickness of the substrate, the luaonitudes 
of the  stresses are much lbwer in X e  sub- 
strate than in the  film. T h e  second require- 

" - L 

tion. However, these lnethods have been Fig. 1. schematic diagram showing the nature of 
Depariment of Materials Science and Engineering, ~ n -  ~ar t i a l l7~  S U ~ C ~ S S ~ L I ~  chiefly because the  stresses present for (A) a planar ~nterface and (B) a 
versity of Florida, Gainesvil!e, FL 3261 1-2066 USA, residual stresses are still high enough to 3D thermally and compositionally graded interface. 
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ment means that the substrate must bend to 
balance the bending moments produced by 
the stresses of the film on one of its surfaces. 
As the film thickness is expected to be 
much smaller than the substrate thickness, 
substrate bending is negligible. It should be 
noted that the delamination of the dia- 
mond film takes place usually as a predom- 
inantly shearing mode of interfacial failure. 

This 3D type of interface has several 
advantages, especially in cases when the 
coating is under compressive stress. Al- 
though the overall stresses in the film do 
not change, the stress distribution to the 
interface is much different from that for the 
sharp, well-defined interface. In this case, 
the stresses at the graded interface are ex- 
pected to be lower. One important feature 
of this 3D interface is that the interface is 
not parallel to the surface but inclined at an 
angle from 30" to 80" from the direction of 
the maximum compressive stresses. In addi- 
tion, the high degree of compressive stresses 
provides a means to interlock to the sub- 
strate mechanically. Also, higher adhesion 
strength is expected from the larger inter- 

Fig. 2. Micrographs of (A) a surface-modified W G  
10% Co surface and diamond film deposited on 
this surface at (6) low and (C) high magnification. 

facial area created by this method. Thus, 
the creation of a 3D interface is expected to 
increase the adherence strength of the coat- 
ing substantially. 

To create the 3D interface we have de- 
veloped a multiple-pulse laser irradiation 
technique. The details of the technique to 
create this surface have been discussed else- 
where (8). Briefly, multiple nanosecond la- 
ser pulses with energy densities near the 
ablation threshold are used to create a mi- 
crorough surface morphology (1 0). The pe- 
riodicity and the roughness of the laser- 
induced microrough structures (LIMS) de- 
pend on the input laser parameters. Exper- 
iments have shown that the primary 
mechanism for formation of LIMS is the 
spatially nonuniform etching of the surface. 
Under certain irradiation conditions, spe- 
cific areas on the surface, like grain bound- 
aries, act as preferential etching sites, lead- 
ing to the formation of LIMS. 

Once the microrough structures were 
formed on the surface of WC-10% Co and 
418-steel, diamond films were deposited by 
two techniques: hot-filament (HF) chemi- 
cal vapor deposition (CVD) and electron 
cyclotron resonance (ECR)-assisted CVD 
(1 1-1 3). Standard deposition conditions 
were used for both methods. One important 
difference between the two techniques is 
the substrate temperature used for the pro- 
cess. In the HF-CVD method, the substrate 
temperature was -900°C, whereas the sub- 
strate temperature in the ECR-CVD system 
was between 500" and 550°C. Reduced 
temperature was essential for fabricating ad- 
herent diamond films on steel substrates. In 
the case of the WC-10% Co substrates, the 
substrates were etched with HC1 solution to 
remove the surface cobalt, which would 
have induced graphitization of diamond. 

The surface morphology of WC-10% 
Co after the laser surface-modification pro- 
cess is shown in Fig. 2A. To depict the 
roughness on the sample, we obtained the 
image at a 60" tilt from the surface. Micro- 
rough structures formed after the laser irra- 
diation process. This surface was created 

Fig. 3. The surface of diamond-coated WG10% 
Co after diamond scribing. Note that the tips of the 
substrate have been broken without any fracture 
in the film. 

with 600 laser pulses having energy densi- 
ties in the range of 3.0 to 6.0 J/cm2. The 
average roughness was 10 pm with a feature 
periodicity of -20 pm. The surface mor- 
phology of a diamond film deposited on a 
WC substrate at two different magnifica- 
tions is shown in Fig. 2, B and C. The films 
were deposited by the HF-CVD technique 
under standard de~osition conditions. On 
the basis of thermal stress consideration 
only, a compressive stress of 2 GPa is ex- 
pected in the film. Continuous diamond 
films (-5 pm thick) formed at the surface 
of the material. Because of the surface mod- 
ification process, the diamond exhibits 
large-scale periodic surface roughness. How- 
ever, the inherent surface roughness of the 
film is much less than that of the starting 
material. No delamination or cracking of 
the film was observed. Raman measure- 
ments done on this film confirmed the di- 
amond phase along with small amounts of 
graphitic impurities. 

To examine the adhesion of the dia- 
mond films on WC substrates, we conduct- 
ed both scratch and indentation tests on 
these samples (14, 15). Indentation tests 
were performed with a Rockwell hardness 
tester in which the diamond-coated sample 
was indented with different loads (60 to 150 
kg). Qualitatively, for films of equal thick- 
ness. the minimum loads at which the coat- 
ing fracture occurs (PC,) by indentation can 
be used as a relative measure of coating 
adhesion. When fracture occurs, a lateral 
crack is initiated and propagates along the 
substrate-film interface, leading to debond- 

Fig. 4. Scanning electron micrograph of diamond 
films deposited on (A) planar and (6) surface- 
modified TiN-coated 41 8-steel substrates. 
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of 525" to 550°C. To compare the effective- REFERENCES AND NOTES 

Fig. 5. Rockwell indentation tests conducted on 
diamond films on a TiN-coated 418-steel sub- 
strate that had been morphologically surface 
modified. 

ing of the coating. The diamond film on 
WC-10% Co substrates did not exhibit any 
signs of visible delamination for indenta- 
tion loads of up to 150 kg, thus qualitatively 
confirming excellent adhesion of the film. 

Qualitative scratch tests were also con- 
ducted on these samples. In these tests, the 
coating adhesion is related to the minimum 
load at which stripping of the diamond film 
occurs. The stripping of the diamond film is 
attributed to film fracture, which results in 
propagation of the crack along the inter- 
face. In our scratch tests, no catastrophic 
failure of the film at the interface was ob- 
served. However, the substrate was found to 
deform and fracture before failure of the 
diamond film at the interface (Fig. 3). The 
film thickness was -5 pm, so complete 
filling of valley features was not achieved. 
The tip regions of the microrough bulk 
materials were removed by the scratch tests. 
However, no catastrophic failure of the di- 
amond film was observed. No cracks or 
visible marks of delamination were ob- 
served in the diamond film, attesting to the 
eood adherence of the film. - 

The surface modification method also 
was found to increase the adhesion of dia- 
mond films on type 418-steel substrates sub- 
stantially. Steel remains an elusive substrate 
for the deposition of adherent diamond 
thin-films. Besides large thermal stresses, 
graphitization of depositing carbon species 
and rapid diffusion of carbon into the steel 
substrates Drevents growth of diamond - 
films. To  overcome some of these barriers, 
we adopted a three-step process. First, LIMS 
were created on the stainless steel surface. 
For steel, the samples were processed in a 
vacuum to reduce the shock wave-related 
effects that can limit the formation of mi- 
crorough structures. LIMS in steel have a 
periodicity and roughness of -100 pm. Af- 
ter the creation of the LIMS, the surface 
was coated with a TiN diffusion barrier that 
prevents graphitization and diffusion of car- 
bon species. Finally, the diamond films were 
deposited on these substrates with the ECR- 
CVD technique at temperatures in the range 

ness of the surface roughness, we also depos- 
1. H. Chen et al., Thin Solid Hms 21 2, 169 (1 992). ited diamond On unmodified TiN-coat- 2. M. Nesladek et al., Diamond Relat. Mater. 3, 912 

ed 418-steel substrates. The surface morphol- (1 994). 
OW of the diamond films de~osited on iaser- 3. C .  A.' Gamlen, E. D. Chase, D. K. Reinhard, B. 

i h i f i e d  and smooth surfaces is shown in 
Fig. 4. Although the surface morphology of 
the diamond film in both samples was ap- 
proximately the same, diamond films depos- 
ited on the unmodified steel showed substan- 
tial cracking and debonding. 

The adhesion of the diamond film on 
the steel substrate was quantified by Rock- 
well indentation tests conducted with a 
brale indenter. Figure 5 shows a micrograph 
of indentation tests conducted on diamond 
sam~les de~osited on a laser-modified sur- 
face: partial delamination of the film was 
already observed in the diamond film de- 
posited on unmodified TiN-coated steel 
substrates (Fig. 4A). Although the micro- 
rough steel substrate plastically deforms 
with the application of the load, the dia- 
mond film did not catastrophically fracture 
even when a load of 150 kg was applied by 
the indenter. The surface rouehness of dia- " 
mond can be minimized by controlling film 
nucleation. Thus, this method shows im- 
mense promise for the fabrication of adher- 
ent coatings in large thermal-expansion 
mismatched systems; 
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A Role for Brassinosteroids in Light-Dependen t 
Development of Arabidopsis 

Jianming Li,* Punita Nagpal,*Weronique Vitart,S 
Trevor C. McMorris, Joanne Chorys 

Although steroid hormones are important for animal development, the physiological role 
of plant steroids is unknown. The Arabidopsis DET2 gene encodes a protein that shares 
significant sequence identity with mammalian steroid 5a-reductases. A mutation of glu- 
tamate 204, which is absolutely required for the activity of human steroid reductase, 
abolishes the in vivo activity of DET2 and leads to defects in light-regulated development 
that can be ameliorated by application of a plant steroid, brassinolide. Thus, DET2 may 
encode a reductase in the brassinolide biosynthetic pathway, and brassinosteroids may 
constitute a distinct class of phytohormones with an important role in light-regulated 
development of higher plants. 

Plan t  growth and development are gov- 
erned by complex interactions between 
environmental signals and internal fac- 
tors. Light regulates many developmental 
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processes throughout the plant life cycle, 
from seed germination to floral induction 
( 1 ) , and causes profound morphological 
changes in young seedlings. In the pres- 
ence of light, hypocotyl growth is inhibit- 
ed, cotyledons expand, leaves develop, 
chloroplasts differentiate, chlorophylls are 
produced, and many light-inducible genes 
are coordinately expressed. It has been 
suggested that plant hormones, which af- 
fect the division, elongation, and differen- 
tiation of cells, are directly involved in the 
response of plants to light signals (2, 3). 
However, the interactions between photo- 
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