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Both the load partitioning between hydroxyapatite (HAP) and collagen during compressive creep defor-
mation of bone and the HAP residual strain in unloaded bone have been shown in previous synchrotron
X-ray diffraction studies to be affected by the X-ray irradiation dose. Here, through detailed analysis of
the X-ray diffraction patterns of bovine bone, the effect of X-ray dose on (i) the rate of HAP elastic strain
accumulation/shedding under creep conditions and (ii) the HAP lattice spacing and average root mean
square (RMS) strain under load-free conditions are examined. These strain measurements exhibit three
stages in response to increasing X-ray dose. Up to �75 kGy (stage I) no effect of dose is observed, indi-
cating a threshold behavior. Between �75 and �300 kGy (stage II) in unloaded bone the HAP d-spacing
increases and the RMS strain decreases with dose, indicating strain relaxation of HAP. Furthermore, under
constant compressive load creep conditions, the rate of compressive elastic strain accumulation in HAP
decreases with increasing dose until, at �115 kGy, it changes sign, indicating that the HAP phase is shed-
ding load during creep deformation. These stage II behaviors are consistent with HAP–collagen interfacial
damage, which allows the HAP elastic strain to relax within both the loaded and unloaded samples.
Finally, for doses in excess of �300 kGy (stage III, measured up to 7771 kGy) the HAP lattice spacing
and RMS strain for load-free samples and the rate of HAP elastic strain shedding for crept samples remain
independent of dose, suggesting a saturation of damage and/or stiffening of the collagen matrix due to
intermolecular cross-linking.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Compact bone is a complex hierarchical composite composed of
two solid phases, a mineral phase (hydroxyapatite, HAP) and a pro-
teinaceous phase (mostly type 1 collagen), with pores containing
fluid (water, blood, or biological serum). The properties of the two
solid phases, as well as their structural organization and bonding,
explain the unusual combination of high toughness and high
strength of bone [1–4]. Variation in the properties of HAP, protein,
or their interfaces can cause changes in the macroscopic properties
of the bone. For example, irradiation, which can affect the collagen
and its interfacial bonding with HAP, affects the mechanical proper-
ties of cortical bone [5–10], as summarized later.

Bones can be exposed to varying doses of ionizing radiation for
an assortment of reasons. Low doses of radiation can be accumu-
lated from medical X-rays (�0.03 Gy), extended space travel
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(�2 Gy) [11,12], or radiation cancer treatments (7–60 Gy)
[13–15]. Higher doses, 17–100 kGy, are used to sterilize bone allo-
grafts limiting the spread of bacteria and viruses after implantation
[16,17]. Currently ex vivo synchrotron X-ray experiments on bone,
both tomographic imaging and strain measurements, lead to even
higher X-ray irradiation doses of the order of hundreds to thou-
sands of kilograys [18–27]. The importance of radiation treatments
and basic biomaterials research in medical science has made
understanding the effects of such radiation on bone mechanics
essential.

Many studies have shown that ionizing radiation can have sig-
nificant effects on the mechanical behavior of bone. While bone
stiffness and hardness are not significantly affected by doses in
the sterilization range [8,10,28], post-yield properties (e.g. fracture
toughness, work to failure, fatigue failure impact energy absorp-
tion, ultimate strength, and bending strength) are significantly re-
duced after irradiation doses of 17–100 kGy [5,7,8,29]. This has
been attributed to cross-linking or denaturation of the collagen
phase. However, these studies only examined the macroscopic
behaviors of bone, making it difficult to establish clear conclusions
about how the individual phases (HAP and collagen) and their
interface are affected by irradiation.
ll rights reserved.
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Recent studies using high energy synchrotron X-ray diffraction
have provided insights into how the HAP platelets and mineralized
collagen fibrils behave mechanically within irradiated bone on the
nanometer scale. This technique has previously been used to study
the load transfer behavior between the phases (HAP and collagen)
of antlers, bones, and teeth [18–25,30–33]. The latest studies have
focused on the effects of irradiation on the elastic and creep behav-
iors of bone [6,9,10]. Published data show that with irradiation
doses up to 3840 kGy load transfer between the collagen and
HAP during elastic loading does not change within experimental
error [6,10]. However, there is a significant decrease in the HAP
residual strain with increased dose [10]. In irradiated bone samples
under load HAP strains produced initially during elastic loading
also decrease with creep time (i.e. HAP sheds some of its elastic
load during creep deformation) [9], which is the opposite of the
behavior measured in unirradiated bone [33]. It has been sug-
gested that this HAP load shedding, visible during creep and after
unloading, is due to collagen damage, especially at the carboxyl
side-chains, leading to increased HAP/collagen interfacial damage
[9,10,34].

Accordingly, HAP/collagen interfacial damage (which may re-
sult from decarboxylation of the collagen side-chains decreasing
the number of ion-mediated bonds between the two phases [34])
results in a weakened interface and thus reduces the ability of col-
lagen to transfer load to HAP under an applied load, and promotes
relaxation of HAP residual strain when unloaded. Although these
studies have given a greater understanding of the effects of high
energy X-ray irradiation on the mechanical interaction between
HAP and collagen in bone, it is important to investigate in greater
detail the doses at which the mechanical properties of bone be-
come compromised.

In the present study high energy X-ray diffraction was used to
examine the effect of X-ray irradiation on the HAP strain in bone,
under both mechanically loaded and unloaded conditions.
2. Experimental procedures

2.1. Sample preparation

Fresh bovine femurs of a healthy 18-month-old Black Angus
cow were obtained from a local abattoir (Aurora Packing Co. Inc.,
North Aurora, IL) within 1 h after slaughter. The femurs were
Fig. 1. Experimental set-up for the experiments without load performed on irradiated sam
on the detectors are for sample LC1. Image not to scale.
cleaned of marrow and any attached ligaments were removed
using scalpels. Two nearly cylindrical sections (proximal and dis-
tal) were created from each femur by making cuts with a Stryker
810 autopsy saw (Stryker, Mahwah, NJ) perpendicular to their lon-
gitudinal axis, approximately 6 cm apart, and frozen in gauze
soaked in phosphate-buffered saline (PBS) at �25 �C until further
cutting. At a later date the sections were thawed to room temper-
ature and, using a low speed diamond saw, parallel cuts were made
along the transverse axis of the cylindrical regions approximately
5.5 mm apart. Further cuts were made within the plane of these
transverse sections to produce pure cortical bone samples with
approximate dimensions 5 � 4 � 3 mm. The samples were ob-
tained from the anterio-medial and anterio-lateral regions of a sin-
gle femur cross-section. After cutting the samples were blotted dry
and weighed with a precision balance and their dimensions mea-
sured with a point micrometer, taking each measurement three
times. These samples were stored in PBS and frozen at �20 �C until
the time of the experiment.
2.2. Diffraction experiments

2.2.1. Irradiation without load
All the tests were performed in beamline 1-ID of the Advanced

Photon Source (APS), Argonne National Laboratory (Argonne, IL).
Three samples were thawed to room temperature prior to testing.
The samples were placed in a custom designed hydration container
made of lexan. The container holds three samples with the afore-
mentioned dimensions, with a spacing of 2.5 mm between adja-
cent samples. The samples were placed in the container such
that their 3 mm dimension was traversed by the X-ray beam. The
temperature of the solution in the sample container was
maintained at 37 �C, near the bovine body temperature of 37.8–
39.4 �C, throughout the experiment by the continuous flow of
temperature controlled PBS heated in an external water bath.
The set-up for the experiment is shown in Fig. 1. A total of six sam-
ples were studied as two sets of three samples each. The left-most
samples in sets 1 and 2 served as controls (termed LC1 and LC2)
and were not irradiated. The middle (labeled M1 and M2) and
the right-most samples (labeled R1 and R2) were irradiated to
maximum doses of 3800 kGy. For each sample diffraction mea-
surements were carried out at three locations, the horizontal cen-
ter and 250 lm to either side, before they were subjected to any
ples M1–2 and R1–2 and control samples LC1 and LC2. The diffraction rings shown
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additional irradiation. The measurements were done with a
50 � 50 lm X-ray beam of 65 keV (wavelength 0.19 Å) energy
using a 2 s exposure time. The radiation dose absorbed by the sam-
ples during each of these 2 s measurements was 0.7 kGy. The dif-
fraction patterns were collected on a wide-angle X-ray scattering
(WAXS) detector, placed at a distance of 1994 mm from the sam-
ple. As shown in Fig. 1, the detector consisted of four GE-41RT flat
panel detectors (2048 � 2048 pixels, 200 � 200 lm per pixel) ar-
ranged in a flower-shaped pattern to avoid the transmitted beam;
each detector was rotated in an anticlockwise direction at an angle
of 37� with respect to its horizontal direction. The detectors were
calibrated with a pressed ceria powder disc (CeO2, NIST SRM-
674a) at the beginning and end of the experimentation time. After
the initial measurement samples M1–2 and R1–2 were irradiated
using a wide X-ray beam of 3 � 0.2 mm size. The X-ray beam had
a Gaussian flux profile, arising from the undulator characteristics,
with a full width at half maximum (FWHM) of 1.4 mm. The sam-
ples were exposed to the X-rays for a predetermined amount of
time to accumulate the required dose level. Thereafter, the size
of the X-ray beam was reduced to that used for diffraction mea-
surements (50 � 50 lm); measurements were performed at the
same three locations as the initial ones. This process of irradia-
tion/measurement was repeated until a total dose of 3800 kGy
was accumulated by each of the samples.

The control samples (LC1 and LC2) were not subjected to any
wide beam irradiation but were measured at the same time inter-
vals as the irradiated samples. The total irradiation dose for the
control samples as a result of the measurements was 4.9 kGy, a
dose at which the mechanical properties of bone are not expected
to be significantly altered [5,10,33].
2.2.2. Irradiation under load
For the irradiation under load experiments a single sample at a

time was placed on the lower platen of a servo-hydraulic MTS-858
load frame. A hydration rig made of vinyl tubing was attached to
the lower platen to keep the sample hydrated, as described previ-
ously [10,32]. Temperature controlled PBS was flowed through the
sample container to maintain the solution at a temperature of
37 �C. The samples were loaded in compression to �80 MPa along
the longitudinal axis of the femur samples, and a beam of 70 keV
(wavelength 0.18 Å) X-rays was directed perpendicular to the load-
ing direction and at the center of the sample. The samples were
irradiated to different dose levels, 7771 kGy being the highest dose,
over an area of 3 � 0.2 mm, similarly to the set of experiments de-
scribed in Section 2.2.1. Following this irradiation a single wide an-
gle scattering measurement was carried out near the center of the
sample. Scattering measurements were begun immediately follow-
ing application of the �80 MPa stress so that the initial elastic
strain could be recorded. To minimize the accumulated radiation
damage from measurements at a single spot the scattering mea-
surements were spread over an array of 20 points in two rows of
10 points each. These diffraction measurements are carried out
using the same pattern as described in our previous work. [33].
The 10 points in each row were chosen to be located about the hor-
izontal and vertical center of the sample. The two rows were
spaced 100 lm apart vertically; horizontally neighboring points
were also spaced 100 lm apart. The measurements were started
at the top left-most location, proceeding towards the right, and
then moving to the bottom row, also measuring from left to right.
To obtain data for a period of two hours, the array was measured
four times. The samples were exposed to the X-rays for 1 s to ob-
tain diffraction measurements. A 50 � 50 lm X-ray beam of
70 keV energy was used and the dose absorbed by the sample
was 0.15 kGy s�1. The diffraction patterns were collected by a sin-
gle GE-RT41 detector centered on the direct beam at a distance of
1137 mm from the sample. The detector was calibrated using a
pressed ceria powder disc as described in Section 2.2.1.

Five other samples, labeled A1, A2, H1, I1 and I2, which were
run during a separate experiment than those described above or
in Section 2.2.1, were also included in this study. All other param-
eters (measurement routine, number of measurement points, and
detector) being the same, these samples were measured with X-
rays of 65 keV energy and a vertically focused beam which resulted
in an absorbed dose of 0.6 kGy s�1 by the sample. Samples A1 and
A2 are described in Deymier-Black et al. [33].

2.3. Diffraction analysis

2.3.1. HAP peak broadening analysis
The diffraction data analysis was performed as described previ-

ously in the literature [10,20]. The ceria diffraction pattern was
used to calculate accurate values of sample to detector distance,
detector tilt, and detector rotation for each detector using the soft-
ware FIT2D [35]. These parameters were then fed into a series of
algorithms custom written in MATLAB (Mathworks, Natick, MA).
The program collates the diffraction patterns from the four detec-
tors and transforms them into Cartesian coordinates. Diffraction
patterns from bone samples were highly textured, with the HAP
c-axis being preferentially aligned towards �110�, as shown in
Fig. 1. Since the HAP c-axis was preferentially aligned with the long
axis of the bone that was nominally aligned with the long axis of
the samples, this suggests that the bone samples (LC1–2, M1–2,
and R1–2) were cut with a misalignment of �20� from the sample
long axis. In order to investigate the true longitudinal behavior of
bone all the strain values extracted from these diffraction data
were measured along the axis of highest intensity (110�) and not
the expected 90�. To do this the (00 .2), (31.0), and (00.4) HAP
peak intensities were binned into 10� bins with the first bin being
5 ± 5�. The peak shapes for (00.2) and (00.4) were investigated at
110 ± 5� and 290 ± 5� to obtain longitudinal values of peak broad-
ening. The peaks shapes for (31.0) were investigated at 205 ± 5�
and 215 ± 5� to obtain the transverse values of peak broadening.
Assuming a Gaussian shape for the diffraction peaks, they were fit-
ted using a pseudo-Voigt function to calculate the peak center.

The peak FWHM determined from these fits is affected by three
contributions: instrumental broadening, broadening due to small
crystallite sizes and broadening due to inhomogeneous strains
within the sampled volume. The instrumental broadening is deter-
mined from the diffraction pattern of the ceria standard, which is
known to have very little intrinsic sample broadening. The
Ce(111) diffraction peak has a peak width of�3.12 Å. The contribu-
tions due to the crystallite size and strain can then be deconvo-
luted using the (00.2) and (00.4) peaks and the Scherrer
equation [36]:

D2h cos h ¼ ðk=DÞ þ 2erms sin h ð1Þ

where D2h is the FWHM of the peak in radians, k is the X-ray wave-
length, h is the diffraction angle, D is the coherent size of the plate-
lets, and erms denotes the root mean square (RMS) strain or the
distribution of strains within the volume sampled by the X-ray
beam. The coherent size of the platelets D in the transverse direc-
tion was evaluated assuming an erms value of 0 in Eq. (1).

2.3.2. HAP strain analysis
The radial distance at the peak centers (rg) of the HAP diffrac-

tion patterns were determined for all the azimuths (g) from the
centers of the fitted peaks described above. Only the longitudinal
d-spacings are reported for samples LC1–2, M1–2, and R1–2; they
were obtained at 110 ± 5� and 290 ± 5�, i.e. at the locations of high-
est intensity.
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For the samples which underwent creep the HAP strain is calcu-
lated using the equation:

eg ¼ ðr� � rgÞ=rg ð2Þ

Here r⁄ is the invariant strain radius of the HAP diffraction pat-
tern, which is inversely proportional to the unstrained lattice spac-
ing do and is found as the point of intersection of r vs. g responses
for a number of applied stresses on the sample. However, in this
case of creep, since only a single load is applied, a standard value
of r⁄ (or equivalently do) determined from our previous studies
on the same type of bovine bone was used in the strain calculations
[10,37]. As mentioned earlier, only the longitudinal strains ob-
tained at 90 ± 10� and 270 ± 10� are reported here.
3. Results

3.1. Irradiation without loading

3.1.1. HAP peak FWHM
The azimuthally averaged raw (00.2) diffraction intensity peaks

(from 105� to 115�) as a function of d-spacing for a single control
(LC1) and irradiated sample (R1) are shown in Fig. 2a and b, where
the peak intensity is normalized to the maximum intensity in the
diffraction ring. The peak widths under the initial condition
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Fig. 2. Normalized X-ray diffraction intensity as a function of d-spacing for the
longitudinal HAP(00 .2) peak azimuthally averaged from 105� to 115� for (a)
irradiated sample R2 (labeled with dose and time), and (b) unirradiated control
sample LC2 (labeled with time).
(2 kGy) and after doses of 693 and 2935 kGy are shown for the irra-
diated sample. The peak widths in the control sample are shown at
the same times that the irradiated samples were exposed to X-rays
(except the value of 0.7 kGy associated with each of the diffraction
measurements). Comparison of Fig. 2a and b clearly shows that the
peaks from the irradiated sample sharpen with increasing dose
from 2 to 2935 kGy, whereas those from the control sample remain
unchanged. Fig. 2a also reveals an asymmetric sharpening of the
peak whereby the peak width reduces to a greater extent in the re-
gion with lower d-spacing values, compared with the high d-spac-
ing region. This asymmetric sharpening of the peak is seen in all
the irradiated samples M1, M2, R1, and R2.

The instrumentally corrected peak FWHM of the (00 .2) peak in
the longitudinal direction (±10�) is plotted as a function of dose
and time for the irradiated and control samples, respectively, in
Fig. 3. The data points shown for each sample are averages of the
three volumes measured on each sample. The overall decrease in
FWHM, calculated as the difference between the first and last data
points, is 6.0 ± 1.1% (35 ± 6 lrad) up to 2935 kGy when averaged
over all the irradiated samples. The average peak FWHM decrease
in the (00.2) longitudinal direction for the control samples is 0
within experimental error (�0.33 ± 0.89%) for a time equivalent
to irradiation up to 2935 kGy. For all the irradiated samples the
peak widths decrease at a near linear rate up to about 330 kGy, be-
yond which the rate is reduced by an order of magnitude. A similar
trend of decreasing peak width is also seen in the (00 .4) longitudi-
nal direction peaks, with an average decrease of 6.41 ± 0.67%
(57 ± 6 lrad) for the irradiated samples (data shown in Supple-
mentary Fig. S1).

The instrumentally corrected (00.2) and (00.4) peaks in the
longitudinal direction were used in the Scherrer equation (Eq.
(1)) to determine the RMS strain and the coherent size of the dif-
fractors (the HAP platelets) in the sampled volume. First, the coher-
ent HAP platelet size is plotted as a function of dose for the
irradiated samples M1, M2, R1, and R2 in Fig. 4. The errors on these
are the average of the standard deviation of the data points in LC1
and LC2, since these samples did not show any change with dose. A
best fit analysis provides slopes, corresponding to the average
change in the coherent size as a function of dose for the irradiated
samples (M1, M2, R1, and R2), of 1.4 � 10�3 ± 5.4 � 10�3 nm. Since
the change in size is equal to 0 within error, the average size of the
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particles in all the samples for all doses was calculated as
70.5 ± 1.5 nm. This compares well with the values for LC1
(71.4 ± 5.4 nm) and LC2 (69.3 ± 5.4 nm). Second, the RMS strain
in the particles is shown in Fig. 5 as a function of dose for samples
M1, M2, R1, and R2, with error bars representing the average of the
standard deviation of the data points in LC1 and LC2. The RMS
strain shows a decreasing trend with dose for samples M1, M2,
R1, and R2, albeit with sizeable scatter in the points, in Fig. 5. Ini-
tially there is little change in the RMS strain up to �75 kGy (stage
I), then there is a rapid decrease in the RMS strain up to 330 kGy
(stage II), and finally the RMS strain saturates up to the maximum
irradiation dose studied here (stage III). The average relative de-
crease in the RMS strains is 8.0 ± 3.3% (absolute value
470 ± 180 le) in samples M1, M2, R1, and R2up to a dose of
2935 kGy.
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3.1.2. HAP lattice spacing
The HAP longitudinal (00.2) d-spacing was calculated from the

peak centers of the pseudo-Voigt fit. In all the irradiated samples
M1, M2, R1, and R2 the HAP d-spacing increases rapidly between
�75 and �300 kGy (stage II), and then reaches a plateau (stage
III), as shown in Fig. 6. An increase in the HAP d-spacing suggests
a relaxation of the compressive lattice strain with dose. The aver-
age change in d-spacing, calculated as the difference between the
first and last points in Fig. 6, in the irradiated samples is
0.03 ± 0.01% (0.001 ± 0.0003 Å) up to 2935 kGy.
0 500 1000 1500 2000 2500 3000 3500
4600

4800

5000

5200

5400

5600

R1

R2

M2

M1

IIIII

Lo
ng

itu
di

na
l R

M
S 

st
ra

i

Dose (kGy)

0 100 200 300 400 500
I II III

Lo
n

Dose (kGy)

Fig. 5. Longitudinal RMS strain in HAP (Eq. (1)) as a function of irradiation dose
without stress. Error bars are averages of standard deviations of points in the two
control samples.
3.2. Creep after irradiation

Samples were subjected to creep at an applied stress of
�80 MPa after prior irradiation without stress, as described in Sec-
tion 2.2.2. The doses varied from 0 to 7770 kGy. The HAP lattice
strains are shown in Fig. 7a and b as a function of creep time for
two samples, with prior doses of 47 (B1) and 422 (G1) kGy, respec-
tively. The HAP lattice strains in the low irradiation sample B1 in-
crease as a function of time, whereas those in the highly irradiated
sample G1 decrease as a function of time. The HAP elastic strain
rates were determined as a linear best fit of the data, as shown
in Fig. 7a and b. This slope corresponds to the rate at which elastic
strains are accumulated in or shed from the HAP phase as the sur-
rounding protein matrix creeps. Fig. 8 shows the HAP elastic strain
rates for the samples at all doses. At low doses, up to �75 kGy, the
slopes are negative (i.e. compressive strains increase with time)
and constant (stage I). From �75 kGy (start of stage II) to
�115 kGy the slopes remain negative, indicating load accumula-
tion in the HAP phase during creep, but the value of the slopes in-
creases towards 0. Beyond this dose the slopes become positive
and continue to increase (i.e. compressive strains decrease with
time), indicating load shedding by the HAP phase during creep.
These positive slopes increase in magnitude up to a dose between
235 and 422 kGy (end of stage II), beyond which the slopes de-
crease (while remaining positive) and reach a plateau without
changing further with increasing dose up to the highest dose stud-
ied (stage III).
4. Discussion

In the present study the effects of irradiation on various proper-
ties of unloaded samples (HAP d-spacing, HAP RMS strain, and HAP
platelet size) and creep loaded samples (HAP strain accumulation/
shedding) have been determined. Examination of the results indi-
cates that many of these properties, HAP d-spacing, HAP RMS
strain, and HAP strain evolution, exhibit three stages: stage I for
doses below �75 kGy, stage II for doses between �75 and
�300 kGy, and stage III for doses between �300 kGy and the high-
est value measured, 7771 kGy. The HAP platelet size appears to be
dose invariant.
4.1. Properties affected by irradiation

4.1.1. Stage I – doses below �75 kGy
The RMS strain and HAP d-spacing in the unloaded samples as

well as the HAP elastic strain rate in the creeping samples show
no significant changes in value between the lowest doses of �2–
5 and �75 kGy (stage I, insets in Figs. 5, 6 and 8). This lack of var-
iation indicates that below this dose there is no measureable
change in the efficiency of load transfer from the collagen to
HAP. This is indicative of a lack of change in the bone structure, col-
lagen, or HAP properties, or in their interfacial behaviors. The near
constant value of HAP d-spacing up to �75 kGy is in agreement
with previously published results that show little change in HAP
residual strains up to �75 kGy [10].
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4.1.2. Stage II – doses between �75 and �300 kGy
During stage II (�75–300 kGy) there are significant changes in

the HAP d-spacing and RMS strain in unloaded samples, and the
HAP elastic strain rates during creep. The HAP d-spacing of the
unloaded samples, which is proportional to the residual strain,
shows a rapid increase during stage II (Fig. 6), representing an
increasingly tensile residual strain, while the RMS strain decreases
(Fig. 5). Similarly, the HAP strain rates also increase during stage II,
from a negative value (compressive load accumulation) to a posi-
tive value (load shedding) (Fig. 8). It has been hypothesized in
the literature [9,10] that both a drop in residual strain and a de-
crease in compressive elastic strain accumulation rates due to irra-
diation is caused by damage at the HAP–collagen interface as a
result of radiation-induced bond decarboxylation, the latter having
been measured by Fourier transform infrared spectroscopy [34]: as
the calcium-mediated carboxyl bonds between HAP and collagen
are removed due to irradiation the interface is weakened, resulting
in a decreased ability to transfer load from collagen to HAP.

In the case of unloaded samples the HAP is in a state of com-
pressive residual strain, as also found in previous studies on bone
employing X-ray diffraction techniques [10,20,21]. It is likely that
compressive residual strain is formed during HAP platelet growth
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Fig. 7. HAP elastic strain vs. time curves for creep samples B1 (47 kGy prior dose)
and G1 (522 kGy prior dose) showing the change in the sign of the slope (strain
rate) from negative to positive with irradiation dose.
in constrained collagen matrix gaps and enforced by the collagen
matrix. However, as the interfacial bonds are destroyed by irradia-
tion the collagen becomes less able to sustain the load on the HAP
platelets. As a result the strained HAP platelets relax and their d-
spacing increases, as seen in Fig. 6.

This increase in d-spacing in the HAP platelets is accompanied
by a decrease in their RMS strain (Fig. 5). The RMS strain, which
represents the range of strains within the HAP platelets being sam-
pled, is a measure of the distribution of strains between or within
individual platelets. Therefore, a decrease in RMS strain indicates
that the width of the distribution of strains between or within
the platelets has narrowed. Examination of the intensity peaks re-
ported in Fig. 2b shows an asymmetrical decrease in FWHM to-
wards larger d-spacings, resulting in a narrower range of
measured strains at higher doses. This suggests that relaxation
preferentially occurs for those HAP unit cells which are initially un-
der the most strain, i.e. those with the smallest d-spacings. Those
unit cells with lower initial strains show little or no change with
irradiation. This indicates that the HAP platelets (or regions within
the platelets) that are under the highest residual strain are those
most capable of relaxing as a result of irradiation damage, as ex-
pected given their higher elastic stored energy.

For the creep loaded samples the elastic strain rates during
stage II pass from negative to positive values at �115 kGy
(Fig. 8). The HAP elastic strain rates of bone samples under creep
represent a balance between (i) load accumulation by transfer
from the collagen to the HAP due to interfacial shear stresses and
(ii) load shedding from HAP to collagen due to interfacial damage,
starting from the strain state in the HAP created after the initial
loading of the sample from the unloaded state to the final creep
load. In Fig. 8 the HAP elastic creep rates are initially negative, indi-
cating that the collagen is transferring further compressive loads to
HAP during creep (beyond those carried when both HAP and
collagen deform elastically during initial loading of the sample),
as would be expected in a composite system with a strong
HAP–collagen interface [33]. However, as irradiation damages the
HAP–collagen interface the efficiency of compressive load transfer
from collagen to HAP during creep is decreased. This is initially vis-
ible as a decrease in the magnitude of the (negative) HAP strain
rates. At �115 kGy the magnitudes of the loads (i) transferred to
HAP by the creeping collagen and (ii) shed back to collagen by
HAP are equal, resulting in no net strain accumulation as creep
proceeds (zero HAP strain rate). Beyond 115 kGy the HAP elastic
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strain rates become positive, indicating that HAP is shedding some
of the load accumulated during initial loading of the sample back
to collagen as the latter creeps around it. This behavior is consis-
tent with an increase in interfacial damage and collagen sliding
as a higher dose is accumulated.

4.1.3. Stage III – doses above �300 kGy
Above �300 kGy and up to the highest dose of 7771 kGy the

RMS strain and d-spacing of HAP in the unloaded samples reach
a plateau (Figs. 5 and 6), which is consistent with saturation of
interfacial damage due to irradiation. While in stage II increasing
irradiation leads to a greater number of bonds being destroyed,
the damage eventually reaches a plateau in stage III, when all of
the non-reversible bonds are broken. This point is reached near
300 kGy for the conditions presented here. The remaining residual
strain would result from the remaining hydrogen and Van der
Waal forces present at the interface.

In stage III a plateau of HAP compressive strain shedding at 6–
8 le min�1 (which is the maximum strain rate reached at the end
of stage II (Fig. 8)) would be expected in a situation where the
HAP–collagen interface was fully damaged. However, the HAP
strain rate drops by a factor of 2–4 between stages II and III
(Fig. 8), i.e. HAP sheds load to collagen during creep less readily
at very high doses, which cannot be explained by the damage
hypothesis. This behavior could be explained by irradiation-in-
duced cross-linking of the collagen matrix at doses around
300 kGy. Cross-linking between the collagen molecules has been
suggested as a possible damage mechanism during irradiation
[5,6,29,38,39]. An increase in the number of enzymatic and non-
enzymatic cross-links with irradiation and aging limits the ability
of collagen molecules to slide, stiffening and strengthening the ma-
trix [6,40–42]. In the case of creep of previously irradiated bone the
high collagen cross-linking may in fact serve to constrain the HAP
platelets. In a finite element modeling study by the authors [9]
unloading of HAP during creep of highly irradiated bone and dentin
could be achieved if the collagen molecules were able to debond
and slide past the platelets. However, without collagen sliding
the shear stresses on the HAP–collagen interface would be de-
creased and the interfacial damage limited. If the cross-linking
were to reach a critical level at values around 300 kGy it is possible
that the stiffer collagen matrix could reduce the tendency for the
HAP phase to shed load, thus explaining the decrease in HAP elastic
strain rate at high doses.

Collagen cross-linking could also explain the behavior of the un-
loaded samples. When the matrix is compliant the HAP platelets
can more easily relax, deforming the surrounding viscoelastic col-
lagen. However, with a stiffer cross-linked matrix it becomes more
difficult for the HAP platelets to displace the collagen, constraining
the platelet more efficiently and stopping full HAP relaxation ear-
lier, resulting in the plateau behavior visible in Fig. 8. Although be-
yond the scope of this paper, Raman measurements should be done
on irradiated bone samples to confirm the presence of collagen–
collagen crosslinking.

4.2. Irradiation invariant properties

The best fit average value of 70.5 ± 1.5 nm for longitudinal HAP
size (Fig. 4) is in excellent agreement with the value of 67 nm pre-
viously measured in bovine bone [9], but significantly larger than
the 41–44 nm value found in canine fibula [20] using the same
synchrotron X-ray method in both cases. No change in the coher-
ent longitudinal HAP size was observed with dose, which is unsur-
prising since increased biomineralization would not be expected to
occur with increased radiation dose in an extracted bone. However,
if high energy radiation were to cause small amounts of physically
induced mineralization it would be difficult to detect it with this
technique. If a single unit cell of mineralizing material (HAP) was
added to each side of the longitudinal dimension of the HAP plate-
lets (c = 6.884 Å) it would represent a change in longitudinal length
of <2%. This is significantly less than the scatter of the measure-
ments, which represent about 4% of the average observed size of
the diffractors. A minimum of five unit cells would have to be
added to each longitudinal surface to distinguish a change in size.
Evaluating the smaller transverse (310) direction of the HAP plate-
lets gives an average platelet dimension of 8.3 ± 1.3 nm, which
does not vary significantly with dose (Supplementary Fig. S2). This
value may be smaller than the actual value due to the assumption
that the RMS strain in this direction is 0 in Eq. (1). This smaller
dimension should be more sensitive to size changes, however,
the small number of (310) crystallites oriented in this direction re-
sults in highly scattered data.
5. Conclusions

Synchrotron X-ray diffraction was used to measure the elastic
strain state of the HAP mineral phase, the d-spacing and RMS strain
in unloaded samples and the elastic strain rate (strain vs. time) in
compressive creep experiments in bovine bone. These three HAP
strain measurements exhibit a three stage behavior (threshold,
HAP–collagen interface damage, and plateau) with increasing X-
ray dose.

� In stage I (below �75 kGy, threshold stage) none of the three
HAP strain measurements show significant changes in value,
indicating that the HAP strain state under unloaded and creep
loaded conditions is initially unaffected by irradiation.
� In stage II (between �75 and �300 kGy, damage stage) the HAP

d-spacing increases and the RMS strain decreases with increas-
ing dose in load-free samples. This is consistent with a release
of compressive residual strains in the HAP platelets due to
interfacial damage. The asymmetrical decrease in the FWHM
of the (00 .2) diffraction peaks indicates that those HAP unit
cells under the highest initial residual strains are most able to
relax as a result of irradiation.
� In stage II under creep loading conditions the HAP elastic strain

rate decreases with increasing dose from negative (i.e. HAP
accumulates load from the creeping collagen matrix) to positive
(i.e. HAP sheds load to the creeping matrix). Increasing interfa-
cial damage can again be invoked to explain this trend.
� In stage III (beyond �300 kGy, plateau stage, explored up to

7771 kGy) all three HAP strain measurements reach a plateau.
The d-spacing and RMS strain attain a constant level at
�300 kGy, while the HAP elastic strain rate remains in load
shedding mode, but less so than at the end of stage II. These
observations are consistent with damage saturation and/or a
stiffening of the matrix due to collagen cross-linking.

Our observations indicate that it is essential to consider the ef-
fects that X-ray irradiation has on the mechanical properties of
bone, and establish doses of �75 and �300 kGy as critical values
for threshold and plateau values for mechanical response, respec-
tively. Given that reliable wide-angle (and small-angle) scattering
patterns can be obtained at �1 kGy by the method presented,
experiments should be planned to keep a given sample volume be-
low these values through sample translation and/or limiting the
maximum number of patterns/amount of data obtained.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1–8, are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2012.
07.046).

Appendix B. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.actbio.2012.
07.046.
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