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Strength and equation of state of boron suboxide from radial x-ray diffraction
in a diamond cell under nonhydrostatic compression
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Using radial x-ray diffraction techniques together with lattice strain theory, the behavior of boron suboxide
(BgO) was investigated under nonhydrostatic compression to 65.3 GPa in a diamond-anvil cell. The apparent
bulk modulus derived from nonhydrostatic compression data varies from 363 GPa to 124 GPa depending on
the orientation of the diffraction planes with respect to the loading axis. Measurement of the variation of lattice
spacing with angley, from the loading axis allows the spacings corresponding to hydrostatic compression
to be obtained. The hydrostaticspacing obtained from a linear fitting to data at 0° and 90° is consistent with
direct measurements at the appropriate afgte54.7°) to within 0.5%, which suggests that even two mea-
surementgy=0° and 905 are sufficient for accurate hydrostatic equation of state determination. The hydro-
static compression data yield a bulk modukis=270+12 GPa and its pressure derivatig=1.8+0.3. The
ratio of differential stress to shear modulus ranges from 0.021 to 0.095 at pressures of 9.3—-65.3 GPa. Together
with estimates of the high-pressure shear modulus, a lower bound to the yield strength is 26—30 GPa at the
highest pressure. The yield strength fBis about a factor of 2 larger than for other strong solids such as
Al,O3. The ratio of yield stress to shear modulus derived from lattice strain theory is also consistent with the
result obtained by the analysis of x-ray peak width. This ratio might be a good qualitative indicator of hardness
as it reflects the contributions of both plastic and elastic deformation.
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INTRODUCTION recoil detection analysis based on nanoindentation measure-
. ) ments of the thin films. Their results gave values of
Boron compounds have generated considerable interest 38173 GPa from experimental measurements, and
strong solids:*° Recently, boron suboxidd¢O) was found  196-275 GPa from the MD simulation depending on oxygen
to be as hard as cubic boron nitride and have a fracturgycorporation. According to the above data, it appears that
toughness similar to that of diamofdt combines extreme the elastic moduli of boron suboxide are far lower than those
hardness, high chemical inertness, low mass density, highf the cubic boron nitride(K=400 GPa,G=409 GPa,Y
thermal conductivity, and excellent wear resistahiédore- =973 GPa!315 Although there is a certain correlation be-
over, boron suboxide can be synthesized at much lower pregyeen the elastic moduli and the hardness values for some
sure(even at ambient press(iré% compared to diamond and classes of materidf-5the dependence is not monotonic as
cubic boron nitride. This significantly adds to the commer-poth elastic and plastic deformations are generally involved
cial attractiveness of boron suboxide as a superhard materiah the hardness testing process. Therefore, it is interesting to
Despite great potential applications as a superhard mat¢ook at the elastic moduli of well-crystallized boron subox-
rial, direct experimental measurements of elastic propertiesdes with high oxygen occupancy using different techniques
strength, and plastic deformation behavior of boron suboxidend investigate its plastic deformation behavior under high
at high pressures are limited. To date, the only experimentaltress.
measurement of elastic moduli for crystalline boron suboxide High-pressure experiments using diamond-anvil cells
was reported by Petragt al. in 1974 They obtained the combined with synchrotron x-ray diffraction are one of the
aggregate elastic moduli for near-zero porogity1%) hot-  pest means to obtain fundamental information on the equa-
pressed boron suboxide specimens at ambient conditions ugon of state of materials over large ranges of compression.
ing the resonant-sphere technique. The bulk modukis  From an experimental point of view, high-pressure studies on
shear modulugG), and Young's modulugY) were deter- B0 are challenging because of the low atomic number of
mined to be 230 GPa, 206 GPa, and 472 GPa, respectivelyoth boron and oxygen, which leads to weak x-ray diffrac-
However, the elastic properties of the hot-pressed samplgon signals given the small sample volumes in a diamond-
may be related to the sintering conditions, and boron suboxanvil cell. This is probably the reason that although boron
ide materials synthesized at low pressure are generally oxyuboxide was first synthesized by Weintraub in 16R6f. 9
gen deficient(BgOy, x<0.9) with poor crystallinity>"1®  no experimental data on its equation of st&®9 has been
which may also affect the measured elastic modMli.initio  reported. A sample in the gasketed diamond-anvil cell is al-
calculations gave a value of 222 GPa for the bulk modulus ofvays subjected to a uniaxial stress at high pressure. Even if
boron suboxidé,which is close to the experimental data of the sample is initially contained within a fluid pressure me-
Petrak et al. More recently, Musicet al'? determined dium, a completely hydrostatic environment cannot be sus-
Young’s modulus for amorphous boron suboxide using clastained above-15 GPa due to the freezing of all known pres-
sical molecular dynamiagviD) simulations as well as elastic sure media at room temperatdfe.The presence of
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nonhydrostatic stress is known to bias equation of state ddracted intensity was detected by a solid-state Ge detector
termination, especially for strong materidls®For example, with a fixed angle at 8=7.9913)°, which was calibrated
the bulk modulus of rhenium derived from nonhydrostaticwith a separate gold foil. Two collimators are located along
compression data can vary nearly a factor of 2 depending ofhe scattered beam path. The front collimator, located
the relative orientation of the diffraction vector and the dia-~6.5 cm from the sample with an opening of atn, pro-
mond cell stress axi$. For boron suboxide, the nonhydro- Vides spatial filtering while the rear collimator defines the
staticity may even have a stronger effect on the equation o¥cattering angle. A significant advantage of the use of the
state parameters. Recently developed radial x-ray diffractio§nergy-dispersive method for radial-geometry diffraction is
technique¥-22make it possible to obtain a hydrostatic com- that the capability of spatial filtering reduces_the strong ba(_:k-
pression curve from the highly nonhydrostatic data by propefround that can arise from the gasket while also ensuring
choice of the orientation between the stress axis and diffra hat Fhe d|ffracted intensity is restricted to the region near the
tion vector. Those techniques have been applied for hydro-oadlng axis of the C?"' . .

static EOS determination of Re, Mo, Sicand CaSi@, and The diamond-anvil cell was mounted in a rotation stage

the results were in agreement with other quasihydrostati¥vhose axis bisects Thus the angley, between the dif-
. . . . i the cell-loading axis could var
measurements:182223 The radial diffraction technique raction plane normal and g axi Y

. : o from 0° (diffraction normal parallel to the diamond cell load-
holds much promise from equation of state determination aitng axi9 to 90° (diffraction normal perpendicular to loading

very high pressureg>40 GPa, where it becomes increas- ,yis) Before data collection, the cell was scanned in the
ingly difficult to maintain a quasihydrostatic environment horizontal and vertical direction while recording x-ray trans-
through the use of soft-pressure transmitting media. mission with a photodiode. The strong absorption due to the
In this study, we examine the behavior of boron suboxideyold foil was readily detectable, and thus we ensure that the
in the diamond-anvil cell under nonhydrostatic compressionay foil was always centered within the x-ray beam to
Using radial x-ray diffraction technique together with the +5 ,m. However, as the size of the Au is smélb—20um
lattice strain theor’yg‘ﬂ enables us to observe the strain atupon Compressic)n and there is no obvious contrast in the
any orientation relative to the loading axis, to constrain the,_ray scans between the Be gasket ag®Bample, locating
hydrostatic compression curve under nonhydrostatic come Au after cell rotation or pressure increase could be time-
pression, and to obtain the information related to both elastieonsuming_ Diffraction Spectra were collected 0n|y after suf-

and plastic properties of the boron suboxide sample. ficient time (more than 1 helapsed after each compression
step to allow for stress relaxation. A total of 9 pressure steps
EXPERIMENT were investigated. Except for the first two steps, diffraction

) . ) patterns were taken at=0°, 90°, 54.7°, respectively. At

Boron suboxide was synthesized in a belt—_type Iayge VO'higher pressures, we always rotated the stage bagk-°
ume press at 5.5 GPa and 1900 °C for 60 min starting fromynq collected data again to compare with the patterns taken
a mixture of crystalline boron and amorphous boron oxide,; ine beginning. The data collecting time was 30—60 min
(B203).1% The orange-red crystalline sample powder has gq, 5 single spectrum. The variation thspacing aty=0°
average grain size of-4 um with a euhedral morphology. as typically less than 0.3% over the measurement time in-
The cell volume was determined to be 311.5ffom pow-  terval and not systematid.e., thed spacing obtained from
der x-ray diffraction at ambient conditions. The compositionthe |ast pattern was not always larger or less than that from
was estimated to bed®, o5 by electron energy l0ss spectros- the first one at a given loading sjegFor comparison, the
copy measurements. The structure of boron suboxide is buighange ind spacing fromy=0° to 90° is~5% at the highest
of eight icosahedra at the apices of the rhombohedral uni§ressure. At the final loading step, diffraction patterns were
cell (space grougR3m).” Each icosahedron is composed of also collected along a linear transect across the sample sur-
12 boron atoms. Two oxygen atoms are located in the interface at 20um steps aty=0°. The change ird spacing of
stices along th¢111] rhombohedral direction. boron suboxide within 2@um was found to be less than

The boron suboxide sample was loaded into gu®-di-  0.8%. The effect of position change on Au lattice parameters
ameter hole of a Be gasket. The gasket was preindented teas not detectable. With the diamond cell orientedad®,
~25 um thickness at-20 GPa. A piece of-15-um Au foil we also carried out a transect along the loading édisight
was placed on top within xm of the sample center. Special angles to the diamond surfgcend found no detectable
attention was paid to make sure that sample hole was welihange in the diffraction peak positions for Au or boron sub-
centered with respect to the anvil culet. The gold foil servecbxide with distance from the diamond surface.
as a pressure standétds well as a position reference for  Peak positions were obtained by fitting background sub-
x-ray diffraction!”'® We used a symmetric diamond-anvil tracted Voigt line shapes to the spectra. The lattice param-
cell to exert nonhydrostatic compression on both th® B eters of Au were derived from the diffraction lines (dfL1),
sample and Au. No pressure-transmitting medium was use@200), and(220). The Au(311) line was also available below
Energy-dispersive radial x-ray diffraction experiméft®® 20 GPa. Hydrostatic pressures were obtained from the mean
were performed at the X17C beam line of the National Syniattice parameter of gold aty=54.7°. As reported
chrotron Light Source at Brookhaven National Laboratory.previously'822 the (200 diffraction line of gold is anoma-
The incident x-ray beam was focused by a pair oflous. This may be a consequence of plastic deformafiéh.
Kirkpatrick-Baez mirrors to approximately 015 um and  However, the effect of including or excludig@00) on pres-
directed through the Be gasket and the sample. The difsure determination was smdk1 GPa. For boron subox-
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TABLE I. Observedd spacing of boron suboxidd04), (012), and(003) planes at different pressures and

angles.
d spacing(A)
(104) (012 (003
P (GPa 90° 54.7° 0° 90° 54.7° 0° 90° 54.7° 0°
1.50.2) 2.5748 3.7302 4.0882
9.30.5 2.5523 2.5211  3.7096 3.6707 4.0765 4.3098
18.30.4 2.5220 2.5148 2.4651 3.6729 3.6469 3.5659 4.0299 4.0016 3.9580
2.4642 3.5750 3.9607
26.80.6) 2.4930 2.4840 2.4305 3.6409 3.6071 3.5241 3.9890 3.9469 3.9051
2.4228 3.4983 3.8882
43.50.7  2.4668 24373 2.3796 3.5987 3.5502 3.4338 3.9366 3.8748 3.7854
2.3715 3.4480 3.7719
50.60.9 2.4474 24180 23502 3.5774 3.5257 3.3989 3.9000 3.8396 3.7309
2.3513 3.3959 3.7411
59.80.6) 2.4331 2.3980 2.3350 3.5726 3.5015 3.3814 3.8743 3.8116 3.6931
2.3320 3.3777 3.7411
65.30.9 2.4200 2.3906 2.3251 3.5307 3.4771 3.3437 3.8294 3.7772 3.6599
2.3199 3.3513 3.6570
2.3076 3.3431 3.6446

ide, the diffraction line§101), (003), (012), (110), (104), and d(hkl) = dp(hkl)[l +(1 -3 cog »)Q(hkl)], (2)
(021) could be detected. In some cases,(®2)) line of BsO ) ) ) )
was overlapped by Ag111), and the(101) and (110 lines whered,(hkl) is thed spacing resulting from the hydrostatic
were not used due to their very low intensity. However, thecomponent of stress, and

(003, (012, and(104) lines of BsO were observa_ble through Q(hkl) = (/3){a{2Gr(hk) ]  + (1 - a)(2G\) ™.  (3)
the entire range of our measurements. The lattice parameters ) . )

of boron suboxide were generally derived from diffraction Gr(hkl) is the aggregate shear modulus of grains contribut-
lines of (003), (012), and(104) using least-squares fitting to ing to the diffraction intensity under the cpndmon_ of con-
a hexagonal cell. Table I lists the obsenddpacings of the stant stress across grain boundafi@suss limij. Gy is the
(003), (012, and (104 planes of boron suboxide at=0°,  shear modulus under isostrain conditigheigt bound. The
90°, 54.7° at different pressures, and representative diffrad?arameterr ranges from 1 to 0 depending on the degree of
tion spectra are shown in Fig. 1.

P=50.6 GPa

021
104

THEORY

The radial x-ray diffraction data was analyzed using the
lattice strain theory developed by Singh and co-worké&r&:
According to this theory, the stress state in a polycrystalline
sample under nonhydrostatic compression in the diamond-
anvil cell can be described by a maximum stress along the
cell loading axis,o3, and a minimum stress in the radial
direction, oy. The difference betweewr; and o, is the
uniaxial stress component

Intensity

25
d-spacing (angstrom)

T T
20 3.0 35 4.0 45

(1)
where is the shear strength antithe yield strength of the
sample. The equality in relatiofl) holds for a von Mises
yield condition and could be less than the yield strength. 54 7°[curve ()], and 90°[curve (a)] under the same loading. The

The Observ?dtl spacing(dy,) IS a fU”_Ctlon of _the a_nng position of B;O (104 and Au(111) diffraction peaks aty=54.7°
between the diamond cell loading axis and diffraction planeare marked by a solid line for comparisong@ (021) peaks are
normal: overlapped by Au111) on curvesa) and(b).

t=o3-01<27=Y,

FIG. 1. XRD patterns of the sample takenyat 0° [curve(c)],
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stress and strain continuity across grains in the polycrystal- 1.00m
line sample. ‘ .
According to Eq.(2), dy(hkl) should vary linearly with oesy & 2 .
1-3 cog ¢. It reaches a maximum at=90° and minimum -
at W=0°. At y=54.7° (1-3 cog ¢=0), the position of the 090 " L
observed x-ray diffraction line reflects tlespacing due to ©0.854 : 2 . *
the hydrostatic component of stress, and there is no contri- § . 8 4 . -
bution to the measuredi spacing from the differential stress. 0.804 ° g
Local deviatoric stresses will also exist producing grain to - "
grain strain differences, but these result in broadening of the 0.754 -,
diffraction lines rather than peak shift. -
The aggregate polycrystalline sample in the diamond- 0.70 T T T T T T T
anvil cell is generally assumed to be under isostress condi- 0 1 20 30 40 S0 60 70 80
tions (Reuss limij. In this caseq equals 1 in Eq(3) and the Pressure (GPa)

uniaxial stress component can be expressed as FIG. 2. Observed appare¥it V, of BgO (solid symbol$ and Au

t = 6G(Q(hkl)), (4) (open symbolg at =0° (squarey 54.7° (circley, and 90° (tri-
angles under different pressures. The pressure is determined from
where(Q(hkl)) presents the averag@(hkl) value over all  the mean lattice parameter of gold obtainedsat54.7°.
observed reflections, ar@ is the aggregate shear modulus

of the polycrystalline sample. If the uniaxial stresias 54 Re are found to support a deviatoric stress 3fGPa at
reached its limiting value of yield strength at high pressuresy,o same conditiof#22As a potential superhard material, we

6(Q(hkl))=t/G will reflect the ratio of yield strength to shear expect that boron suboxide could support even a higher
modulus. According to Eq(2), the slope of thed(hkl) vs | niaxial stress.
1-3cos ¢ relation yields the producty(hkl)Q(hkl), and For the conventional axial experiments using the
dy(hkl) can directly be measured &t=54.7°. diamond-anvil cell,in situ x-ray diffraction measurements
are confined to near the minimum strain direction. Thus the
observed lattice strain is smaller than the strain component
RESULTS AND DISCUSSION due to the hydrostatic pressure. But the measured value is

Diffraction spectra of the sample were measured to concloser to the hydrostatic strain if the material has a lower

ditions corresponding to a hydrostatic pressure up tOstrength. In this case, the nonhydrostatic compression curve

65.3 GPa at room temperature. At the each loading, it wa%vt'lgy'eil\(ljei Vcﬂg;ﬁ::iwgi E:Egverg;Srljeazgf%r:z{a#%f;mais
found that diffraction peaks always shifted to smatlespac- 9 P P

ing as ¢ decreased, reflecting that increase in strain as th@ig‘zl:gr dtgiréhtgi fljgd'?sdursrggﬂta:f ?r:ewrr‘:gsfrglgggjgfgce
diffraction plane normal approaches the maximum stresd y b

axis. This can be clearly seen in Fig. 1, which shows théqg,:.ec r'?(')r'ﬁ srteron%enrcthanetgz s;d(;zd Tlaﬁirlk?(léléhe tﬂgnhygr(_)-
patterns taken at=90°, 54.7°, and 0° at 50.6 GPa. Here the >a0 press urv setved Wit i . guasi-

pessure i determined usig ihe Au st th difac. | DVSLC U 0 6. plne i oer ot e shengh
tion data obtained a#=54.7°. At room temperature, there P

are some differences in the reported equations of state foqard m.aterlal determ[nes hOW. the observed compression
Au. The recent EOS of Au by Shiet al?yields a~3 GPa  “!"V¢ biases the quasihydrostatic curve. .

pressure difference from that of Andersenal?’ at 60 GPa Flggre 3 shows plots ofl spacing as a function of 1
and room temperature. The shift of diffraction lines foy(B -3 COS y for spleqted diffraction lines of gold and boron
is larger than that for Au. This indicates thag@is stronger SUbOrX'de art frlnx d|ff:ar§jnt pres;iures\./ '?S ﬁ:}(peﬁtedwl;;ﬁmlthe
than Au and can support a larger uniaxial stress. To furthe‘heo Y, ou casuredl spacings vary finearly

demonstrate the above phenomenon, we plotted the appare_n§ coS . The d|ffract|on_ peaks of boron suboxide exhibits
relative volume changéV/Vy) of B;O and Au aty=90°, a slope that is about 10 times as great as that of gold peaks at

54.7°, and 0° as a function of pressure in Fig. 2. The Oliffer_the highest pressure, which again indicates that boron subox-

ence of the observe/V, between 90°(minimum stress ide is more sensitive to nonhydrostatic stresses.dbpac-

directi o oo L ing at ¢/=54.7° (dnyqro could be estimated from the corre-
irection) and 0°(maximum stress directigrunder the same . R o }

loading for boron suboxide is far larger than that for gold,Spondlng observed values #t0° (dy) and 90°(dgo):

and both tend tp ingrea§e v_vith pressure. The phgnge of the Ohyaro= (o + 2dg0)/3. (5)

observed//V, with direction is caused by the uniaxial stress

field. The difference of the measurddV, between 90° and The relative error of the calculatedj,q,, from Eq. (5) was

0° is related to the uniaxial stress componénrio;— oy, less than 0.5%. If a linear relatigig. (2)] holds, then thel

which is limited by the yield strength of the material. Gold spacing from differents angle can be determined if we have

has a low yield strength, and the uniaxial stress it can suppost least twad spacings from differeng at a given loading. In

is less than 1 GPa under nonhydrostatic compression toontrast to previous radial diffraction studies, we collected

50 GPa in a diamond celf:?> But strong metals such as Mo diffraction patterns at only three angles at each loading step.
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FIG. 4. Compression curves of boron suboxide from lattice pa-
rameters measured at 0°, 54.7°, and 90°. The pressure is also cal-
culated from the measured diffraction data of gold at 0°, 54.7°, and
90°. The solid lines are Birch-Murnaghan equation fits to the data at
=0°,54.7°, and 90°. The solid squares and open diamonds are the
cell volume observed at the beginning and end of the measurements
for the same loading step dt=0°.

Au(220) 4.00] BO(03)
3.95)

3.90

385

___’_____,-———-'— 380
e " an]

3.65

124 GPa, respectively. Thus for a superhard material such as
) boron suboxide, the bulk modulus derived from the nonhy-
1-3cos’psi 1-3cos psi drostatic compression data can vary nearly a factor of 3 de-
pending on the relative orientation of the diffraction vector
and diamond cell stress axis. This is also consistent with the
data reported by Duffet al,*®22in which a total variation of
65% and 94% for the bulk modulus of molybdenum and

end of the measurements. The solid lines are least-squares fits to t enium was observed using the gold pressure scale. The

data. The pressures are determined from mean lattice parameter 3P0V€ results again illustrate that the nonhydrostaticity can
Au at $=54.7°. have a stronger effect on equation of state parameters, par-

ticularly for strong imcompressible solids.

For energy dispersive diffraction, this maximizes the number According to our measurements and the reported data, the
of pressure steps that can be carried out using weakly scabulk modulus of the boron suboxide is ony65% of that
tering samples. The good agreement betweigh, and our  for cubic boron nitride, though they have a similar Vickers
measurements ap=54.7° shows that even two measure- hardness.Various elastic moduli are frequently used as an
ments(=0° and 907 are sufficient for accurate hydrostatic indicator to search for new superhard materials in theoretical
equation of state determination. calculations:3-1532 Therefore, it is interesting to critically

Using the equation of state of gotfithe hydrostatic pres- look at the correlation between the elastic moduli and hard-
sure was determined from the mean lattice parameter at ness. There are many definitions of hardness, as there are
=54.7° for each loading step. The compression curves fomany ways of testing it. In a general sense, hardness is the
boron suboxide at 90°, 54.7°, and 0° are shown in Fig. 4. Itesistance to external mechanical action to scratch, abrade,
was found that the/a ratio of the boron suboxide hexagonal indent, or any other way permanently affect its surface.
unit cell slightly decreased from 2.275 to 2.232 as the presThose tests tend to measure the deformation of the material
sure increased to 65.3 GPa from 1.5 GPa without deperunder a external shear, which is initially elastic, but in later
dence on the angle.. The unit-cell volumes observed at stage displays yield. Thus hardness must be related to both
different pressures were fitted to the third-order Birch-the elastic and plastic properties of a material. In the initial
Murnaghan equation of state. At=54.7°, we obtained the elastic deformation stage, the material, which has a high
bulk modulusKy=270+12 GPa and its pressure derivative hardness, should have a high bulk modulus to resist the vol-
K;=1.8+£0.3. With K; fixed at 4, the derivedK, is ume decrease under the applied pressure, as well as a high
213+57 GPa, which has a relative large standard error but ishear modulus to prevent the deformation in a direction dif-
close to the data of Petragt all® and the value fromab  ferent from the applied load. Although there is a certain cor-
initio calculations: Our pressure derivative of 1.8+0.3 is relation between the bulk modulus and the hardness for par-
lower than usual values, which are typically around 4. How-ticular classes of substance, the shear modulus was found to
ever, pressure derivates of 3 or lower have been reporteoe a significantly better qualitative predictor of hardngs¥
previously for incompressible solids such as cubic boron niHowever, the later plastic deformation stage of hardness
tride and diamond®-3! The bulk moduli obtained from fits measurement is not controlled by the shear modulus but by
of the diffraction data at 0° and 90° are 363 GPa andhe shear strength, which can vary by more than a factor of

FIG. 3. Dependence of observedspacing on 1-3 cé# for
selected diffraction lines of gold and boron suboxide at different
pressures. The two data points of boron suboxide for each pressu
step at 1-3 cdg=-2 (4=0°) were obtained at the beginning and
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FIG. 5. Ratio of differential stress to shear modu(tiG) as a
function of pressure for boron suboxide and gold. The solid lines FIG. 6. Selected diffraction patterns of boron suboxide under
are polynomial fits to the data. The pressures are determined fromonhydrostatic compression takenyat 54.7°.

the mean lattice parameter of gold obtained/at54.7°. The esti- . . ) . )
mated errors are obtained from the scatter dthkl) vs 1  €hing of diffraction lines” The amount of broadening rela-

~3cog y. tive to a reference peak at ambient pressure and temperature
yields a measure of the microscopic deviatoric strain distri-

10 for different materials with similar shear modutds*  pution parallel to the diffraction vector. Fig. 7 shows the full

The ratio of shear strength, to shear modulus3, could be  width at half maximum(FWHM) of boron suboxidg104)

more useful as it reflects the contributions of both plastic angyng gold (111) diffraction lines vs. pressure at=54.7°.

elastic deformation. In fact, the theoretical studies of idealypon compression, the boron suboxid®4) peak broadens

strength of solids are typically expressed in termstb8, 5 550 GPa and then begins to narrow. This can be also

Whitd; i(s) (1)f5t]t1e order of 0.03—0.04dfor ahface-c%nteredr;cu_té|cseen in Fig. 8, and may indicate that local stresses relaxed
metal, U.2> for an 1onic compound Such as sodium chondey, o 14 the plastic flow, i.e., the yield strength of the sample

and 0.25 for a purely covalent material such as dianiéid. was exceeded. Using the ambient pressure spectrum as a

The ratio of differential stress to shear modult/sG) was . . i :
. . reference for zero strain and assuming the grain size remain
plotted as a function of pressure for gold and boron suboxide

in Fig. 5. Thet/G obtained for gold in this study agrees well unchanged with compression, we could calculate the strain

with the previous reported dat&?? For example, both our distribution in the ~sample under nonhydrostatic

L oo . ;
measurements and the reported data in Refs. 13 and 24 gig@mpressiod’ By multiplying by the aggregate Young's
a value of~0.01 fort/G of gold at ~40 GPa. For boron modulus, the microscopic deviatoric stresses can be

suboxide, the/G ranges from 0.021 to 0.095 and increasesdetermined”’ If sufficient deviatoric stress is generated by
with pressure. But the increase G levels off after the loading system to deform the sample plastically, then this
~50 GPa. Similar behavior was observed for cubic siliconstress represents the yield strength of the sample. However,
nitride (c-Si;N,),3° which is also a superhard material with a the pressure dependence of the Young's modulus should be
reported Vickers hardness of 43 G¥arhe change ot/G known to calculate the microscopic deviatoric stresses at a
with pressure may indicate that the boron suboxide started t@iven pressure.

yield andt reaches its limiting value oY (yield strength at The aggregate Young's modulus, can be obtained from

a nonhydrostatic compression 640—50 GPa. It is interest- the bulk modulusK, and shear moduluss, using

ing that this pressure also corresponds to a relative intensity

change of the diffraction peaks. Figure 6 shows the selected 0.14+

diffraction patterns of the sample taken @t54.7° under 012

different pressures. The change in relative intensity of the ' - BgO (104)
boron suboxide peaks was small up to 50.6 GPa. After that, ‘E 0.104 .

it was quite obvious and th@03) peak became very strong 12 L] e

at 65.3 GPa. This might mean that the initially randomly g’oog' .

distributed boron suboxide grains become preferably ori- S 006{ ®

ented due to the plastic deformation over the yield point. = AvD
However, we could not observe the systematic intensity Eom'g o s oo oo
change for the boron suboxide diffraction linesyat0° and 0.02- o

90°; thus the intensity increase of tf@3) peak at 65.3 GPa

might be caused by the diffraction from a single crystal, °'°°0 10 20 30 40 50 80 70 80
vl\p/higz 7hoappened to be satisfied to the diffraction optics at Pressure (GPa)

Even under hydrostatic compression, local deviatoric FIG. 7. The full width at half-maximungFWHM) of B5O (104)
stresses exist in a polycrystalline sample that result in broadand Au(11)) diffraction peaks vs pressure at 54.7°.
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n ©w w
(4] o 4]
1 L 1 L

Intensity
Differential Stress (GPa)
[4,]
1

T T T T L)
2.40 2.:15 2.50 2.55 2.60 2.65 2.70 0

d-spacing (angstrom) Pressure (GPa)

FIG. 8. (104 diffraction peak of boron suboxide at increasing  F|G. 9. Differential stress as a function of pressure. Solid sym-
pressures angy=54.7°. The peak position is shifted to center the pg|s: static compression dat#® , BsO from this study;Ml, CaSiQ,
bottom pattern and the intensity is rescaled. Solid curves are leasfrom Ref. 23; 4, Al,O; from Ref. 41;®, Re from Ref. 18:¥, Au
squares fit to the dat@rosses Dotted lines show the full width at  from this study; andA, Au from Refs. 18 and 22. Open symbols:

half-maximum for comparison. shock wave dat&<l, Al,O5 from Ref. 43;0, B,C from Ref. 43.
Solid lines and dashed lines: second-order polynomial fits to static
E=9KG/(3K +G). (6) compression data and shock wave data.

Except for SiQ, it appears that the measurgds above the

The bulk modulus of boron suboxide was obtained from oulyield point under nonhydrostatic compression reflects the
equation of state and the Petrakal!! value was used for hardness for the above strong materials. The unusual low
the shear modulus together with an assumed range of preg-G obtained for SiQ@ may be due to the stishovite-
sure derivativesdG/dP, of 1.0-1.5, which are typical values CaCl-type phase transition at around 50 GPa.
for ceramics’® High-pressure values &€ and G were com- Figure 9 compares differential stresses obtained for sev-
puted using third order Eulerian finite strain equations. Ateral materials from radial diffraction in the diamond-anvil
65 GPa, Young's modulus is estimated to be 658—740 GPaell as well as shock wave experiments. High-pressure shear
and the shear modulus is 269-312 GPa. If we take accoumtoduli were obtained using third order finite strain theory
of the pressure dependence of Young’'s modulus for boromand experimental values f@& anddG/dP. As with BgO, it is
suboxide based on the above assumption, the maximal devitikely that yield has been achieved for all these materials at
toric stress calculated from tt{&04) peak broadening should high pressures, so the differential stresses are equivalent to
be 26—30 GPa. Also, given the range of possiiealues of yield stresses. Also shown in the figure are data obtained
269-312 GPa at highest pressure, we hav26—30 GPa from static pressure gradient measurenfénend shock
from lattice strain theory. In addition, the calculated localcompressiort?#2 Boron suboxide is the strongest material
deviatoric stress for gold is about 0.5 GPa, which is alsastudied to date as it supports a differential stress of 30 GPa at
close to value of theé (~0.6 GPa at~ 40 GPa obtained a confining pressure of 65 GPa. Thus, very high values of
using strain theory. The above results demonstrate that thdifferential stress can be developed under uniaxail compres-
ratio of yield strength to shear modulus measured by th&ion of strong, brittle solids. While this has been recognized
analysis of x-ray peak broadening is consistent with the regualitatively for some time, our results allow this to be quan-
sult obtained from the strain theory, i.e., both the maximatified, and thus provide a useful metric for comparison of
differential stress and microscopic deviatoric stress that theifferent solids and classes of solids. For examples, in strong
sample can support under nonhydrostatic compression araetals such as Fe and W, differential stresses as large as
equal to the yield strength once the plastic deformation i20 GPa are not developed until confining pressures of order
initialized. 200 GPa are reachéfi.indeed the differential stress sup-

The maximumt/G of boron suboxidgVickers hardness ported by BO is about three times larger than that in rhe-
45 GPa(Ref. 1)] obtained in this study is 0.095. Using the nium metal near 30 GP'& While there is limited data on
same technique, the maximutG was found to be 0.037 for high-pressure yield strengths of other strong solid&) Bp-
stishovite[Vickers hardness 33 GPéRef. 19 and 0.075 for  pears to be considerably stronger than other materials yet
cubic silicon nitride [Vickers hardness 35-43 GR#&ef.  studied under static or dynamic loading. Measurements of
36)].%° Silicon carbide was observed to start to yield atradial pressure gradients have been used to determine maxi-
~14 GPa and the yield strength was measured to benum shear stresses in /&l; samples up to 70 GPa in the
13.6 GPa by analyzing the diffraction peak broadening undediamond celf}! Taking the yield or flow strength to be twice
nonhydrostatic compressiéhThe ratio of yield strength to the maximum shear stre$sthe yield strength of A0,
shear modulug192.5 GPa at ambient presstfjeof silicon  reaches a maximum of 12 GPa at 70 GPmhich is more
carbide [Vickers hardness 25—-35 GRRef. 40] is 0.071. than a factor of 2 lower than found ingB. Shock wave
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studies give higher values for the yield strength of@J but  determination. The hydrostatic compression curve has been
they are still well below BO values®® Other solids such as obtained aty=54.7°, which yields a bulk modulu,
B4C (Ref. 42 and CasSiQ (Ref. 23 also have yield strengths =270+12 GPa and its pressure derivatifg=1.8+0.3. The
on the order 50% of RO values at high pressures. Of course,lower bound to the yield strength derived from the strain
comparison of shock and static yield strengths is complicatetheory was found to be 26—30 GPa, consistent with the re-
by large differences in strain rates and also temperatures. sult obtained by the analysis of x-ray peak. This indicates
that both the maximal differential stress and microscopic de-
CONCLUSION viatoric stress that the sample can support under uniaxial

) stress are equal to the yield strength once the plastic defor-
The presence of nonhydrostatic stress can strongly affe¢hation s initialized. It appears that the measut&@ above

the EOS determination, especially for strong materials. Thene yield point under nonhydrostatic compression reflects the
bulk modulus of' boron suboxide derived from the nonhydro-p5rdness for the strong materials, and might be a good quali-
static compression data can vary be nearly a factor of 3 d&yjve indicator of hardness as it reflects the contributions of
pending on the relative orientation of the diffraction vectoryoth plastic and elastic deformation. Our measurements also
and diamond cell stress axis. Our results demonstrate that th@ow that BO is considerable stronger than others strong

strength difference between the studied material and pressugg)ids such as ADs and CaSiQ at static high pressure.
standard material, as well as the anglebetween the dif-

fracting plane normal and stress axis, determines how the
observed compression curve bias the hydrostatic curve. Us-
ing radial x-ray diffraction technique together with the lattice
strain theory, we examined the behavior of boron suboxide in The authors thank J. Z. Hu, J. Shu, and H. K. Mao for
a diamond-anvil cell under nonhydrostatic compression up t@xperimental assistance, and A. Kubo for helpful discus-
65.3 GPa. The hydrostatit spacing obtained from a linear sions. This study was supported by NSF and DOE. The
fitting to data at 0° and 90° is consistent with direct measureCarnegie-DOE Alliance Center is funded by the Department
ments atyy=54.7°; thus even two measureme(fs=0° and  of Energy through the Stewardship Sciences Academic Alli-
90°) are sulfficient for accurate hydrostatic equation of stateance Program under Grant No. DE-FC03-03NA00144.
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