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Relationship between X-ray diffraction and
unidirectional solidification at interface between
diamond and brazing filler metal
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Brazing single crystal diamonds by using silver-copper eutectic filler containing reactive
metal: titanium has been carried out. Unidirectional solidification brazing method was tried
to obtain stable brazed strength. The diamond specimen was cooled down by contact with
copper cooling mass of which temperature was controlled at a room temperature, 470 K
and 670 K, respectively. The brazing temperature was 1080 K. The brazing filler was
solidified from diamond brazing surface and we called this method as unidirectional
solidification brazing. The brazed specimen was examined in shear strength by an original
apparatus. In the case of diamond (100), the average shear strength shows more than

120 MPa and maximum shear strength is 240 MPa. These specimens are stronger than that
made by usual brazing method. After the strength test, interface orientation between the
diamond and the brazing filler was investigated by X-ray diffractometer. In the case of
brazing diamond (100), diamond (100) — TiC (111) — Ag (111) orientation can be detected. In
the case of brazing diamond (111), diamond (111) — Cu (111) orientation can be detected.
Misfits for those orientations were calculated. The value for TiC (111) // diamond (100) is
0.05016, on the other hand the value for TiC (111) // diamond (111) is 0.2125. The brazed
interface of diamond (111) is more delicate for thermal stress than diamond (100). © 2000
Kluwer Academic Publishers

1. Introduction 2. Experimental procedure
Efficient utilization of diamond requires reliable tech- Every single crystal diamond specimen was brazed in
nique of brazing it to metal for tools and jewelry. a vacuum chamber under 20102 Pa. The brazing
Taking account of an interaction between diamondsurface was each (100), (110)and (111). The brazing ar-
and brazing filler, it is necessary for crystallization eas of the diamond specimens were aboutl® 6 m?.
of the filler metal to be in order with diamond sur- Surface roughness was Rmax.05 to 0.1um. Thin
face orientation. Unidirectional solidification brazing metal plate of Fe-42Ni called 42Invar alloy was brazed
method using silver copper eutectic filler contain-to the diamond for strength test. This alloy has so small
ing titanium have been carried out. This method iscoefficient of thermal expansion as glass at 670 K that
how the filler metal is solidified from diamond side. thermal stress in the diamond specimen is expected to
As a result, silver copper eutectic columnar struc-be relaxed. The plate size was abowt 65 x 0.3 mm.
ture can be observed about 10m in length from Apparatus of unidirectional solidification brazing
diamond [1]. The brazed specimens were examinednethod is shown in Fig. 1. The brazing filler is lam-
in shear strength by an original apparatus. The fracinated foil, where titanium flakes are sandwiched be-
ture morphology of the weakest phase formed at théween silver-copper eutectic alloy foils. The containing
brazed interface could be acquired. After that, the surratio of titanium flakes is 4.5 wt%. The thickness of the
face orientations were investigated by X-ray diffracto-filler is 0.1 mm. The diamond specimen (number 13)
meter. and the brazing filler (number 9) were mounted on the
The X-ray analyses results were discussed with plathin plate (number 6). The plate was directly heated by
nar disregistry introduced by Bramfitt [2] and mis- electricity supplied from the copper electrodes (num-
fit parameter of thin film growth [3]. The planar dis- bered 7) to melt the filler.
registry is a parameter of a lattice mismatch between Four thermocouples were used on this processing.
a nucleant and a nucleus in heterogeneous nucledhe thermocouple A (number 3) inserted in the copper
tion.
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1 Thermocouple C
2 Thermocouple B
3 Thermocouple A
4 Heater

5 Cooling mass

6 Fe-42Ni plate

7 Electrode

8 Copper code

9 Brazing filler

10 Thermocouple D
11 Stainless wire
12 Ceramic insulator
13 Diamond
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Figure 1 Unidirectional solidification brazing apparatus is composed of
up and down stage, copper cooling mass and electrodes.

cooling mass (number 5) was equipped to control heat
ing power. The cooling mass temperature was adjuste
to a room temperature, 470 K and 670 K, respectively
in order to change the cooling rate. The other two ther
mocouples of B and C (number 1 and 2) were locatet
in the bottom of the cooling mass to measure the hee
flux. The last thermocouple D (number 10) was locatec
below the thin plate to measure the brazing tempere
ture. The brazing temperature was 1080 K. It is 30 K
above the melting point of the brazing filler. Holding
time at the brazing temperature was 60 s, according t
the previous study [4], where various holding time were
examined and the specimens brazed for 60 s holdin
time showed relatively stable high bonding strength.

After the brazing filler had molten entirely, the dia-
mond specimen was cooled down by contact with the
cooling mass by going up the stage by the springs witl
losing the stainless wire (number 11) gradually. The
brazing filler had been solidified entirely, then the thin
plate was cooled down by cutting electricity.
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Figure 3 Process of the specimen for X-ray diffraction analysis.
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Fijgure 4 Schematic illustration of setting the specimen to X-ray diffrac-

Shear strength of the brazed interface was examine@meter.

by original shear test equipment as shown in Fig. 2
Two 602 strain gages were adhered to the jig on uppe
side and back. These gages were connected as ser

r
fesm the diamond by grinding as shown in Fig. 3. The

and connected to a bridge circuit in order to measuraurface of the specimen was polished parallel with the

the fracture load with canceling the bending stress. Th

®razed interface until the reaction layer and the polished

specimens for the strength test were manufactured blrazing filler existed on the diamond surface.

grinding as the shape shown in Fig. 2 notto measure the The specimen was mounted on the holder of the
strength of a fillet around the diamond. The thin plateX-ray diffractometer on the basis of the diamond sur-
was slitted to the diamond by a grindstone of 0.3 mmface as shown in Fig. 4. It wasn't sent round around
in thickness. Two jigs were adhered to it as single lapsA-A’ axis, because the cut surface of the single crystal

After the strength test, the brazing filler in which

diamond was used and fixed on the holder. It was only

the brazed interface was not separated was removesént round around BBxis to detect the peaks for the
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Figure 2 Original shear test jigs and specimen.
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original diamond plane. The intensity of diffracted X-
ray was recorded with excluding the strong diffraction
from the diamond crystal planes.

3. Results

Strength test results are presented in Table I. The marks
of >in Table | mean that the bonding strength of the
brazed interface is larger than the shear strength calcu-
lated from the fracture load and the brazed area. The
marks of— mean that the samples are broken during
producing for the strength test. The number of the data
is small, because the diamond specimens are limited.



TABLE | Shear strength [MPa] production of it is not good. The average data of the
samples made by contact with the 470 K cooling mass

(T::ﬂ,')rgaTuarzs Room [320 K] 470 K 670 k Show about 95 MPa. The data of the samples made by
contact with the 670 K cooling mass show more than
Diamond >97 >140 130 120 MPa. The fracture paths of these samples were
(100) 240 =130 on horizontal plane in the diamonds near the brazed
D >120 interfaces. The diamond (111) brazed interface is con-
iamond 79 — 21 . .
(110) ~160 140  Sidered to be delicate, because the fracture path was on
85 — the horizontal plane near the interface and because the
Diamond >110 86 — strength depends on the cooling mass temperature.
(111) l.:é) >116200 Fig. 5 shows a result of X-ray diffraction analysis

and a scanning electron microscopy image of a solidi-
Mark of > means that bond strength is larger than shear strength. Marifi€d structure for a diamond (100) sample. In the case
of — means specimen is broken during producing. of diamond (100), the peaks of titanium carbide are
only observed at the angle of TiC (111) and (222). The
peak of TiC (200) was not detected for the sample, so
In the case of diamond (100), average shear strengtfitanium carbide crystals are formed in order. Arrows
is more than 120 MPa except one datum cooled by th@ the figure point out the peak angles of the lattice
room temperature cooling mass. Most fracture pathglanes for standard powder specimen. Lattice space of
were on the vertical plane in the diamond to the brazedhe reaction product is the same as the standard pow-
interface. Maximum strength is 240 MPa for the sampleder specimen, because the TiC (111) peak and the TiC
separated at brazed interface, so the bonding strength (#22) peak are observed at the same angle of the stan-
the brazed interface is considered to be about 240 MPalard specimen. Count number of the Ag (111) peak is
In the case of diamond (110), the data are scatteredbout five times larger than the peak of Ag (200). Silver
The strength of the most samples is under 85 MPa exerystals are solidified in order with the TiC (111), be-
cept two data. Fracture paths of these samples were arause the standard peak of Ag (111) is about 2.5 times
horizontal plane in the diamonds near the brazed infarger than the peak of Ag (200) for sliver polycrys-
terfaces. According to the two marks -efand small talline specimen. The count number of silver is much
number of marks of , the brazed interface is easy to larger than that of the peaks of copper. It is suggested
crack. One sample shows more than 160 MPa. It wathat the silver crystals were solidified from a lot of tita-
broken atthe metal plate, so itis considered that produaium carbide islands, and that copper crystals can not
tion of the strength test specimen is not appropriate. Iitontact the diamond surface.
the case of diamond (111), one sample made by contact The scanning electron microscopy image shows the
with the room temperature cooling mass shows moresolidified structure of the brazing filler near the dia-
than 100 MPa. It was broken at the metal plate, so thenond surface. This image shows the same place XRD
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Figure 5 Result of X-ray diffraction analysis and back scattering electron image of unidirectional solidification brazed diamond (100) sample.
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Figure 6 Result of X-ray diffraction analysis and back scattering electron image of unidirectional solidification brazed diamond (110) sample.

analyzed. Long and narrow dark parts are diamond sumf eutectic structure in the center of figure and XRD

face. They are considered to be void of the brazing filleranalysis, most white gray area is copper.

Gray star like shape parts in the center of the figure are

titanium carbide. White area of the background is sil-

ver. The titanium carbide stars are surrounded by silve4. Discussions

Eutectic structure can not to be observed. Itis related tgn the case of brazing diamond (100), titanium car-

the small count number of copper by this XRD analysis bide reaction products were formed in order with the
Fig. 6 shows a result of X-ray diffraction analysis diamond surface. Misfit parameter,is introduced to

and a scanning electron image of a solidified structureliscuss the orientation of the titanium carbide reaction

for a diamond (110) specimen. In the case of diamongroducts. This parameter is used to explain the thin film

(110), the peaks of TiC (111) and TiC (200) are de-growth morphology [3]. It is expressed in the following
tected. Titanium carbide reaction products are formegquation,

as polycrystalline. The peaks of silver and copper are
detected like polycrystalline, so the orientation at the _ot 1)
interface cannotbe observed. The scanning electron mi- = Oss
croscopy image shows the dark diamond surface upper
side, a gray layer adjacent to the diamond, a lot of graywhereoss and oy are the dimension less units of the
islands and fine eutectic structures. The gray layer andtomic distances of the substrate particle and of the
the gray islands are titanium carbide. A lot of titanium film particle, respectively. The atomic distances of
carbide reaction products are formed at the interface ahree titanium carbide surfaces used for this calcula-
diamond (110). tion are shown in Fig. 8. The value of the misfit pa-
Fig. 7 shows a result of X-ray diffraction analysis rameter for each pair is presented into the same figure.
and a scanning electron image of a solidified structurd’he value for TiC (111) // Diamond (100) is 0.05016.
for a diamond (111) specimen. In the case of diamondn contrast to this, the value for TiC (100) // Diamond
(111), the peaks of Cu (111) is largest in the figure.(100) is 0.7145. The misfit of titanium carbide with di-
This peak is six times larger than that of Cu (200). Theamond becomes so small in the case of the combination
copper crystals are solidified in order with the diamondof TiC (111) // Diamond (100) that the titanium carbide
surface. The peaks of inter-metallic compoundd@u  products is considered to be formed in order with the di-
are detected. The inter-metallic compound is formedamond (100). This result is agreed with X-ray analysis
between the titanium atoms non-reacted with the diaresult.
mond and the copper atoms. A lot of copper atoms exist Next, we will discuss the solidification of the braz-
near the diamond (111) brazed interface. The scanningg filler from the reaction products of titanium car-
electron microscopy image shows a lot of black partsbide. We will introduce another parameter of a lattice
They are considered to be void of the brazing filler. Amismatch to explain heterogeneous solidification of the
lot of white parts are silver. Judging from the contrastbrazing filler. The parametes,[%)] is calculated from

6158



Dtamend{111} E
3
3500- =
2000+ -
2 |5
o 2500 1
& {
=
-
£ 2000
§ || = E =
g 1500 : e = B =
o] = == ]
1 ER= =
aileg § ? ~
= | | = = — o~ [
1000- = E k. Y = | = B = R = - P
== =, i || = = =]
[+ B | = 30 Cm = =) = }-"T
o | L5 (E= R O x B =
- o A | i L S
\\N—-__ u"'r 1\1-" A A » rI l
S reTeRe | TER 8 ' P N
Il |
i} T et Lo | SR L L - -
] i} 4] 1] a2 100 120
2 8 /dogres

Figure 7 Result of X-ray diffraction analysis and back scattering electron image of unidirectional solidification brazed diamond (111) sample.
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Figure 8 Lattice of stable sites on TiC (111) is shown by broken lines. Geometric combinations between this lattice and diamond (100), (111) and
misfit values of each pair are shown. Shadowed circles show the second layer carbon atoms. Ellipses on diamond (100) and small circles on diamond

(111) mean dangling bond hands of carbon atoms.

the following equation, taking account of the lattice the basis of the nucleant. About the detailed definition
mismatches on the low-index planes and the gap imand the calculation procedure of the planar disregistry,

three directions; please see the papers [2, 4, 5]. The value of the lattice
mismatch of each combination is presented in Table Il.

13 |d[uvw]is cos — d[uvw]ic| Thg lattice mismatche_s of tjtanium are out of the def-

8 == Z i x 100 (2) inition of the planar disregistry, because the systems
3= dluvw]g between titanium and carbon in the diamond and the

titanium carbide reaction products are reactive ones.
where d[uvw] is the nearest-neighbor distance onWe try discussing the reaction and the segregation of
the low-index plane of the nucleard[uvw]s is the titanium by using this parameter. The lattice mismatch
nearest-neighbor distance on the low-index plane obetween Ti§) (111) // Diamond (100) is so large as
the solid crystal (brazing filler element) afdis the 51.43%, as titanium atoms form titanium carbide with
angle between the close-packed directions of the twearbon atoms, then the misfit with the diamond becomes
substances. The Equation 2 is a little arranged from plasmall as 0.05016. Then, the solidification of the braz-
nar disregistriy [2] to express the lattice mismatches oring filler will occur. The value of the lattice mismatch
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TABLE Il Lattice mismatch altered from planar disregisty: is smaller than the other combinations of planes, and
the value as 17.01% is smaller than the misfit between

Ag/Diamond 8 [%]

(100)//(100) 1456 TiC (111) and Diamond (111). A lot of titanium atoms
(110)//(110) 1456 are considered to remain as non-reacted ones near the
(111)/(111) 1457 diamond. On the other hand, the lattice mismatch for
AgITIC s[%]  Cu (111)// Diamond (111) is so small as 1.35%. A lot
(100)//(100) 5516  of copper atoms exist near the diamond surface. As a
(110)//(110) 5518  result, it is considered that the high peak for Cu (111)
(11_1)”(111) 5516 and the peak for G4Ti reacted between titanium and
C“(/l%'g)r;‘/?l”go) 81[.0?4]15 copper are observed by XRD.
(110)//(110) 1.360
(111)//(111) 1.350
CulTic 5 [%] 5. Conclusions
(100)//(100) 16.42 By cooling from the top of a diamond, unidirectional so-
(110)//(110) 16.42 Jidification brazing method has done to bond diamond
(112)/111) 1642 to metal by using silver copper eutectic filler contain-
Ti({’f{g&?ﬁ‘ig& 55[;@313 ing 4.5 wt% titanium flakes. In the case of diamond
(1100)//(110) 2475 (;00), diamond (100} TiC (111)— Ag (111) orienta-
(0001)//(111) 1701 tioncan be observed. The average shear strength of the
Ti(a)/TiC 5 [%] specimens shows more than 120 MPa. It is larger than
(1100)//(100) 26.58 that made by usual brazing method. In the case of dia-
(1100)//(110) 5402 mond (110), interface orientations cannot be observed.
(0001)//(111) 3.479  These interfaces are polycrystalline. The shear strength
(1100)/(111) 8209 ofthese specimens shows lessthan 85 MPa. Itis easy for
Lattice Mismatch. the interface to crack. In the case of diamond (111), di-

amond (111} Cu (111) orientation can be observed.
o _ ) ) . The interfaces are in delicate thermal stress, because

between titanium carbide and silver is about 5.5. Thishe mjsfit for diamond (111) // TiC (111) is large. The
value is smaller than that between titanium carbide andpear strength depends on the cooling rate. If the cool-

copper. The value of 5.5% indicates that heterogeneoygg mass temperature is 670 K, the shear strength shows
nucleation of silver will occur. This suggests that silver y,qre than 120 MPa.

crystals grow from the titanium carbide products, and
that be in order with the titanium carbide products. This
discussion is agreed with the result of the high peak folycknowledgement
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