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A method is described for measuring the volume fractions and textures of martensite and
austenite in strongly textured stainless steel orthodontic wires using a conventional X-ray
diffractometer. These wires display a classic fibre texture with the {(111) of the FCC
austenite phase and the (110) of the BCC martensite phase aligned parallel to the wire axis.
The samples analysed consisted of wire cross-sections bundled together and chemically
polished in an epoxy disc. In this form the dominant lines in the XRD patterns are the
austenite (111) and the martensite (110). On the basis of X-ray diffraction results from these
two lines only, procedures are described for, (a) correcting the X-ray intensity data for both
the finite size and irregular cross-sectional shape of the specimens in relation to the X-ray
beam footprint, (b) separately measuring the texture of the austenite and martensite phases
and, (c) correcting the 111 and 110 integrated intensities for texture. These procedures are
illustrated using X-ray data from four different orthodontic wires. The factors limiting the
accuracy of the phase analysis are discussed. © 2000 Kluwer Academic Publishers

1. Introduction of these wires. XRD is a well established technique
AISI 302 type stainless steels were introduced as orfor quantifying the martensite and austenite [7, 8] be-
thodontic wires in 1929 [1, 2]. Since then they havecause the peaks from these phases are easily resolved
been the primary alloys for orthodontic wires. They even in heavily deformed and fined grained materials
have strength, a high modulus of elasticity, excellentused in the present investigation (see Fig. 1). Provided
formability, good corrosion resistance, and are availthe crystallites in the material are randomly oriented or
able at a moderate cost [3, 4]. The mechanical propnearly randomly orientated, itis arelatively simple mat-
erties of orthodontic wires are governed primarily byter to quantify the phase content of the wires through
their microstructure and one of the main factors control-an analysis of the integrated intensities of the diffrac-
ling this is the forming process. Type 302 orthodontiction peaks. However, orthodontic wires generally have
wires are produced by a cold drawing process combined strong texture and the conventional quantitative XRD
with intermediate annealing heat treatments. Althougtintensity relations based on randomly oriented crystals
the basic atomic arrangement of 302 stainless steel @&re invalid. Accordingly, we have developed a method
face centred cubic austenite, partial transformation tdor determining the austenite and martensite phase con-
alpha or epsilon martensite, occurs during the drawtent even when a strong texture exists in wires. This is
ing of the wire owing to the large deformation associ-based on measuring the integrated intensities of 110-
ated with this process [5, 6]. One of the benefits of thenartensite and 111-austenite lines, and the preferred
stress-induced transformation of austenite to martenerientation distribution from wire cross sections using
site is the increase in strength of orthodontic wiresa conventional diffractometer. Analytical procedures
For clinical applications, therefore, it is important to are described for coping with the preferred orientation
be able to measure and control the relative proportiongnd the irregular finite lateral dimensions of the wire
of austenite and martensite in order to optimise andpecimens.
identify the conditions for high strength without loss of
ductility.

The work presented in this paper on the quantifica2. Measurement theory & experimental
tion of martensite and austenite in orthodontic wires by  technique
X-ray diffraction (XRD), is part of a broader investiga- These investigations were carried out on two different
tion of the mechanical and microstructural propertiesbrands of orthodontic wire, referred to here as Type
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tiplicity factors, vy andvp are the cell volumesiy
andda are thed spacings in martensite and austen-
ite, respectivelyfy and Fa are the structure factors

Austenite
111

£ for the hkl and HKL lines respectivelyBy and Ba
Z 4 are the Debye-Waller factors for each phase, &) (
2 and LP @a) are the Lorentz-Polarization factors which,
g Martensite for the diffractometer used in this work, are given by
] 110 @ LP(®) = (1+co 29 coS 20mong)/ SIN XY coshd where
Type W Wire fmonois the Bragg angle of the graphite diffracted beam
- Before Extrusion monoc.hromator (|.¢9mono= 133°). To s!mpllfy the
(D = 1.62 mm) analysis, the Equation 1 may be abbreviated to

hkl hkl
IM = CmnVWm KM

. ®) and
Type W Wire HKL KL
After Extrusion A" = CmpykLVaKa (2)
(D = 0.52 mm)

whereK ¥ andK fX* contain terms such as the struc-
ture factor and cell volume that can be calculated from
the known structures of the two phases. In principle,
therefore, by measuring the integrated intensities of
any two lines in orthodontic steel, the volume fraction

Figure 1 111 Austenite and 110 martensite profiles from two orthodon- (or mass fraction) of either the martensite or austenite
tic wires, (a) before extrusion) = 1.62 mm) and (b) after extrusion phases can be determined from,
(D = 0.52 mm). A large proportion of the austenite is transformed into
martensite during the extrusion process.
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| HKL —
W and Type D, which are manufactured in different A

countries; In the present samples both phases displayed strong

textures along the axis of the wires corresponding to

e Type W Wires. These have diameters of 0.52 MM, ,enite [111] and martensite [110]. For very narrow
and 1.62mm. The 0.52 mm diameter wire is the on§yjres the degree of preferred orientation during manu-
used in orthodontic applications. The 1.62 diame-5 . re is often so strong that only the 111-austenite line
ter wire is the starting material before extrusion t0 5 the 110-martensite line can be observed in diffrac-
form the 0.52 mm diameter wire. tometer patterns taken of wire cross-sections. In such

* Type D Wires. These have qllameters.of _0'88 MMeircumstances, accurate quantitative analysis based on
and 2.18 mm. The 0.88 mm diameter wire is the ongpg random crystal model, represented by Equation 1,
used in orthodontic practice. The 2.18 mm diame-;annqt e carried out without a large correction for pre-

ter wire is the starting material before extrusion t0¢e e orientation. However, when the orientation dis-

form the 0.88 mm diameter wire. tributions of the two phases are similar the preferred
orientation corrections will also be similar and Equa-

Itjon 3is still valid for semi-quantitative analysis if used

with the appropriate pair of lines. Such a pairisthe 111-

austenite line and the 110-martensite lines because the

stress induced phase transformation results in the 111

austenite plane converting into a 110 martensite plane.

Although there is an orientation change during transfor-

mation, the actual orientation distributions of the 111

austenite and 110 martensite planes will be approx-

imately the same although the martensite orientation
distribution is expected to be a few degrees broader.

These wires contain the-austenitic and.-martensitic
phases. Other phases that are known to occur in o
thodontic wires, such asferrite (§-Fe), chromium car-
bide (Cp3Cs, Cr;C3) and iron carbide (F£), were not
observed.

According to [7], the integrated intensities of the
martensite and austenite diffraction lineg) and
| 5L, are given in terms of the volume fractiohf
andVa (= 1 — V) of each phase by,

C VuMmnkiLP(@m) F2 e~ B/

I,C|kI = 5 For accurate quantitative analysis however, allowance
UM should be made for any differences in the orientation
and distribution of the two phases. This is the approach
adopted in the present investigation.
| HKL CVamy LP(Oa)F2eBr/20 ) Allthe XRD data were collected by reflection diffrac-
A - 2

tion using a conventional Siemens D5000 diffractome-
ter with a graphite diffracted beam monochromator.
where, C is a constant embodying the dimensionsTwo forms of sample were prepared by embedding
of the diffractometer, the incident beam power andwires in an epoxy resin composite and then chemically

Ua

the attenuation coefficient of the sample (it is as-
sumed thatum = ua), My and myg, are the mul-
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polishing the exposed wires to obtain a smooth undam-
aged surface. lllustrations of the two types of sample
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Figure 3 Asymmetric diffraction to measure the intensity diffracted
Figure 2 Types of specimens prepared for XRD analysis to measure thérom hkl planes at an anghg to the surface of the specimen.
martensite/austenite content in orthodontic stainless steels.

the diffraction condition [9—11]. In the present samples
are shown in Fig. 2. After a preliminary investigation asymmetric diffraction has been used to determine the

of the XRD patterns and the results from each typdntégrated intensitied () and134(y), of the 110
of specimen, it was decided to use only cross-sectiofartensite and 111 austenite lines as function _of the
specimens shown in Fig. 2a. off-set an_glexp .between the normaln to _the specimen
In specimens of type (a) the austenite 111 line is muctnd the diffraction vectas as shown in Fig. 3.
more intense than the same line in type (b) specimens Under the asymmetric diffraction conditions shown
whereas the martensite 110 line is approximately thd" Fig. 3, diffraction profiles from a conventional dif-
same intensity in both specimen types. This arises bé_‘_ractometer are defocussed and broaden with increas-
cause the normals to the 111 austenite and 110 martelfld ¥, particularly at low 2 angles. An example of
site planes are strongly orientated along the axes of thi?® 110 martensite and 111 austenite diffraction pro-
wires. Given this condition then other members of thefles obtained from one of the orthodontic wires for a
austenite{111} family will be centred about angles of ange of off-set angleg¢ from 0" up to 12 is shown
70.5, 109.5 and 180 with respect to the axis of the N Fig. 4. Owing to the high concentration of disloca-
wire. There are fewer crystals therefore oriented withtions in the wires, the diffraction lines were very broad
any of the{111) family at 90 to the wire axis. Alter- (FWHM=~0.5" or more) and the defocussing and in-
natively, for every 110 plane oriented along the wireStrumental broadening was overshadowed by the spec-
axis there will be other members of thELO} family at imen diffraction broadenlng_. All the measured X-ray
90° and 180. Hence the 110 martensite line tends to beProfilesD(20) were symmetric and could be accurately
equally intense in both longitudinal and cross-sectiorfitted by representing each emission line in the Gu K
specimens. On the whole, cross-sectional specimens §Pectrum with a pseudo-Voigt function [12], i.e.
type (a) give the strongest combination of 111 austen-
ite and 110 martensite lines and are easier to interpret D(20) = yL(20) + (1 — y)G(29) (4)
because of the well-defined and reproducible nature of
the preferred orientation. As the intensity of lines other
than the 110 martensite and the 111 austenite can t
very small, all the quantitative analysis has been don |
using the integrated intensities of these two lines only 2 Austenite @
Fortunately these lines can be measured with good preZ 111 Type W Wire
cision which is particularly important for measuring 3, - i (D =1.62 mm)
the preferred orientation distribution where the diffrac- & ‘
tometer is set-up in an asymmetric condition therebf‘1 . \ Martensite
causing defocussing and diminished intensities. \ 110
The procedure developed here for correcting the ob
served integrated intensities for preferred orientatior
depends on being able to determine the preferred or
entation distributions of the austenite and martensit:
phases in the wires. A unique aspect of the present prc

p=0°

cedure is the development of a correction mechanisr | (b)
that not only compensates for the preferred orientatior Type W Wire
but also for the finite size and slightly irregular areal (D =0.52 mm)

shape of the specimens.

As the specimens are always set spinning about a \
axis perpendicular to the specimen surface, the pre e :
ferred orientation distribution of each phase willdepenc 42 43 44 45 46 47
only on the angle/ between the normal to the specimen °20
(i.e. the wire axis) and the normalsto the hkl planes. The. _ . _

. . L . . . Figure 4 The 110 martensite and 111 austenite lines from an orthodontic
orlentatlon_ dlsmbUt_lon can be derived b_y carr_ylng OUtwire recorded at different offset angl¢sbetween 0 and 12 at steps of
asymmetric diffraction so that crystals with their planesz:, the piot fory = 2° is omitted for clarity as the profile is almost the
oriented at an angl¢ to the surface normal come into same as foy = 0°.
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where L(20)=Lorentzian function andG(20)=  wherew is the angle of incidence arilis the radius
Gaussian function. All the integrated intensities,of the diffractometer. At smalkly, when the beam is
| L19%) and | 2*Y(y), were therefore determined from contained within the specimen, the integrated intensity
profile fitting using the X-ray software package XFIT | («)increases linearly with. For an infinite specimen
[13, 14]. I (@) would continue to increase linearly withand it

In specimens with random crystallites the integrateds this line that define$ (W) = 1. For afinite specimen
intensitylx () of the line from phase X (i.e. X Aor  the rate of increase df(«) with « will decrease and

M) varies with the off-set angl¢- as then flatten off as the beam spreads beyond the limits
of the diffracting sample. Provided the region over
I (V) = |le(l+ tany cote) (5) which f (W) = 1 is sufficiently long to clearly identify

the linear region inl («) then, by extrapolating the

. ) . ) _ linear portion ofl («) to largew to identify | (o)extrap
where |2 is the integrated intensity obtained under the correction factorf (W) is given by,

symmetric diffraction conditions at = 0° for thehkl

line in phase X for random crystals. This variation with | () measured

Y arises from changes in X-ray absorption and beam f(W)= —"—— (8)
spreadW across the sample surface when the X-ray | (@)extrap

beam is incident at an angiewhich is different from

the Bragg angl® (see Fig. 5). In the present samples N the present workf (W) was measured separately
the crystallites in the wires are not randomly oriented for €ach of the four wire specimens using a Siemens
Also, the specimens have a finite lateral size so that th@5000 X-ray diffractometer operating in a symmetric
incident beam can extend beyond the specimen, as iMode (i.e«w = ) with the sample spinning and fitted
lustrated in Fig. 5, giving a reduced integrated intensityWith stepper motor controlled divergence slits which
relative to an “infinite” specimen. Under these circum-¢an be automatically incremented in steps of @dm

site profile was measured at eacho determinel («)

depending on which line was stronger. An illustration
Ix(¥) = F(W)Px ()13 (1 +tany cotd)  (6) ot the results obtained for one of the wires is given
in Fig. 6a, but witha converted toW using Equa-
where, f (W) represents the fraction of the beam’s foot-tion 7 to obtain the variation in the integrated intensity
print incident on the specimen when the beamspread is(W) with beamspeadV, and the expected variation
W and, Px(y) is the ratio of the number of crystal- | (W)exirap for an infinite specimen. Fig. 6b shows the
lites oriented in the direction of the diffraction vec®r form of f (W), determined from (W) and ! (W)extrap
relative to the random crystal model. which for convenience was fitted with a sixth order
To apply Equation 6, it is necessary to determinepolynomial. During the determination df(W) the di-
f (W) for each specimen. The effect on the integratedsergence angle is a variable term ane is fixed at
intensity of the incident beam spreading across and. When the diffractometer is set up to measure the in-
beyond the limits of the sample can be characterised biegrated intensityx (y) under asymmetric conditions,
measuring the integrated intensiltf) of a profile asa the angle of divergence is fixed @ andW varies be-
function of the angle of divergenae Atany divergence cause of the changing angle The appropriatef (W)

anglex, the beamwidtiW is given by the relation, term corresponds to the value\wfgiven by Equation 7
with & = g (typically 1°) andw = (6 — ).
« R cosecw The principal objective of this work is to accu-
W=1— @27 ol (7)  rately determine the ratio of the integrated intensities,

|A11/1110 of the 111 and 110 lines of the austenite
and martensite phases that would be obtained if there
were no preferred orientation. From the asymmetric
diffraction measurements &% (y) and f (W) for each
phase X, itis possible to determine the texture function

Beamspread Tx(¥) = Px(y)I1X for each phase over a rangeipf
W angles using Equation 6,

Incident
Beam

111 _ Ix(v¥)
X7 (Wy)(1+ tany cotex)(g)

Ix(¥) = Px(¥)!

In specimens with random crystallites the orientation
distribution termPx () = 1 at ally so thatl'x (y) =
17K In addition, all planes in th¢hkl} family con-
 — tribute to the intensity terni"x(y). When the crys-
Steel Wires in Epoxy tallites are very strongly oriented the integrated inten-
Figure 5 SpreadW of the incident beam across a specimen surface forSlty I'x (W) aty =0 Is enhanced ané (w) > 1at

a diffractometer, of radiug, set at an equatorial divergeneeand an ¥ = 0°. However, the orjentatior) functioRy () de-
incident angleo. creases to zero very rapidly within a few degrees.
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Beamspread W (mm) Figure 7 An illustration of the function"v () for a martensite phase
showing it as a sum of the texture functibg o(v) for the 110 planes,
.04 andI'w so(y) for the distribution of the (101), (011), (@} and (1Q)
- planes centred ot = 60°.
(W)
0.9 (b)
in the {hkl} family. For the austenite 111 line between
0.8 ¥ = 0° and 12, Ta(y) is represented as the sum of
two functions, i.e.
0.7 Fitted Polynomial
to f
0] ™ PA() = Tao) + Tazos(¥)  (118)
0.5- wherela o(¥) represents the distribution of the (111)
planes centred abouwt = 0°, andT'a_705(v) repre-
0.4 . : : : : . sents the distribution of the (1}, (111) and (11)

0 5 10 15 20 25 30 planes centred abouwt = 70.5°. Although there are
Beamspread W (mm) also distributions abouf = 1095° and 180 repre-
senting other members of tH&11} family, these can
Figure 6 (a) Integrated intensity (W) measured at different levels of e neglected in the present case as their contributions at
the beamspread of the incident beam on one of the orthodontic wire < 12> are very small. An illustration OFA(I//) and

samples. The beamspread was varied by increasing the divergence angle . . .
a of the beam, (b) Measured correction fact@iV) for finite specimen e contributions of the component funCtlc’ﬂ&O(w)

size when the spread of the incident bearwis a_ndFA_,?O,S_(W) corresponding to the present sampl_es is
given in Fig. 7. Similarly, for the martensite 110 line,

I'm(v) is represented as the sum, i.e.

To convert the results for a strongly oriented crystal

to the equivalent random integrated intengify', it is m(¥) = Tm,o(¥) + Tm,e0(¥) (11b)

necessary to determine the averagd gfy) over all

directions in space [9]. Unlike the random crystallite where 'y o(v) represents the distribution of (110)

case, only one member of tifiekl} family is contribut-  planes and™w sq(1) represents the distribution of the

ing to the diffraction aty = 0° in a strongly oriented (101), (011), (01) and (1Q) planes.

material and the result of averaging li8</myy. As Under these circumstances, the appropriate func-

all the diffraction measurements are carried out withtion for calculatingl ¥'/mpy through Equation 10 is

the specimen spinning in its own plane, the measuredy o(y) rather than "y (y). The question therefore is,

I'x () values already represent an average value at laow canl'x o(1) be extracted from the experimental

fixed ¥ over the longitudinal coordinaig around the  resultsI'x()? In the present results, the dominant

polar axisyr = 0. The mean value dfx () over the  contributions tol'y () and ['a(y) are ' o(¥) and

surface of a sphere is therefore defined by the equatiom;, (), respectively, and the higher ternidy so(1)
and I'a 705(¢), behave as a “background contribu-

1 [T _ K tion” which typically contribute<2% of the measured
E/o 2r sinyr Ix(¥) dyr = M (10) 'y (¥) or Ta(y) values (see Fig. 7). As a first approx-

imation therefore, it can be assumed that over the fitted

In the orthodontic wires investigated here the texturd @19€ 0 = ¥ = 12,

is not always strong enough for the functioy ()

to decay rapidly to zero and other planes in thél} Im(¥) ~ Tm.o(¥)

family contribute a small amount to the integrated in-

tensity over the range of measurementirin this case  and

the observed functioly () is a sum ofl" functions

each representing a different sub-grouphé&f planes Ca(¥) =~ Tao(¥) (12)
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In the examples discussed in this paper the error introF a o(y — 70.5) so that when averaged over the surface

duced into the measured volume fraction of martensitef a sphere this function will be three times that of the

Vm by neglecting the higher order termslip(y¥) isno  average value df s o(v). For the equivalent martensite

more than~2%. Further discussion on the magnitudefunctions, the equivalent ratio is four to one. Under

of this systematic error is given later. the conditions appropriate for the present sample, the
In practice the procedure adopted to determifge  weighting termwy (X = A or M) can be reduced from

is to first fit the texture function&a(y¥) andI'm(y¥)  the expression,

over the measured rangein Pseudo-Voigt functions

are used here as these fit well with a shape fagtor My 0180 T o(1) siny dyr

between 67% and 100% Lorentzian [12]. The fitted wx = —— 180 a7)
functions are then calculated at Osteps over the range 2sinyo [T o(y) cosyrdy

¥ = 0to 180, weighted by sin/, before calculating

the numerical integralx (X = M or A) given by, whereMy = 3 or 4 andyo = 70.5° or 60’ for austen-

ite and martensite, respectively. In the execution of this
180 correction procedurevy was first estimated by let-
Qx =/ siny I'x () dyr (13)  ting I'x o(y) =fitted functionI'x(v) in Equation 17.
0 The measured functidny (v) was then fitted using the
The full expression used to determine the volume fracModel represented by Equation 16 to obtain a new fitted
tion Vi of martensite when Equation 3 is expressed inform for I'x o(y). An updated value fowx can then

terms of measured and calculated parameters becomé¥ obtained using Equation 17 and further iterations
carried out to converge on a more accurate form for

oy Vy KK Cx (). This was unecessary for the present samples
o S 1oV % (14) as one iteration was sufficient to obtain an accurate
QA — W Ky correction.

The fitting and numerical integration associated with
the above analysis is usually done using the numeric
y y g a& Results and analysis

analysis and graphics software package ORIGIN 5.0. . .

In the present samples the preferred orientation id he texture funCt'anM(W andI'a(v) otgtamed for
relatively strong and the texture widthk, andHy,, as the four_ d|ff_erent WIres over the range= 0 tq 12 are
defined in Fig. 7, are all within the band  13. For shown in Fig. 8. This figure also shows the fitted curves

this degree of preferred orientation the overlap betweefM(¥) and FA(I/’) from which the termsa and Qv
the component functionEw o(¥) and ['w eo(¥), and were determined. The results of the fitting are given in

between'a o(¥) andT'a 705(¥), is small but not neg- Table | along with the calculated volume fractigy of

ligible. The basis of the iterative correction procedurerqa;te?sne in each wire gnd the breadﬂl;lﬁ, a?g.']:f'A’
developed for compensating for the overlap assume®' (€ ur|1ct]LonsI‘M(w) an FA(‘Z)-/?]T‘“hm erdt_) ! er—d.
that the two component functions within any measurecE"'t results foMy are presented, which are discussed in

I'x(v) have essentially the same shape. but differenfnore detail Iate_r, cor_nparing the present m_ethod with
total areas. so that the results obtained if no preferred orientation correc-

tionis applied. The termly andHa reflect the degree
_ of texture in the particular phase and represent the val-
Fa70s() = walaoly —705) ues ofyr at which the fitted texture functiofx o(y)
decreases to 50% of its initial valuewat= 0°. All the
uncertainties quoted in Table | reflect the precision of
the fitting procedure. The atomic scattering factors and
associated dispersion corrections used to determine the
structure factors for calculatingy from Equation 14,
ere obtained from the International Tables for Crys-
%llography Volume C [15]. In the calculation of the
structure factors it was assumed that the alloying ele-
ments in the wires were substitutionally disordered so

and

I'm.60(¥) = wmI'm,0(¥ — 60) (15)

wherewa andwy are the relative weights of the com-
ponent peaks (see Fig. 7). Thisassumptionis essential
stating that if the distribution of the (110) planes in the
martensite phase around around= 0° is £10°, then
the distribution of the (101), (011), (@) and (1Q)

planes abouty = 60° will also be~+10°. On this that,
basis the measurdtk terms can be expressed as, .
W) P Faustenite= 4 exp(—Ba sir? 9/)‘2)
Ca(¥) = Ta0(¥) + walao(y¥ — 70.5)
and

and
Fmartensite: 2f exp(— BM Sin2 9/)‘2)
Im(¥) =Tmo(¥) + wmlmo(y —60)  (16)
where f =0.700fe + 0.181fc, + 0.078f\i +
To develop an overlap correction it is necessary td.014fy, + 0.027fs;. It was assumed that tempera-
know the relative weightsya andwy. These can be ture pQrameterA = By and that these values will be
estimated on the basis that three planes contributato ~0.35A?, the same as Fe atroom temperature [16]. The
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TABLE | Results obtained after fitting the measured texture fundfigy) anda(¥) for each of the four wires. The termdy andHa are

a measure of the preferred orientation and represent thagles at which the fitted functions o(y)/ I'm.0(0) andla o(¥)/ T'm(0) = 0.5. The

three columns labelledy are the volume fraction of martensite obtained from the present data, (a) using the present orientation correction assuming
I'x(¥) = I'x.0(¥), (b) using the present orientation correction but compensating for overlap befweéi) andI'a 705(v) and, betweeiy o(v)

andI'wv e0(1), (€) using the integrated intensities measured at 0° and the intensity equation for randomly oriented crystals (Equation 3). The
numbers in brackets are the uncertainties that propagate from the uncertainties from fitting the observed texturelfyi¢tjarsda (V)

() Vm (b) Vm
Orientation Orientation (cYm
Correction Correction No Orientation
(No Overlap ¢ Overlap Correction
Wire type Hy° Hy° Correction) Correction) (Random Xtal)
W (1.62 mm) 12.9(3) 6.8 (2) 0.58 (5) 0.56 (5) 0.25 (1)
W (0.52 mm) 7.1(2) 6.3(2) 0.75 (3) 0.74 (3) 0.65 (2)
D (2.18 mm) 12.3(3) 6.9 (1) 0.72 (3) 0.70 (3) 0.35(1)
D (0.88 mm) 10.6 (2) 5.7 (2) 0.83 (6) 0.82 (6) 0.47 (2)

Type D Wire Before Extrusion 1200
(2.18 mm)

Type W Wire Before Extrusion
(1.62 mm)

700 1000
S
600
e 5800
- Ny
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400- 600 ustenite
300+ 4
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Figure 8 The measured and fitted textures functidng(y) andT'a(v), for each of the four orthodontic wires.

lattice parameters used for calculating the cell volumethe martensite phase is less pronounced than the austen-
Qaust = 3. 586 A and Amart = 2. 871A were measured ite phase and, with the exception of the finer tyfve
directly from the XRD pattern. As the 111 austenitewire, Hy — Ha > 5°. This difference is probably the
and 110 martensite lines arel®° 260 apart, any error result of the orientation change that occurs during the
in the choice ofB parameter or the composition will austenite-martensite transformation. The actual effect
only have a small effect on the volume fractidfy of the extrusion process on the martensite orientation
determined through Equation 14 as this equation conis quite different for the two wires. In the Ty wire,
tains the ratioFy /Fa which ~0.5 irrespective of the in particular, the orientation widthly, decreases by al-
temperature parameter B or the alloy composition. most & on extrusion where as the change in the tijpe

In all the wires the preferred orientation of the austen-wire is ~1.7 and only slightly larger than the change
ite phase is stronger than the martensite phase. THer the austenite phase in this wire.
width Hp of the austenite phase is consistently between The fact that the degree of texture in the marten-
5.7 and 6.9, and the extrusion process only increasessite and austenite is quite different for three of wires
the texture by a relatively small amount. The texture ofis the main factor that makes correction for preferred
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orientation very necessary. Column (b) of the resultgata, the extrapolated austenite functidiaso(v) are

for Viy in Table | which is corrected for both pre- more reliable than the corresponding martensite func-
ferred orientation and overlap is the most accurate ofionsT"y o(y). Although both sets of fitted functions ex-
the three sets. The results fofy, labelled “random tend beyond measurement limitf the texture widths
crystals” (i.e. column (c)) with no orientation correc- Hy ofall but one of the martensite results are also larger
tion, were obtained by substituting the integrated in-than 12, the maximum measuredl. This makes the
tensities for martensite and austeniteyat= 0 into  extrapolation oy o(1) beyond 12 very sensitive to
the conventional quantitative analysis equation reprethe accuracy of both the fitted texture widdy and the
sented by Equation 3. When the degree of texture opseudo-\Voigt parametef, which describes the degree
the two phases is similar, as is almost the case for thef Lorenzian character of'y o(y). At one extreme,
finer TypeW wire, the volume fractionyy obtained when the fitted function is close to Lorentzian (i.e.
by assuming no preferred orientation will be similar to y ~ 1) I'm.o() needs to be extrapolatedgo~ 6Hy

the result obtained after correction for preferred orien-before decaying to the noise level. Conversely, when the
tation. Under these circumstances the preferred oriertexture function is Gaussian shaped (i@. ~ 0) the
tation correction terms for the austenite and martensitéunctionI'y o(y) decays very rapidly withigr ~ 3Hy

tend to cancel each other. In three of the wires considand the uncertainty of the extrapolated function is less.
ered here, the texture of the austenite phase is much The accuracy of the results presented here, would
stronger than martensite, and the preferred orientatiohave been better had Cr,Kadiation been available
correction terms are different for each phase. As a confA = 2.29A). At this wavelength the 111 and 110 lines
sequence, application of the “random crystal” intensityshift from 20 ~ 45° up to~67° thereby increasing the
equation severely under-estimates the martensite conpper limit ofy from 12> up to~25°. The only draw-
tent by up to 50%. To within a 10% margin, the volume back is a larger overlap correction because of the greater
fraction obtained after correction for preferred orienta-contribution of the higher order componeiig so(y)
tion,V,Sf’”eCte‘f is related to the volume fraction obtained andI'a 705(v) in the range of measurement. To obtain
from the “random crystal” intensity equatio2"%°m  anaccuracyz5% or less for the volume fraction us-

as, ing the method proposed here, it is recommended that
the texture widthsHy and Ha, be less than T0and
that the measuredt range be at least twice the largest
Hx value. As the texture widths become larger and the
measurement range become smaller, the uncertainty in
the extrapolated texture functions grows along with the

V'\(/:lorrected% 1.05ﬂ_|\A/|V'\|;|andom (14)

Unfortunately, it was not possible to compare the
presentresults fory, with those using other techniques.

uncertainty inVy.

Both magnetic measurements and transmission elec-

tron microscopy (TEM) were carried out on the speci-
mens, but neither technique provided reliable result

grain structure of the orthodontic wires and the factW
that both phases are twin structures of almost identi-
cal appearance. Magnetic measurements on orthodon-

S
TEM images were uniformative because of the fine
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