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The re sponse of car bon ate-dom i nated sed i ments to tran -
sient strong dy namic com pres sion and sub se quent rapid
un load ing is es sen tial for un der stand ing at mo spheric CO2

pol lu tion and en vi ron men tal con se quences of large-scale
as ter oid im pacts on the Earth. The ex per i men tal data on the 
de for ma tion be hav ior of do lo mite un der strong dy namic
(i.e., shock) com pres sion are scarce and the thresh old
shock pres sures and tem per a tures for par tial to com plete
de com po si tion are com pletely miss ing. 

Con se quently, we have car ried out shock-re cov ery ex -
per i ments at the John son Space Cen ter, NASA, Hous ton,
USA, us ing a 20-mm-cal i ber pow der pro pel lant gun. The
start ing ma te rial was a dense (~ 0.04% po ros ity) do lo mite

rock com posed of equi-gran u lar grains, typ i cally 25 mm
across. Pres sures at tained by mul ti ple shock re ver ber a tion
tech nique cov ered the range from 4 to 61 GPa (Ta ble 1). To 
char ac ter ize the shock de fects over the en tire range of con -
di tions we pre pared five shock-loaded sam ples (20, 25, 29,

42 and 61 GPa) and the undeformed start ing ma te rial for
TEM ob ser va tion. 

De for ma tion fea tures re corded in shock-loaded do lo -
mite sam ples in clude per fect and par tial dis lo ca tions,
stack ing faults, and microtwins. Dis lo ca tions are om ni -
pres ent in all sam ples; they are al ready pres ent in the
unshocked start ing ma te rial but their den sity sig nif i cantly
in creases with shock pres sure. High est dis lo ca tions den si -
ties on the or der of 1014

 

m–2
 

are ob served in sam ples
shocked to me dium to high shock pres sures (30 – 61 GPa).
At lower pres sures (< 30 GPa), c-type dis lo ca tions dom i -
nate; at higher pres sures (> 30 GPa), f- and r-type dis lo ca -
tions be come more im por tant though c-type dis lo ca tions
are still pres ent (Fig. 1). Dis tinct nar row twin lamellae on
f-planes oc cur ex clu sively in the sam ple shocked to 42
GPa. Par tial dis lo ca tions were ob served in the twin walls,
in di cat ing their me chan i cal na ture. Stack ing faults oc cur in 
all sam ples, how ever, they are more fre quent in ma te ri als
shocked to higher pres sures. The sam ple shocked to 61
GPa shows weak dif fuse streaks or su per struc ture re flec -
tions in se lected area elec tron dif frac tion pat terns, which
might be the re sult of cat ion dis or der ing at high post-shock 
tem per a tures (Fig. 2). 
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Shot 
#

vi

(km/s)
Ma te rial

Pres su re 
(GPa)

Flyer Co ver
CP
/FP

sam -
ple

2064 1.131 Le xan Al2024 4.2 4.2

2065 1.694 Le xan SS304 7.4 7.4

2066 1.345 Al2024 SS304 17.0 17.0

2067 1.371 Al2024 SS304 17.4 17.4

2068 1.34 SS304 SS304 28.8 28.8

2069 1.478 Al2024 SS304 19.0 19.0

2070 1.54 Al2024 SS304 20.0 20.0

2071 1.121 SS304 SS304 23.5 23.4

2072 1.192 SS304 SS304 25.2 25.1

2073 1.345 Al2024 SS304 18.8 18.8

2094 1.26 W FS77 55.0 43.1

2096 1.413 SS304 FS77 42.7 42.3

2097 1.461 W FS77 65.4 51.6

2099 1.533 W FS77 69.0 61.2

Ta ble 1. Sum mary of shock re cov ery ex per i ments in di cat ing the
pres sures at tained on the cover plate/flyer plate (CP/FP) in ter face
and in the sam ple (in GPa).   

Fig. 1. Weak-beam dark-field im age of dis lo ca tions of f-, c- and
r-slip sys tems.



In pow der dif frac tion pat terns, the most no ta ble fea ture
is a sys tem atic broad en ing of the peaks with in creas ing
peak shock pres sure due to an in crease of mi cro-strain and
de crease in size of co her ently dif fract ing do mains. The
unit-cell di men sions sys tem at i cally in creased by ~0.5% at
30 GPa; at still higher pres sures, cell size re mains in vari -
ant. The dif frac tion data, in agree ment with those ob tained
by TEM, do not in di cate de com po si tion of do lo mite un der
even the high est dy namic loads.

In sum mary, the de fect micro struc tures doc u ment
strong de for ma tion of do lo mite un der dy namic com pres -
sion with high strain-rates but fea tures in di cat ing sig nif i -
cant outgassing or melt ing were not ob served in do lo mite
shock-loaded to the pres sures as high as 61 GPa. These re -
sults in di cate that de com po si tion may only be pos si ble if
the po ros ity of start ing ma te ri als were high or if shock
pressures were much higher.
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Abs tract

Ap pli ca tion of an ex ten sion of the MSTRUCT pow der dif -
frac tion soft ware for re fine ment of in di vid ual dif frac tion
line pro file pa ram e ters is il lus trated on the case stud ies of
nanocrystalline ana tase TiO2 par ti cles, Na2Ti6O13 ti tan ate
nanorods and CeTi2O6 ti tan ate sam ples with strong
anisotropic size and strain dif frac tion line broad en ing.

In tro ducti on

The Rietveld and whole pow der pat tern modelling
(WPPM) meth ods [1] are the most com mon ap proaches
used for pow der dif frac tion anal y sis now a days. They can
profit from gen eral as well as ma te rial spe cific struc tural
mod els and over come the peak over lap prob lem. This is es -
pe cially true for low sym me try and multiphase ma te ri als.
Due to com plex ity of these meth ods it can be dif fi cult to
un der stand how par tic u lar model pa ram e ters are re lated to
ex per i men tal data. This is less dif fi cult within the meth ods
of anal y sis of in di vid ual lines, such as the Wil liam son-Hall
plot method or with out re stric tions to line pro file anal y sis

(LPA) also e.g. the sin2(y) method. They of fer di rect re la -
tion be tween rel e vant ef fects in ex per i men tal data and

model pa ram e ters. Un for tu nately peak over lap or other dif -
fi cul ties can limit their ap pli ca bil ity.

An ex ten sion of the Rietveld/WPPM like MSTRUCT
soft ware [2] for re fine ment of pro file pa ram e ters of in di -
vid ual dif frac tion peaks is pre sented. With this ex ten sion it
is pos si ble to switch off par tic u lar phys i cal ef fects for in di -
vid ual hkl dif frac tion lines. On the con trary ad di tional
pseudo-Voigt pro files can be in cluded in the con vo lu tion
ker nel for these re flec tions. In this way ad di tional peak
shifts or broad en ing ef fects can be in tro duced for spe cific
(strong or not over lapped) dif frac tion lines whereas the rest 
of the pat tern can be de scribed by a more gen eral “av er age” 
(mi cro)struc tural model. This is es pe cially use ful for fit ting 
dif frac tion pat terns with many peaks from low sym me try
and multiphase ma te ri als. The re fined hkl pa ram e ters
(shifts, line widths etc.) can later be ana lysed by other
meth ods. Sim i lar fea tures are avail able also in TOPAS [3]
or Pm2K [4] soft ware. 

Crys tal prop er ties are anisotropic in na ture. This is re -
flected in de pend ence of dif frac tion line pa ram e ters on hkl
in dexes and sam ple ori en ta tion. This ani so tropy can be a
prin ci pal foot print which re veals the pres ence and na ture of 
im por tant (mi cro)struc ture as pects of the stud ied ma te rial,
e.g. the pres ence of spe cific de fects (dis lo ca tions, pla nar
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Fig. 2. High res o lu tion TEM im age of the sam ple shocked to 61
GPa, in di cat ing some stack ing faults along the (10-14) plane.
The in set is the se lected area elec tron dif frac tion pat tern il lus trat -
ing weak dif fuse streaks.



faults), crys tal lites shape ani so tropy or a pres ence of re sid -
ual stresses.

The Wil liam son-Hall plot method with LPA pa ram e -
ters re fined us ing the MSTRUCT ex ten sion was ap plied to
(1) ana tase TiO2 nanoparticles and (2) Na2Ti6O13 and (3)
CeTi2O6 ti tan ates.

MSTRUCT ex tensi on for re fi ne ment of idi vi du al
hkl pro fi le pa ra me ters

In MSTRUCT there was a pos si bil ity to in clude ad di tional
po si tion and broad en ing cor rec tion for in di vid ual hkl lines
al ready ear lier (be fore 2013) within the “HKLpVoigtA” ef -
fect. Re cently the ef fect was ex tended with op tions to save
the pro file pa ram e ters into a sep a rate file (Fig. 1) and
switch off spe cific ef fects for ar bi trary hkl. Usu ally a gen -
eral model is used to fit the most of the pow der pat tern. For
few se lected hkl re flec tions of the crys tal line phase un der
study these gen eral mod els are switched off, with an ex cep -
tion of the in stru men tal broad en ing, and an ad di tional
phenomenological pseudo-Voigt pro file can be in cluded
(Fig. 1). The re fined pro file pa ram e ters can be later vi su al -
ized and ana lysed by other soft ware.

Ap pli cati on to ana ta se na no par ticles

The method was ap plied to nanocrystalline TiO2 sam ples
pre pared by hy dro ly sis of ti ta nium alkoxides and sub se -
quent cal ci na tion [5,6]. The dom i nant crys tal line phase –
ana tase – can form bipyramidal crys tals trun cated by (001)
lat tice planes [6,7]. This would in duce strong anisotropic
line broad en ing [6], which is how ever not ob served for the
stud ied sam ples. It was shown for a cer tain ra tio of (101)
and (001) fac ets the broad en ing is close to iso tro pic and
sim ple model of spher i cal crys tal lites can be used [6,7].

Na2Ti6O13 ti ta na te na no rods

The full po ten tial of the MSTRUCT ex ten sion was uti lized
in the anal y sis of pow der pat terns from so dium-ti tan ate
nanorods formed by ther mal heat ing of ti tan ate nanotubes
[8] (above 850°C). Be side the main ti tan ate phase with
about 100 re flec tions there are strong peaks from ana tase
and rutile phases in the ex per i men tal pat terns. This com pli -
cates ex trac tion of line pro file pa ram e ters. Nev er the less it
is ev i dent in the mea sured pat terns that broad en ing ef fects

are strongly anisotropic (Fig. 2, 3) and the ef fect is re lated
to na ture of this ma te rial to form nanorods with axis par al -
lel to the crys tal monoclinic axis [8].

Ani so t ro pic strain broa den ding in CeTi2O6 ti ta na -
tes

Con trary to two pre vi ous cases in CeTi2O6 ti tan ate sam ples
pre pared by heat ing of sol-gel Ti-Ce mixed ox ides at tem -
per a tures above 750°C the anisotropic strain broad en ing
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Figure 1. Definition of the MSTRUCT “HKLpVoigtA” effect for fitting of individual hkl lines. It contains line profile 

parameters se ttings (dtth-shift, fwhm , eta, asym) and definition of local backgrounds (in the bottom). 
 

Fig ure 1. Def i ni tion of the MSTRUCT “HKLpVoigtA” ef fect for fit ting of in di vid ual hkl lines. It con tains line pro file pa ram e ters set -
tings (dtth-shift, fwhm, eta, asym) and def i ni tion of lo cal back grounds (in the bot tom).

 

Fig ure 2. Parts of the mea sured dif frac tion pat tern of a so dium-ti -
tan ate nanotubes sam ple heated at 850°C for 105 min in air.

 

Fig ure 3. In te gral line widths (bhkl) of se lected Na2Ti6O13 dif -
frac tion lines plot ted vs. the Scherrer con stant (Khkl) for the
model of rod-like crys tal lites with oval ba sis [8].



was the dom i nant ef fect [9] (Fig. 4). It was pos si ble to de -
scribe this ef fect by the phenomenological model de vel -
oped by Popa [10]. Ac cord ing to this model the microstrain 
(ehkl) is de scribed by 9 model pa ram e ters (E1, … E9) [10]
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where Hhkl = 1/dhkl is the dif frac tion vec tor length, “a“ is the 
lat tice pa ram e ter and ehh is an ad di tional microstrain scal -
ing pa ram e ter.

Sum ma ry

The pre sented MSTRUCT ex ten sion can be uti lized for re -
fine ment of in di vid ual hkl lines pro file pa ram e ters in whole 
dif frac tion pat terns from low sym me try or multiphase ma -
te ri als with many over lapped re flec tions. Spe cific size

broad en ing mod els ac count ing for nat u ral crys tal shapes
were used to de scribe size broad en ing in case of ana tase
nanoparticles and so dium-ti tan ate nanorods. Anisotropic
microstrain in CeTi2O6 ti tan ate sam ples was de scribed by
the phenomenological model of Popa. The case stud ies
here il lus trate that anal y sis of in di vid ual dif frac tion lines
and the whole pat tern mod el ing ap proach are com ple men -
tary meth ods. The for mer one of fers a qual i ta tive de scrip -
tion, ideas and ini tial pa ram e ters for the start ing model. The 
later method gives qual i ta tive re sults.
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Be cause of re cur ring pleas of col leagues who are fre quent
us ers of X-ray dif frac tion re sults and who wanted to know
the rel e vant vol ume of ma te rial which was ir ra di ated, pro -
grams for cal cu la tion of pen e tra tion depth and lin ear ab -
sorp tion co ef fi cients of crys tal line phases were writ ten in
MatLab en vi ron ment. In ad di tion to it, we were of ten faced
with oddly po si tioned Debye rings ob tained in back re flec -
tion ex per i ment. Debye rings’ con ve nient lo ca tion on area,
2D, de tec tor was, thus, achieved by re peat edly per form ing

the ex per i ments. That had led us to cre ate a pro gram which
would visualize the out come for se lected ex per i men tal pa -
ram e ters.

Debye software was cre ated as a vi sual aid for us ers do -
ing the so called the back re flec tion ex per i ment (or back -
scat ter ing Debye-Scherrer ex per i ment) [1]. It is a ba sic
method for qual i ta tive de ter mi na tion of real struc ture of
ma te ri als. In ma te ri als only planes, which are ori ented in
the man ner sat is fy ing the Braggs’ law, can dif fract. The
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Fig ure 4. Wil liam son-Hall plot for se lected CeTi2O6 dif frac tion
lines. Shadow cir cles mark re li able hkl widths which were used
for an ini tial guess (black line) of pa ram e ters of the Popa
anisotropic strain broad en ing model. Blue dashed line shows a
de pend ence of model pre dicted widths for other ana lysed
reflections.

http://www.xray.cz/mstruct
http://www.topas-academic.net/
http://www.xray.cz/mstruct/


dif fracted ra di a tion has a char ac ter of dif frac tion cones

with the apex an gle of 4q. If this dif fracted ra di a tion im -
pacts on a 2D de tec tor, the so called Debye rings are de -
tected. The user can make a model of the ex per i ment upon
chang ing the ex per i men tal pa ram e ters and also can check
an ex pected re sult for untextured polycrystalline fine-
 grained ma te ri als. This is es pe cially help ful for set ting the
right dis tance be tween the ir ra di ated sam ple and 2D de tec -
tor when the di men sion of the de tec tor is known. In Fig. 1,
there is the re sult for stan dard al pha-fer rite steel in the dis -
tance of 50 mm from the de tec tor when ra di a tion from
X-ray tube with chro mium an ode is used.

Ab sorp tion co ef fi cient soft ware was cre ated be cause it
is de ri gueur to know the val ues of lin ear ab sorp tion/at ten u -
a tion co ef fi cients when the pen e tra tion depth is to be cal cu -
lated since it de scribes the re duc tion of an en ergy beam
upon pass ing through a spe cific ma te rial [2]. For cal cu la -
tion of a lin ear ab sorp tion co ef fi cient it is nec es sary to
know the amount of each phase in ma te rial, den si ties and
chem i cal for mu las of the phases. In Fig. 2, there is the user
in ter face of the pro gram with the re sult of al pha-fer rite

steel with ox i da tion layer (again for CrKa ra di a tion). This
con stant is sub se quently ap plied in the cal cu la tion of cor re -
spond ing pen e tra tion depth as seen in Fig. 3.

X-ray pen e tra tion depth soft ware was cre ated be cause
the us ers of XRD re sults must be in formed about the vol -
ume of the ma te rial to which the re sults are rel e vant. Ir ra di -
ated vol ume is given by ir ra di ated sur face, de fined by
ex per i men tal set-up and the in serted slits, mul ti plied by
pen e tra tion depth. Most com monly, the pen e tra tion depth
is rep re sented by val ues of the so called ef fec tive pen e tra -
tion depth Tef which de fines the thick ness of sur face layer
that gives rise to 63 % of dif fracted in ten sity [1].  Hence,
this soft ware pro vides the op por tu nity to fur nish us ers with
Tef val ues, or courses, for the given ra di a tion pen e trat ing
the ir ra di ated ma te rial. Fi nal val ues gen er ally de pend on an 
in ci dence, a re bound an gle and on an ab sorp tion co ef fi -
cient. The user can choose be tween four types of ex per i -
men tal set-up. Ex cept for stan dard Bragg-Brentano
ge om e try and graz ing in ci dence dif frac tion, courses of Tef

dur ing re sid ual-stress-aimed dif frac tion ex per i ment for w
diffractometer can be vi su al ized for all mea sured tilts and

Tef for w-scans can be plot ted as well [3]. User in ter face of
this pro gram is in Fig. 3 on the left while on the right; there

is the re sult of Tef course for lin ear ab sorp tion co ef fi cient
cal cu lated above and Bragg-Brentano ge om e try.

The pro grams are avail able for us ers who have at their
dis posal MatLab from 
http://elec tron.fjfi.cvut.cz/drupal/soft -
ware-laborator-strukturni-rentgenografie.
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Fig ure 1. User in ter face of the debye soft ware.
Fig ure 2. User in ter face of the ab sorp tion co ef fi cient soft ware.

Fig ure 3. User in ter face of the X-ray pen e tra tion depth soft ware.


