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Abstract

Residual compressive stress formation on the outer surface layers of bioresorbable calcium phosphate multilayer
composites was investigated in order to increase their strength. Multilayer laminates of 8-Ca;(PO,), (TCP) from
two different powders were prepared by means of tape casting, laminate pressing, and pressureless sintering. As the
laminates cooled from sintering temperature, differences in thermal contraction between the surface layer prepared
from a MgZ*-doped B-TCP powder and the core layers caused the generation of surface stresses. The relaxation strain
upon removing the surface layer by continuous etching in HNO; was measured and the distribution of residual
stress near the surface was derived. Compressive stresses of approximately 10 MPa were measured, which offer further
potential to improve the load-carrying capability of resorbable TZP bioceramics for application in bone defect and

trauma treatment.
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I. Introduction

Calcium phosphate bioceramics based on hydroxy-
apatite (HAP) Ca5(PO,);OH and tricalcium phosphate
(TCP) B-Ca3(POy), are commonly applied for treat-
ment of bone defects I. HAP is significantly more sta-
ble in the human body whereas TCP can be used as re-
sorbable material. Single-phase as well as biphasic mix-
tures of HAP and TCP are applied in bone repair as
bulk material, as porous structures, in particulate form,
in combination with other materials as composites and
as coatings 23. Owing to the poor mechanical prop-
erties of B-TCP bioceramics (bending strength (hot-
pressed) <125 MPa, Young’s modulus <60 GPa, tough-
ness <1MPa-m!/2) compared to cortical human bone
(strength <150 MPa; Young’s modulus <30 GPa; tough-
ness <12 MPa-m1/2) 4.5 it has not yet been possible to
use implants made of 3-TCP in load-bearing contact to
bone. Increasing the sintered density by adding sintering
aids such as glasses, processing of nanoscale microstruc-
tures, and formation of ceramic/polymer composites are
among the most promising approaches for improving the
mechanical properties of calcium-phosphate-based bio-
ceramics 6-8.

Enhancement of strength as well as toughness by means
of macroscopic surface compressive stresses has been suc-
cessively demonstrated for improvement of the mechan-
ical properties of brittle ceramic materials ?~12. Proba-
bly the most popular examples of application are safe-
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ty glass and thin display glass sheets. Thermal expansion
mismatch, phase transformation, density changes owing
to crystallization or ion exchange, and microplasticity in-
duced by contact loading (grinding, shot peening, wear)
arerelevant mechanisms being used for macroscopic resid-
ual stress formation in ceramics. Toughening of layered ce-
ramic composites with residual surface compression has
been demonstrated in a variety of engineering ceramic ma-
terials systems. For example, an increase of fracture tough-
ness from 5 MPa-m!/2 to 8.5 MPa-m!/2 was reported in
multilayer Si3N,/Si3Ny+TiN ceramics having compres-
sive surface stress values ranging from 130530 MPa 13.
A residual compression stress of ~400 MPa developed in
the outer layers by constrained transformation of unsta-
bilized zirconia from the tetragonal to the monoclinic
phase enhanced the apparent fracture toughness to values
of 30 MPa:m!/2 in a system where the intrinsic fracture
toughness was only 5 to 7 MPa-m1/2 11,

While residual stresses in engineering ceramics were pri-
marily considered for enhancement of strength and tough-
ness, reports on residual stresses in calcium phosphate
ceramics are mainly focused on HAP coatings on metal
substrates. Internal residual stresses in plasma-sprayed
HAP coatings on Ti-alloy substrate ranging from ten-
sile (10—25 MPa) 14 to compressive (15—30 MPa) 15> were
measured. Significantly higher compressive stresses of
130-275MPa were reported for sol-gel-derived fluori-
dated hydroxyapatite coatings on Ti6Al4V substrates 16.
Internal residual stress in the HAP coatings were iden-
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tified as having an important influence on determining
the durability of the coated implants. Thus, compressive
stresses may weaken the bonding between the coating
and substrate 15 and influence the dissolution properties
of the HAP coating 17. Residual stress formation on bulk
calcium phosphate ceramics, however, has not yet been ex-
plored to our knowledge. This study aims to explore the
formation of residual compression stresses on the surface
of B-TCP calcium phosphate multilayer laminate com-
posites. Layered composites with various stacking orders
were prepared from B-TCP powders with different mi-
crostructures. The residual stress was evaluated with the
strain relaxation method upon removing the surface layer
from one surface. Residual stress formation on layered
calcium phosphate ceramics may enable future develop-
ment of load-bearing bioactive implant materials.

II. Experimental Procedure

(1) B-TCP powders and tape casting

Two commercial B-TCP powders A (B-TCP, Merck
KGaG, Darmstadt, D) and B (8-TCP, Fluidinova, Por-
to, P) were applied for tape processing. The grain size
distribution of the powders was measured by means of
laser diffraction (Mastersizer 2000, APA 2000 with Hy-
dro 2000S measuring cell; Malvern Instruments, Herren-
berg, D). The Brunauer Emmett-Teller method was used
(ASAP 2000, Micromeritics, Norcross, USA) to deter-
mine the specific surface area of the powders. The two
powders differ in their mean particle size (A: 4.3 um; B:
3.5pm) and the specific surface area (Sy) (A: 63.4 m?/g;
B 94.5m2/g). The discrepancy of mean particle size and
crystallite size (d.) of 30 nm (A) and 20 nm (B) calculated
from the specific surface area (d.= 6/(Sy ¢) with density
0=3.07 g/cm3) indicates a high degree of agglomeration,
which was confirmed in SEM analyses (Quanta 200, FEI,
Eindhoven, NL). Furthermore, powder A contained a
small amount of stabilizing Mg (0.27 wt%) in order to
increase the B to a phase transformation temperature of
TCP 18. The Ca/P ratio determined by ICP spectroscopy
(Spectro Fleming Modula, Spectro Analytical Instru-
ments) was 1.4 (A) and 1.5 (B) (theoretical value 1.5).
XRD (Kristalloflex D500 equipped with an Anton Paar
HTXK 10 chamber, Siemens, Karlsruhe, D) working with
monochromated Cuy,, proved the crystalline phase com-
position to be single-phase 8-TCP (JCPDS 009-00169)
up to 1300°C (A) and 1200°C (B) where phase trans-
formation to a-TCP was detected. Prior to processing of
the tape-casting slurries, both powders were calcined at
900 °C for 2 h in order to reduce the specific surface area.
Calcination resulted in an increase in crystallite size to
approximately 0.4 pm (A) and 0.58 pm (B) whereas the
particle size (e.g. the agglomerate size) remained almost
constant.

Aqueous slurries containing 37vol% TCP powder,
29vol% H,O0, 2vol% dispersant (Ammonium-Polycar-
boxylate, Melpers 3440, BASF, Ludwigshafen, D) and
32vol% binder (Polyvinylacetate dispersion Dolacol B
4014, Zschimmer + Schwarz, Lahnstein, D) were pre-
pared by mixing for 24 h in a shaker mixer (Turbula, Willy
A. Bachhofen, Basel, CH) and defoaming in a planetary
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mixer (Thinky-Mixer ARE-250, Thinky, Tokyo, J). Grain
size distributions were measured after mixing (Master
Sizer 2000, APA 2000 with Hydro 2000S, Malvern In-
struments, Worcestershire, GB). Tapes with a thickness
of 130-150 pm were prepared with the doctor blade pro-
cess, the slurry being cast on a silicone-coated polyethy-
lene terephthalate (PET) carrier foil. The laboratory tape-
casting device was equipped with two chambers and two
blades and a drawing velocity of 700 mm/min was applied.

(2) Lamination and sintering

Green tapes were stacked and laminated (Polystat 200¢,
Servitec Maschinenbau GmbH, Wustermark, D), apply-
ing a pressure of 40 MPa for 15 min. Rectangular samples
measuring 40 mm x40 mm were prepared by stapling 20
tapes, resulting in a total body thickness of approximately
2.3-2.5 mm (shrinkage perpendicular to sheet plane upon
laminate pressing ~ 23 %). No additional adhesive was ap-
plied to the tapes prior to lamination pressing. The ther-
moplastic binder present in the tape was selected for its
low glass transition temperature of -20°C to allow cold
lamination bonding at 30 °C 19. Monolithic laminates of
20 tapes were prepared from A and B TCP powders, re-
spectively, and sandwich laminates of 20 B layers covered
with one A layer on each side were also formed. This A-
B-A laminate structure was selected from the thermal ex-
pansion behaviour measured on the two different powder
tapes (see results).

The monolithic and the sandwich laminates were sin-
tered at 1150 °C for 2 h in an electrically heated tube fur-
nace in air atmosphere. The thickness of sintered laminate
was approximately 2.08 mm with an A surface layer thick-
ness of approximately 0.09 mm and a B core of 1.9 mm
(thickness ratio A/B of 0.045). Up to 600 °C, the heating
rate was limited to 1 °C/min to facilitate binder burnout.
From 600 °C to the final sintering temperature, the heating
rate was raised to 3.6 °C/min.

(3) Characterization

Length, width, height, and mass of the green specimens
were measured for green density calculation. Sintered den-
sity was measured with the Archimedes method. Thermal
expansion of the monolithic A and B laminates was mea-
sured on rectangular samples (12 mm x 6 mm x 1.9 mm) by
means of differential dilatometry (Dil 402 C, Netzsch,
Selb, D), applying a-Al,Oj3 for reference. The microstruc-
ture of sintered laminates was analyzed from cross-sec-
tions perpendicular to the laminate stacking with SEM.
Prior to examination, the specimen surface was sputtered
with gold.

The modulus of rupture of the multilayered ceramics was
measured by biaxial bending loading (Instron 4204, In-
stron Corp., Canton, MA, USA) using a concentric ring-
on-ring gauge geometry (8.2/18 mm in diameter). Samples
were loaded as sintered without grinding and polishing
and a cross-head velocity of 0.5 mm/min was applied. The
fracture stress oy was derived from the specimen geometry,

the loading geometry and the load applied F,, according
to 20
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=T 12(1-v)—F———— + (1 +V)In-=
Gf 2rh2 ( V)e (1 + \/j) ( V) 1 (1)
where, v is Poisson’s ratio (v=0.25), r; is the radius of
the load-ring (r{=1.5mm), r, is the radius of the sup-
port ring (r, =4 mm), e is the edge length of the quadrat-
ic samples, and 5 is the sample height. The reported aver-
age (of) is the mean of ten measurements. Young’s mod-
ulus was derived from ultrasonic velocity measurements
(USD 10, Krautkramer, Hiirth, D), applying a frequency

of > 1 MH2z to specimens of same geometry.

(4) Residual stress measurements

The residual stress profile on the surface-near region was
derived from measurements of the curvature upon strain
relaxation when one of the surface layers was removed by
etching in 63 % HNO3, Fig. 121, A strain gauge element
(LY 61 6/350, HBM, Darmstadt, Germany) recorded the
relaxation strain ¢ relative to a reference sample (covered
with an etch-resistant coating) to compensate for the tem-
perature drift during the measurement. Applying Hook’s
law, the biaxial residual stresses o,(z) and 0y(z) at reduced
thickness z (e.g. zg— z = distance from surface) can be writ-
ten as follows22:

d (Px +VP
GX(Z)=6(1E_:V2) [zz ( d-;v )
4 (23.)
+4z (Py +VP,) -2 / (Py +VPy) dz]
d(P Py
Oy(2)= 6(111:\/2) {Zz ( yd-;V !
(2b)

+4z (Py +VP,) -2 / (Py +VPy) dz]

E and v are the Young’s modulus (measured ~60 GPa)
and Poisson’s ratio (~ 0.25 #), z is the starting thickness of
the laminate and Py i, (P=2¢/z) is the curvature in the x or
ydirection, respectively (for isotropic behaviour of square
samples P, =Py and o, =0,). Equation (2) was solved by
numerical integration anJ differentiation of the experi-
mentally determined function (P + »P) versus z with data
analysis software (Origin 7.5G, OriginLab Corporation,
Northampton, USA).

III. Results

(1) Sintering and thermal expansion

Monolithic laminates of both specimen sets A and B
started to sinter at about 850 °C and attained a maximum
sintering rate at 1150 °C. The pronounced drop in sinter-
ing strain rate at temperatures higher than 1200 (B) and
1300°C (A), respectively, must be attributed to the al-
lotropic B-a TCP transformation which is associated with
a pronounced molar volume expansion of 7.24 % (densi-
ty B-TCP 3.07 g/cm3, a-TCP 2.86 g/cm3 23). Thus, in or-
der to avoid extended microcrack formation 24, the sinter-
ing temperature of monolithic A, B as well as sandwich
A-B-A laminate specimens was limited to 1150 °C. SEM
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analysis confirmed that the specimens sintered at 1150 °C
did not show visible microcrack formation, Fig. 2. How-
ever, residual pores distributed uniformly can still be ob-
served and the fractional density was limited to approxi-
mately 0.95.

z
“v:
Ox //
& TCP (A) [ 7|
| | TCP(B) 2 7
TP A ¥ |

and 1350 °C showing extended microcracking induced by B-to a
phase transformation at the higher sintering temperature.

Fig.3 shows the curve of thermal expansion difference
(4a(T) =ap(T)-ap(T))as derived from dilatometric mea-
surements of the thermal expansion of the monolithic
laminates A and B. Except for the temperature interval
at 700-1000°C, powder B laminates exhibit a signifi-
cantly larger a than powder A laminates. For the tem-
perature interval from 1050 °C to 20 °C mean values of
ap=12.7 ppm/K and ag=14.43 ppm/K were derived. In
order to generate thermal mismatch compressive stress-
es on the surface of the symmetric sandwich laminates, A
tapes with the lower a were selected as the outer layers and
B tapes for the core layers 25.
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Fig. 3 : Difference in thermal expansion of sintered A and B mono-
liths AG(T) =dadB—OaA.

Despite the differences in thermal expansion, no delam-
ination cracks could be observed at the interface between
the A and B tapes in the A-B-A sandwich laminates sin-
tered at 1150 °C, Fig. 4. Thus, it may be concluded that
strong interfaces have developed which are able to avoid
edge cracking owing to compression stresses localized on
the surface layer 26.

5

Fig. 4: Micrographs of cross-sections perpendicular to layer stacking
of A-B-A sandwich laminate specimen sintered at 1150 °C.

(2) Residual stresses and strength

Near to the surface, amaximum compression stress (two-
dimensional) of approximately 10 MPa was derived from
the curvature measurements. The compression stress is
relieved within a depth of approximately 100 pm (corre-
sponding to the thickness of the A surface layer) and con-
verted to a low tensile stress of a few MPa in the core re-
gion, Fig. 5.

The modulus of rupture of the monolithic specimens A
and B sintered at 1150 °C attained values of 98+15 MPa
and 96+ 12 MPa, respectively. At the same level of frac-
tional density, the sandwich A-B-A laminate achieved a
higher fracture stress of 113+ 11 MPa, Fig. 6.
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Fig. 5: Residual stress profile of A-B-A sandwich laminate measured
with the strain relaxation method.
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Fig. 6: Bending strength of the monolithic and sandwich-type lam-
inates measured with the concentric ring-on-ring test.

IV. Discussion

Although the strength increment of ~+ 13 -20 % is still
relatively small, it may be attributed to the presence of
compression stresses in the outer A surface layers. Eval-
uation of the potential stress generation may be based on
plane stress analysis of the residual stresses in a symmetric
three-layer composite with planar interfaces !1
Surface:

Gi=- AOLATEltz
! 2t1 (1 -Vz) % + 1t (1 -Vl) (33.)
Core:
2A0ATE ¢
62= (3b)

2ty (1-v) g+ (1-vy)

E; and t; are the Young’s moduli and thicknesses of 1
(outer A-layers 0.09 mm) and 2 (core B-layers 1.9 mm),
and »; is the Poisson’s number (0.27). Taking to a first
approximation E | = £,~20 GPa, and »; = v, =0.27 and in-
serting Aa= 1.73 ppm/K, values of residual surface com-
pression stresses of 35—50 MPa are calculated for A7 =
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700-1000 °C, which are compensated by averaged ten-
sile stresses of 3—5 MPa in the core layers. Although the
calculation neglects effects of layer geometry on non-uni-
form stress distribution, the estimated values may indicate
upper limits of the residual stresses attainable with the
given material constants. The discrepancies between the
lower measured and the higher calculated values might
be explained by stress relaxation triggered by microcrack
formation. Even though extended microcracks were not
visible in SEM analysis, it cannot be excluded that small
fractions of a phase may have formed during sintering
which have been reported to have a significant influence
on the physical properties of sintered 3-TCP 23. As a con-
sequence, stabilization of B-TCP to avoid § to a trans-
formation as well as a reduction of residual porosity to
increase the Young’s modulus is a great challenge in or-
der to achieve higher residual compression stresses on
the surface of pressureless-sintered TCP ceramics. The
maximum values for the Young’s modulus reported for
hot-pressed polycrystalline 3B-TCP 27 are about 50 % of
the modulus of B-single crystal (nanoindentation mea-
surement 120 GPa 28 and ab initio calculation 110 GPa 29)
whereas our values were 16 % only. Thus, surface com-
pression stresses 3—5 times higher than the measured
values should be possible by optimizing processing and
consolidation.

Substitution of metal ions like Mg2+ on the Ca2* site 18
and adding Ca,P,0; as a sintering aid 30 were successful-
ly demonstrated to allow sintering temperatures exceed-
ing 1200 °C without triggering the B to o phase transfor-
mation. Furthermore, the presence of Mg?2+ ions in the
TCP lattice inhibits grain growth during sintering 31. The
microcracking associated with the expansion-contraction
cycle induced by allotropic 8 to a phase transformation
was found to be shifted to temperatures higher than the
transformation temperature when the grain size is very
small 32, Thus, microstructure refinement will not only re-
duce the susceptibility of this material to transformation-
induced microcracking, but will also improve the densifi-
cation kinetics, allowing 3-TCP to be sintered to the high-
er densities required for generation of enhanced residu-
al stresses on the surface of a multilayer implant device.
Furthermore, previous experimental results suggested a
clear effect of Mg2* doping on the thermal expansion of
B-TCP with a of 3-TCP doped with 4.5 wt% Mg2+ de-
creasing by more than 30 % compared to Mg2+ free B-
TCP 23. Thus, enlarging the difference of thermal expan-
sion between the surface layer and the core materials may
be achieved by optimizing the crystal chemistry doping.

Although the experimentally measured compressive
stress level and the effect on strength of pressureless-sin-
tered B-TCP laminate ceramics is still relatively small,
residual stress generation may offer interesting potential
for improving strength (and toughness) of calcium phos-
phate bioceramics. Caution must be exercised with lami-
nate devices when the applied (tensile) loading stresses are
not confined to the surface regions but superimpose the
tensile stresses in the core region of the laminate 11. Ow-
ing to the limited strength of B-TCP (bending strength
~140 MPa at a fractional density of 0.99 33) either the sur-
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face-to-core thickness ratio (¢1/f,) must be very small or
the compression surface stress must be limited to tolerable
levels in order to avoid external application load caus-
ing core fracture. To summarize, resorbable TCP implant
devices capable of carrying load temporarily owing to su-
perior mechanical properties appear to be of particular
interest for a variety of applications in orthopaedic and
traumatic surgery including, for example, maxillofacial
augmentations or osteosynthesis.

V. Conclusions

Residual compressive stresses were generated on the
surface of pressureless-sintered multilayer TCP ceramics
with a symmetrical sandwich design. Compared to mono-
lithic laminates, the sandwich laminate attained higher
two-dimensional bending strength, which was attribut-
ed to the compressed surface. Optimizing processing and
consolidationin order to increase Young’s modulus as well
as increasing the difference of thermal expansion between
the surface layer and the core materials by controlled crys-
tal chemistry doping were discussed for achieving higher
compressive stresses. Enhancement of the residual stress
formation is expected to offer interesting potential for im-
proving the poor mechanical properties of 3-TCP implant
materials, which might then be applied even under load-
bearing conditions.
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