
Abstract The shear strength of the cement-metal interface
using rods with different surface treatments and a clinical
standardized cementing technique was studied. Under
“dry” conditions, a low interface shear strength can be ob-
tained with polished and smooth CoCrMo surfaces (peak-
to-valley height Rt: 1 µm, average 0.2 MPa; 5 µm, 0.38
MPa). Grit-blasted and polymethylmethacrylate (PMMA)-
precoated surfaces achieved higher values (PMMA pre-
coat: average 5.16 MPa; CoCrMo peak-to-valley height
Rt: 20 µm, average 8.61 MPa; 60 µm, average 7.8 MPa).
After immersion in physiological saline solution for 60
days, the PMMA-precoated rods kept their initial stability
whereas all the other test rods had lost their stability com-
pletely. A microscopic analysis of cross-sections revealed
gap formations at the cement-metal interface to varying
degrees (1–16 µm). PMMA-precoated rods rarely showed
any gap formation at all. The above-mentioned gap for-
mation was seen independently of the porosity at the ce-
ment-metal interface and corresponds to the clinical and
postmortem observed debonding of the interface.

Introduction

Radiological long-terms studies evaluating the cement-
metal interface of cemented stems proved a debonding of
the cement from the metal [15]. These results are stressed
by the fact that some previously grit-blasted stems were
polished in vivo by micromotions after debonding (Fig.
1). Postmortem examinations confirmed this debonding
process which cannot be detected on X-rays during the
first period after implantation [8]. Despite the interfacial
debonding, patients remained painfree over many years
due to a rotational stability provided by the implant design
[15]. The absence of a rotational stability after debonding

will enhance early loosening at the cement-metal interface
as observed by Mohler et al. [14].

The loss of interfacial strength contributes to an in-
creased wear at the cement-metal interface and permits
distal migration of abraded particles. The debonding
causes a stepwise subsidence of the implant in the cement
mantle, thus reinforces the hoop strain in the cement man-
tle and consequently leads to an early failure of the ce-
ment mantle [12]. Depending on the implant material,
massive abrasion and corrosion may occur, as observed
on titanium alloys [20].

The rough surface of the cemented stems commonly
implanted should allow a long-term bonding. Thus, the
basic goal of this study was the determination of the shear
strength that can be obtained by commonly used material
surfaces under clinical working conditions.
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Fig.1 Segmented polished
stem of an originally matt
prosthesis by micromovements
after 5 years of in vivo func-
tion



Materials and methods

The experiments were performed with CoCrMo and Ti-6Al-7Nb
alloys, both of them in clinical use for many years. The peak-to-
valley height Rt is defined as the highest peak-to-valley height of
the entire surface.

To analyse the dependence of the shear strength on the implant
surface, CoCrMo rods with a roughness (Rt) of 1, 5, 20, and 60 µm
were chosen. The surface roughness was produced by a corundum
radiation method. The influence of a polymethylmethacrylate
(PMMA) precoat on the shear strength was tested with CoCrMo-
precoated rods. The peak-to-valley height Rt of the CoCrMo alloy
was 27 µm with a PMMA layer thickness of 80 µm. The precoat
layer was produced by spraying the PMMA powder onto the alloy
and melting it on at 215°C.

In addition, we examined Ti-6Al-7Nb rods with two different
standard implant surfaces, Ballotini 0.1–0.2 and Ballotini 0.1–0.2
+ E440, commonly used for cementless implants. Ballotini are
quartz glass balls which determine the surface finish, E 440 stands
for precious corundum. The roughness (Rt) of the titanium rods
was produced by a corundum radiation method. Due to the mate-
rial characteristics, the implant surface roughness after corundum
radiation differs between titanium and CoCrMo.

All cylindrical rods, regardless of the implant material and sur-
face, were 60 mm long and 10 mm wide. Figure 2 illustrates the
test rods used.

The rods were inserted into polyvinylchloride (PVC) test-tubes
(length 30 mm, inner diameter 22 mm, outer diameter 25 mm)
with an inner continuous thread of 1 mm to guarantee a stable
bond between cement and tube. To insert the rods axially into the
tubes, three centring devices were used (Fig.3).

The cement mantle thickness comprised 6 mm according to the
Exeter stem system directives (cement mantle thickness of 2–6
mm, [6]). All test rods were used only once. One pack of bone ce-
ment (Palacos Merck 40.8 g) was sufficient for two surgeons to
implant three rods in parallel.

The cementing technique was standardized in a manner that ac-
curately represents current clinical practice. The cement compo-
nents were prechilled at 4°C and mixed under vacuum (Merck
vacuum system) for 45 s according to the manufacturer’s instruc-
tions. Immediately afterwards, the bone cement was filled into a
cement gun and pressurized until the end of the 4th min. Then the
cement was filled axially into the test-tubes up to their proximal
end with the cement gun, allowing air to leave distally. After-
wards, the tubes were inserted into the centring devices. The rods
were implanted from proximal to distal, while the distal end of the
tube was occluded. Thus, the cement had to squeeze out proxi-
mally. Finally, the screws of the centring device were tightened to
ensure a stable position of the rod. The cement was allowed to
harden for 20 min. The centricity of the centring device was
checked regularly with a standard test specimen. The centricity of
the rods was checked by a special testing device determining an
exact central position of a rod in a tube (true running machine).
This showed a deviation of 0.09 mm, which corresponds to the
maximal achievable centricity of the rods in the centring device.

The interfaces of 10 rods per alloy and surface were tested
‘dry’ (i.e., at room temperature and 50% relative humidity) and of
10 rods per alloy and surface ‘wet’ after immersion in physiologi-
cal saline solution at 37°C for 60 days.

Push-out tests (Zwick Machine 1488) were carried out with a
constant deformation speed of 1 mm/min. Simultaneously, a load-
displacement curve was recorded (Fig.4). The direction of the
push-out tests for the rods was from proximal to distal. A straight
insertion of the test tube into the push-out machine was ensured by
clean-cut distal tube ends and removal of the extruding cement af-
ter the end of the cementing process. The maximal load was con-
verted to an interface shear strength using the following formula:

Shear strength τ (MPa) = Fc/2πrh

where Fc = maximal load (N), r = radius of the rod (mm), h = in-
terface height (mm).
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Fig.2 Test rods used in this study (from left to right): CoCrMo
(Rt: 1, 5, 20, 60 µm), CoCrMo-PMMA precoat (Rt: 27 µm) 
Ti-6A1-7Nb (Rt: 7, 12 µm)

Fig.3 Centring device for axial implantation of the rods in the
tubes
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Fig.4 Typical load-displacement curve using the example of a Ti-
6Al-7Nb test rod (Rt 7 µm) under ‘dry’ (= room) and ‘wet’ (=
physiological) conditions



For the microscopic analysis, cylindrical and tapered rods were
implanted under room conditions. Six 6-mm cylindrical slices
from each surface type were produced by use of a circular carbide
saw (Accutom Struers). Subsequent rough grinding (granulation
340), cleaning with ultrasound (Bandelin Souvrex RK 100) and
smooth grinding (granulation 600) and again final cleaning in an
ultrasound bath prepared the rods for further testing. The cross-
sections were analysed under 6.3-fold magnification (Macroscop
Wild M420, × 1.25) and documented photographically. The extent
of the gap formation between implant and cement was defined as
the total of all sections with a gap formation in degrees of the rod
circumference. The gap size (µm) between cement and metal was
determined with an object micrometer under 200-fold magnifica-
tion (Zwick Hardness Testing Machine 3213). The extent of the
porosity was determined as the area of pores in percentage of the
total area. The pores were counted in 6 areas surrounding the im-
plant, each area measuring 1 × 1 cm. The average size of the pores
(µm) was studied with the help of the hardness testing machine.

Because of our experience with the shear strength results of the
cylindrical rods at the end of our experiments, we started an addi-
tional test series with two CoCrMo tapered rods for each surface
under ‘dry’ conditions to see whether the geometry of the implant
has an influence on the interface strength. The tapered rods were
60 mm long, with the upper diameter being 10 mm and the lower
diameter 8 mm. The overall diameter was reduced over 45 mm.
The direction of the push-out tests for the tapered rods was from
distal to proximal.

In a second additional series, we tested whether a higher shear
strength of the cement-metal interface could be achieved by in-
creasing the pressure in the tube system under ‘dry’ conditions.
Therefore, 5 CoCrMo rods (Rt 60 µm) were implanted, and the
tube length was doubled. As in the previous series, the entire tube
was filled up with bone cement, and thus, the interface length was
doubled as well. The centring device was modified by two pins
connected by a metal plate, in order to seal the distal end of the
tube.

Results

Under dry conditions, polished and smooth surfaces
showed only low shear strengths. The best results of
CoCrMo rods were achieved by using surfaces with a
roughness (Rt) of 20 µm (8.61 MPa); however, an increase
in roughness (Rt) up to 60 µm revealed a slight decrease in
shear strength (7.8 MPa). A good shear strength value was
obtained with PMMA-precoated rods (5.16 MPa). The
debonding area of the CoCrMo and PMMA-precoated
rods was always localized between the cement and metal.
After immersion in saline solution, all CoCrMo rods, ex-
cept for the PMMA-precoated rods, failed completely.
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Table 1 Shear strength of the
cement-metal interface under
‘dry’ and ‘wet’ conditions
(each series with cylindrical
rods n = 10, first additional se-
ries: tapered rods n = 2 and
second additional series: cylin-
drical rods n = 5, tube length:
58 mm, modified centring de-
vice)

Implant metal (Rt) Shear strength

‘Dry’ condition ‘Wet’ condition

Ti-6Al-7Nb Ballotini 0.1–0.2 (7 µm) 3.5 ± 3.05 0.01 ± 0.05
Ti-6Al-7Nb Ballotini 0.1–0.2+E440 (12 µm) 18.46 ± 3.06 0.97 ± 0.47

CoCrMo (1 µm, cylindrical) 0.2 ± 0.1 0
CoCrMo (5 µm, cylindrical) 0.38 ± 0.23 0
CoCrMo (20 µm, cylindrical) 8.61 ± 7.78 0
CoCrMo (60 µm, cylindrical) 7.8 ± 6.4 0

CoCrMo (1 µm, tapered) 0.18 ± 0.06
CoCrMo (5 µm, tapered) 1.93 ± 0.2
CoCrMo (20 µm, tapered) 9.8 ± 1.2
CoCrMo (60 µm, tapered) 2.96 ± 0.69

CoCrMo precoated (27 µm) 5.16 ± 1.17 4.6 ± 1.68

Additional test series:
CoCrMo (60 µm, cylindrical) 3.59 ± 1.06

Table 2 Circumference (°)
and size of gap formations
(µm) at the cement-metal-in-
terface (n = 6) under dry con-
ditions

Implant metal (Rt) Gap circumference (°) Gap size (µm)

Ti-6Al-7Nb Ballotini 0.1–0.2 (7 µm) 114 8
Ti-6Al-7Nb Ballotini 0.1–0.2+E440 (12 µm) 99 5

CoCrMo (1 µm, cylindrical) 279 1
CoCrMo (5 µm, cylindrical) 115 1
CoCrMo (20 µm, cylindrical) 245 10
CoCrMo (60 µm, cylindrical) 295 16

CoCrMo (1 µm, tapered) 160 rod dropped off the tube
CoCrMo (5 µm, tapered) 275 15

rod dropped off the tube
CoCrMo (20 µm, tapered) 209 11
CoCrMo (60 µm, tapered) 350 rod dropped off the tube

CoCrMo precoated (27 µm) 26 4



The shear strength of the PMMA-precoated rods dropped
only slightly (Table 1).

The shear strength of the rough Ti-6Al-7Nb rods (Rt 12
µm) was reduced by 94.7%. The smooth titanium rods (Rt

7 µm) failed completely except for one rod. The load-dis-
placement curve illustrates that no strength at all is needed
to push the rods out of the test-tube (Fig.4).

Tapered rods or doubling of the tube length resulted in
a similar or lower shear strength in relation to the cement
mantle area.

The microscopic analysis showed an average gap for-
mation of 1 µm for CoCrMo rods with a roughness (Rt) of
1 and 5 µm. The gaps were mostly found around the pol-
ished surfaces, and this was accompanied by an almost
circumferential gap formation (Fig.5). Rougher CoCrMo
surfaces (peak-to-valley height Rt 20 and 60 µm) led to a
strikingly wider gap formation, with 10–16 µm on aver-
age. Tapered rods revealed similar results, though some
rods turned out to be so loose that they had already
dropped out of the tubes before the measurements started.
In contrast, the average gap formation of the PMMA-pre-
coated rods was only 4 µm (Table 2, Fig.7).

The cross-sections as well as the longitudinal sections
demonstrated pores located close to the interface (Figs. 6
and 7). The average pore diameter was 41 µm (range 5–90
µm) with an average porosity of 12.09%.

Discussion

The experimental design represents the clinical implanta-
tion technique including room conditions, although the
temperatures of the applied tube materials differed (see
below). After using identical cementing techniques, the
entrapped air in the tube could leak out distally, which
corresponds to the clinical situation of a distal ventilation
hole. Excess cement could squeeze out proximally while
inserting the test rods.

The experiment was performed with a defined cement
mantle thickness of 6 mm, which was chosen according to
recommendations of the Exeter prosthesis guidelines (ce-
ment mantle thickness 2–6 mm, [6]). Thus, temperature
rise, shrinking process due to polymerization, and thermal
volume change remained constant.

Clinical observations of the Exeter hip implant from
Lee [9] showed that a cement mantle of 5 mm between the
medial side of the femoral stem and the neck of the femur
provided the best preservation of the calcar. A thick ce-
ment layer will require more energy for crack propagation
in it, and the effects of stress concentration will be more
evident [9].

With regard to the shear strength, the cement mantle
thickness is of minor influence, because the failure of the
rods was always localized at the cement-mantle inter-
face.

The shear strength under dry conditions points to an
optimal surface roughness (Rt) of 20–60 µm for CoCrMo
alloys. This statement is only valid for the applied cement
type. A further increase in roughness without a lower ce-
ment viscosity does not contribute to an improvement of
the shear strength. High viscous cement cannot infiltrate
sufficiently into the surface roughness and consequently
augments additional air being trapped. A large amount of
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Fig.5 Cross-section of a rod (CoCrMo Rt 5 µm) with gap forma-
tion at the cement-metal interface (arrows)

Fig. 6 Longitudinally cut test-tube after the push-out-test demon-
strates a porosity adjacent to the interface. The pores rupture par-
tially during the push-out test

Fig. 7 Microscopic sectional view of a precoated rod demon-
strates an intact cement-metal interface with pores adjacent to the
interface
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trapped air decreases the effective contact area between
cement and metal.

Thielemann [19] demonstrated a significant improve-
ment of the shear strength by using a low viscosity ce-
ment, although this kind of cement is difficult to handle
during surgical procedures.

Precoating with a PMMA layer improved the shear
strength at the cement-metal interface as well. However,
in contrast to results from Stone et al. [18] our obtained
shear strength values for PMMA-precoated rods were
smaller than those for CoCrMo rods.

Immersion in physiological saline solution has only a
minor influence on the shear strength of PMMA-pre-
coated rods, whereas the uncoated rods – independent of
their surface roughness – fail completely.

The Ti-6Al-7Nb rods revealed a low remaining shear
strength which is insufficient for a stable, long-term bond.
Under debonding conditions, titanium alloys show an in-
sufficient corrosion stability. Thus, the implant material
characteristics of CoCrMo and titanium must be regarded
as the most important difference between the alloys. Due
to proved abrasion and corrosion processes with subse-
quent osteolysis, titanium implants are not recommended
for cemented prostheses [20]. Clinical results with aseptic
loosening rates of 27.1% 7 years after surgery [13] as well
as studies from Agins et al. [1], Salvati et al. [17] and
Evans et al. [5] with an average survival rate of 33 months
to 4 years confirmed a highly reduced survival rate of ce-
mented titanium implants.

The reason for the loss of bonding is circumferential
gaps (average size 1–16 µm) between the PMMA and the
implant metal. The gap size depends on the surface rough-
ness of the rod.

The gaps lead to a diminution of the bonding area. Due
to their capillary force, the gaps support and accelerate the
diffusion of water molecules into the surface.

The permanent dipole moments of the water molecules
act as an aggressive medium for the cement-metal bond.
Hydrolysis of the initial good bonding stability between
metal oxide and carbon and subsequent loss of mechani-
cal stability occur, as the hydrolyzed bondings cannot re-
sist further stress [16]. The remaining mechanical inter-
locked areas between cement and metal are unable to with-
stand a measurable shear strength, as proved by our results.

The reason for the gap formation appears to be the
trapped air. This assumption is emphasized by the varying
degree of the gaps, depending on the surface roughness.
This mechanism might also be supported by the shrinking
process PMMA undergoes (see below).

The gap formation found in most of the rods at the ce-
ment-metal interface led at the end of the experiments to
the question of whether a tapered implant design – corre-
sponding to the common shape of an implant – could op-
timize the situation. It might be possible that air entrap-
ment could be reduced due to an even immersion of the
prosthesis in the cement. Therefore, tapered rods were
tested in addition to the basic series. However, the results
indicated no improvement of the interface strength for a
tapered macro design.

Even further pressurization of the system through en-
largement of the contact area by doubling the tube length
did not lead to an increase of the shear strength. The
rather constant shear strength of the PMMA-precoated
rods derives from the obviously reduced gap formation as
well as from the chemical bond between the cement man-
tle and precoat which cannot be weakened by water mol-
ecules. The smaller amount of gap formation might be
caused by a chemical bond.

Other authors [2, 10] confirmed a considerable reduc-
tion of the shear strength stability under physiological
conditions compared to the ‘dry’ situation. Ahmed et al.
[2] observed a significant reduction of the interface sta-
bility by a factor of 2.8. Lin et al. [10] proved a more than
2-fold reduction of the interface stability. Davies et al. [4]
showed a 1.3-fold reduction of the cement-metal interface
stability during the first 18 h of saline immersion.

In contrast to the above quoted results, Thielemann
[19] reported shear strength values of 13 MPa for
CoCrMo rods, peak-to-valley height Rt 17 µm, and com-
parable methods after 30 days of saline immersion. Dif-
ferences from our experiments included the good heat-
conductive aluminum as tube material and a cement man-
tle thickness of 3 mm.

Our own preliminary experiments with aluminum
tubes indicate that better results can be achieved with a
similar experimental design. In our opinion, the explana-
tion is the change in the outside temperature of the cement
mantle. Depending on the temperature gradient, polymer-
ization begins at the outer or inner side of the cement
mantle after filling the cement into the tube: With a rela-
tive warmer outside, polymerization starts on the outside
and induces a shrinkage of the cement away from the im-
plant. Consequently, an opposite situation will lead to a
shrinkage of the cement onto the implant.

In vivo, the polymerization process begins at the side of
the bone, which represents body temperature, and thus the
cement shrinks away from the implant [3]. The occurrence
of an interfacial porosity [7] at the cement-metal interface
is promoted by the shrinkage of the cement away from the
implant and might be eliminated by a reversal of the tem-
perature gradient, e.g. preheating of the stem in vivo [3].

In this study, the observed porosity adjacent to the inter-
face (Fig.6) resembles the in vivo situation [7] and empha-
sizes, corresponding to Bishop et al. [3], that a cement
shrinking process away from our implants occurred. Ac-
cording to our microscopic observations, the pores rupture
partially during the push-out tests but do not have any con-
nection with the observed gap formations. Macroscopic in-
spection of a longitudinally cut tube after a push-out test
showed open pores. Histological analysis of cross-sections
revealed a pore-free cement bridge of 100–200 µm be-
tween the cement-metal interface and the pores. In a few
cases, this distance was decreased to 50 µm (Fig.7).

Postmortem analyses and clinical results proved the
loss of bonding at the prosthesis-cement interface in vivo
[8, 15] and confirm our experimental results.

Aside from the PMMA precoating, it is impossible to
achieve a sufficient stability of the cement-metal interface

137



with current techniques. The following are further goals
for study:

– Application and further development of PMMA-pre-
coating; experiments to obtain a better adhesion be-
tween PMMA and other implant surfaces to eliminate
the main weak link;

– Direct influence on the polymerization process to
achieve a cement shrinkage towards the implant, e.g.,
preheating of the stem;

– Abandonment of a stable bond by favoring a primarily
sliding interface with a maximally smooth metal sur-
face in order to avoid unnecessary wear. The direct
comparison between polished and grit-blasted prosthe-
sis stems over 8 years confirms this concept [11];

– Usage of adhesive surface precoats (for example, Sili-
coater technique) to obtain an optimized bond between
implant surface and cement.
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