
D

T
a

b

c

d

a

A
R
R
A
A

K
A
N
T
S
D

1

f
m
h
(
i
v
a
e
s
d
a
m

t
m
t
f
m

6
f

a

0
d

Materials Science and Engineering A 528 (2011) 3594–3600

Contents lists available at ScienceDirect

Materials Science and Engineering A

journa l homepage: www.e lsev ier .com/ locate /msea

iffraction study of the retained austenite content in TRIP steels

. Gnäupel-Herolda,b,∗, A. Creuzigerc,d

NIST Center for Neuron Research, 100 Bureau Dr., Gaithersburg MD 20899-6102, USA
University of Maryland, Department of Material Science and Engineering., College Park MD 20742-2142, USA
NIST Metallurgy Division, 100 Bureau Dr., Gaithersburg MD 20899-8553, USA
Kent State University, Kent, OH 44242, USA

r t i c l e i n f o

rticle history:
eceived 3 August 2010
eceived in revised form 2 December 2010
ccepted 13 January 2011

a b s t r a c t

The results of a study of using neutron diffraction for determining the retained austenite content of TRIP
steels are presented. The study covers a wide area of materials, deformation modes (uniaxial, biaxial and
plane strain), strains, and the retained austenite content as a result of these variables. It was determined
using basic principles of statistics that a minimum of two reflections (hkl) for each phase is necessary to
vailable online 19 January 2011
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calculate a phase mass fraction and the associated standard deviation. Texture from processing the steel
is the largest source of uncertainty. Through the method of complete orientation averaging described
in this paper, the texture effect and with it the standard deviation of the austenite mass fraction can be
substantially reduced, regardless of the type or severity of the texture.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Steel typically may contain three different phases: austenite,
errite, and martensite. The relative mass fractions of austenite and

artensite have been of interest for a long time [1–14]. For new
igh performance steels such as transformation induced plasticity
TRIP) steels, accurate measurement of the austenite mass fraction
s key. The measurement of the retained austenite content down to
ery low levels (less than 1% austenite) is a challenge for all suit-
ble methods, and diffraction is no exception. However, with the
stablished theoretical principles of diffraction, accurately mea-
ured composition, and suitable signal to noise ratios the actual
etection limit could be significantly lower than 1%. The achiev-
ble accuracy is limited by several factors, with texture being the
ost significant.
So far the difficulties associated with texture, and there is vir-

ually no steel without texture, have been dealt with in a heuristic

anner by issuing recommendations to use procedures for weakly

extured samples [1] or for untextured samples [2]. In [1] Jatczak
ocuses entirely on X-ray diffraction and recommendations are

ade for dealing with texture using a scheme of partial orienta-
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tion averaging of multiple reflections through rotation and limited
tilt but without regard to the different statistical weight of  -tilts
and the effect of the missing tilt range. The error analysis presented
in [1] uses either the counting statistics or repeated measurements
with remounting of the same sample. Both methods have serious
limitations because they largely miss the texture effect and they
tend to produce unrealistically small uncertainties. To our knowl-
edge, there has been no systematic study of the effects of texture
on the calculation of retained austenite mass fraction.

Good agreement in the measured retained austenite content
was achieved in an X-ray diffraction round-robin [3]. However, the
standard reference samples used there have since been withdrawn.
In a recent round robin, different characterization techniques were
used to measure the retained austenite in TRIP steel [4,5]. There was
significant scatter in the mass fractions calculated, both between
the different methods used and between the same methods, indi-
cating there can be a significant bias error associated with different
methods or labs. At the same time, the standard deviations given by
each measurement were unrealistically low, thus indicating a real
lack of consistency in calculating both of mass fractions and their
uncertainties.

This paper focuses on the use of neutrons and schemes for ori-
entation averaging to measure austenite mass fractions on TRIP

steels. Neutron diffraction has many advantages over some of the
other techniques mentioned and employed in [4]; for example, each
measurement takes place over volumes of 10–100 mm3 and the
methods for determining phases by diffraction methods are well
developed. In this paper, a suitable orientation averaging proce-
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ure that permits the effect of texture to be largely suppressed is
iscussed. These methods allow for precise measurement of the
ustenite mass fraction and the standard deviations.

. Experimental

.1. Diffraction method

The estimation of the volume fractions in a polycrystalline
pecimen containing different phases and with a random grain
rientation distribution by means of diffraction is based on the rela-
ionship of the calculated integrated intensity R(i)

hkl
of a diffraction

ine (hkl) for phase i and the volume fraction Vi of that phase in the
pecimen. The expression used here can be written as [6–8,15]

(i)
hkl

= KVi
j�3F2

hkl

v2
i

sin � sin 2�
e

−B sin2 �
�2 Ahkl (1)

here K: constant specific for the experiment; j: multiplicity of the
lane (hkl); �: wavelength; F2

hkl
: structure factor of the plane (hkl);

i: unit cell volume of phase i; B: Debye–Waller factor; �: Bragg
ngle; Ahkl: absorption factor. The absorption factor depends on the
inear absorption coefficient and the specimen shape. It was found
o be negligible in this investigation. The theoretical structure fac-
ors Fhkl were calculated using the widely available Powder Cell [16]
rogram; for B the value 0.35 was used as quoted in [17]. If all inten-
ities are measured on the same equipment, and under the same
onditions, the term K may be dropped, as it will for subsequent
iscussion.

The steel specimens investigated here contain ferrite (˛),
etained austenite (�) and martensite (m). Bainite, which is typi-
ally encountered in TRIP steels, is a particular structure of ferrite
ith austenite laths. Due to the alloying in TRIP steels, excess

arbon is partitioned to the austenite instead of forming cemen-
ites as in conventional bainite. The martensite peaks cannot be
esolved from the ferrite peaks [18]; thus, only the austenite (�)
nd the (˛+ m) volume fractions can be determined. The austenite
ass fraction value is not affected by the presence of the marten-

ite phase because the sum of the structure factors of overlapped
artensite and ferrite peaks is practically identical to that of the fer-

ite peak with the martensite replaced by ferrite. Also, the austenite
eaks are unaffected by martensite. As these phases are the only
onstituents in a TRIP steel, the volume fractions of each phase must
dd to one (V˛ + Vm + V� = 1) and the volume fraction of the austen-
te phase can be correlated to the measured integrated intensities
(�)
l

and I(˛+m)
l

by

� =

(
1
n

n∑
l=1

I
(�)
l

R
(�)
l

)
(

1
m

m∑
l=1

I(˛+m)
l

R(˛+m)
l

+ 1
n

n∑
l=1

I
(�)
l

R
(�)
l

) = Ī(�)

Ī(�) + Ī(˛+m)
(2)

here (n) and (m) are the number of diffraction peaks for each
hase. The mass fraction is obtained from the densities (�) of each
hase:

� =
(
V���

)(
V��� + V˛+m�˛+m

) (3)

Eq. (2) contains averages of integrated intensities normalized by

heoretical intensities. It is reasonable to use a longer counting time
or weak reflections, thus requiring time normalization as well. In
rder to allow for the statistical nature of the intensities in Eq. (2)
ne must consider the effects of individual standard deviations as
ell as the averages calculated in Eq. (2). The standard deviation
and Engineering A 528 (2011) 3594–3600 3595

of the measured integrated intensity of a peak (�P) is derived from
the counting statistics through:

�P =
√
�2
T + �2

B (4)

with �T = 0.675
√
IT as standard deviation of the total intensity IT

of the peak including background, and �B = 0.675
√
IB as standard

deviation of the background [19]. In principle, through sufficiently
long counting times �P could be reduced to arbitrary small values
and, through error propagation in Eq. (2), a similarly small standard
deviation could be achieved for V� . In reality this is not the case.
First, the averages in Eq. (2) need to be modified to allow for the
different individual �P as weights:

Ī =

(
n∑
l=1

Il/
(
Rl�

2
l

))
n∑
l=1

1/�2
l

(5)

Second, the normalized intensities I/R for each phase imply
that they are equal after the various normalizations for structure
factor, multiplicity, polarization, etc. This is usually not fulfilled
because of counting statistics, texture, imperfect diffraction geom-
etry, specimen shape and insufficient knowledge of specimen
material parameters such as the precise elemental distribution of
constituent elements over phases and crystallographic sites. It is
assumed that all these influences combined act as one individual
uncertainty for each reflection. Thus, the variance of the average
normalized intensities is

�2
Ī

= 1
n− 1

n∑
l=1

(
Ī − Il

)2
(6)

The counting statistics still plays a role for �2
Ī

as a contributor

to the scatter. Note that the factor (n-1) allows for the fact that Ī
was determined from the average of the Il. The standard deviation
of the volume fraction becomes

�V� =

√
�2
Ī(�)

(
∂V�

∂Ī(�)

)2

+ �2
Ī(˛+m)

(
∂V�

∂Ī(˛+m)

)2

=

√√√√�2
Ī(�)

(
Ī(˛+m)

)2 + �2
Ī(˛+m)

(
Ī(�)
)2

(
Ī(�) + Ī(˛+m)

)4
(7)

which can be converted to a mass fraction using the known den-
sities. From Eqs. (5), (6), (7) it follows that the measurement of
only one single peak for austenite and ferrite does not allow the
proper calculation of a mass fraction or its standard deviation. From
equation (6) the factor 1/(n-1) requires at least two peaks. Physi-
cally speaking, at least a second peak is necessary to compare the
normalized intensities and to calculate an uncertainty; with only
one peak one has to assume an ideally random sample, a condition
that is rarely fulfilled. By having at least a second reflection avail-
able (more are desirable) one has in essence an internal measure
of scatter through the differences in I/R for a particular phase in Eq.
(2).

Eq. (2) is also the basis for the standard procedure in [2] which
explicitly states that specimens should be texture free. It is well

known that in steels some preferred grain orientation is always
present, thus making the intensity dependent on the specimen
orientation. If left uncorrected, textured samples produce a very
large scatter in diffraction-based estimates of phase fractions. A
correction can be performed in two ways: (1) By averaging over
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Table 1
Chemical composition (wt %) of the TRIP samples investigated.

Sample Material C Mn Al Si Thickness
(mm)
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A TRIP 700 0.23 1.49 2.02 0.04 1.0
B TRIP 590 0.10 1.48 0.059 1.19 1.6
C TRIP 780 0.16 2.07 2.04 0.03 1.0

ufficiently many, and suitably different specimen orientations and
2), by using the orientation distribution function (ODF) for the
alculation of the integrated intensity with texture effect.

For the purpose of volume/mass fraction determination the first
pproach, here called complete orientation averaging, is preferable
ecause it requires far less measurement time. In that case, a sum-
ation of peaks measured at different specimen orientations is

erformed and the average intensity of the peak used to determine
he phase fraction. Method (2) requires a known ODF from which
ne can calculate the multiples of random density numbers (m.r.d)
or the combinations of (hkl) and specimen orientations used in the

easurement.
Method (1) is used extensively as the basis for the neutron

iffraction texture measurements where individual measurements
re taken for (ϕ ) values obtained by a reverse equal-area projec-
ion from a plane onto the pole sphere. The locations on the plane
re the central points of equal-sized hexagons, which, through area-
reservation of the projection, yield directions with nearly constant
ngular distance between neighboring points [20,21]. This is real-
zed in the meshes shown in Fig. 1.

The orientation mesh in Fig. 1 left represents a nearly ideal case:
ow well the orientation average is achieved depends only on the
ngular width of intensity poles with respect to the spacing of ori-
ntations. When averaging the intensities of different reflections
hkl) this effect is a contributor to the variance in Eq. (6). With the
omplete orientation averaging each sample orientation has equal
eight; a non-equidistant spacing could be used instead but would

equire the introduction of weight factors to correct for over/under-
epresentation of some orientations.

.2. Samples

Three different grades of commercially produced TRIP steels
ere investigated: TRIP590, TRIP700 and TRIP780. The numbers

ollowing TRIP indicate the nominal ultimate tensile strength in
Pa. These samples are sheet stock; their chemical compositions

nd as received thickness are given in Table 1.
The deformation modes included uniaxial deformation paral-

el to the rolling direction (RD), uniaxial deformation parallel to
he transverse direction (TD), in plane-strain deformation (ε2 = 0)
ith the straining direction parallel to the rolling direction (PS-RD)
lane-strain deformation parallel to the transverse direction (PS-
D), and balanced biaxial deformation (BB) (ε1 = ε2). TRIP700 was
nvestigated only in the undeformed state. TRIP590 samples were

easured in the undeformed state and at nominal deformations of
%, 5%, 10%, 15%, 20% and 25% engineering strain with the exception
f a PS-TD sample that failed before reaching 25% strain. TRIP780
amples were measured in the undeformed state and at nominal
eformations of 2%, 5% and 10% engineering strain. The equipment
sed to deform the samples is described in more detail in [22]. In
rder to create sufficient scattering volume, reduce data acquisition
imes and produce an equal-axial sample shape, the sheet mate-

ial was sheared into small plates and glued together into cubes
6 mm × 6 mm × 6 mm) while maintaining the plate orientations.
he densities used here were obtained by Rietveld analysis of neu-
ron diffraction patterns measured on the undeformed samples B
�˛+ m = (7.749 ± 0.002) g/cm3 and �� = (7.765 ± 0.018) g/cm3) and
e and Engineering A 528 (2011) 3594–3600

C (�˛+ m = (7.591 ± 0.004) g/cm3 and �� = (7.668 ± 0.016) g/cm3).
For sample A (TRIP700), the values for sample C were used because
of the similar composition.

2.3. Diffraction measurements

The integrated intensities, averaged over all orientations were
determined from the fit of a gaussian with linear background func-
tion. Values of the standard deviation (�) were obtained from the
respective standard deviation of the peak height and the width.

The neutron measurements of individual, non-overlapping
peaks were done at the BT8 residual stress diffractometer at NCNR
using a full-circle Euler cradle for specimen orientation [23]. The
steel samples are fully bathed in the neutron beam at all orienta-
tions. Because of the low attenuation of neutrons, the entire sample
contributes almost uniformly to the diffracted beam. Absorption
effects were found to be negligible for the specimens used in this
work.

A total of six reflections – three for austenite, three for ferrite –
were used for mass fraction estimation. A Si (3 1 1) monochromator
produced a wavelength of �= 0.1637 nm without �/2 contamina-
tion, thus putting the three austenite reflections: A200, A220 and
A311 at values of 2� of (54◦, 79◦, 96◦) and for ferrite F200, F211
and F220 at values (69◦, 88◦, 107◦), within the available 2�-range
of 45◦–110◦. The composition given in Table 1 was used to calculate
the structure factors.

The method of complete orientation averaging represents the
measurement of a complete pole figure, albeit not necessarily at
counting times or ϕ -mesh resolution required to calculate the
ODF. A minimum of 127 orientations in ϕ -mesh resolution was
used for the calculation of retained austenite content (see Fig. 1).
Control measurements were done using five different powders (Fe,
Mo, Cu, Al, Ni). Orientation averaging was not carried out on the
control powder measurements because the cylindrical shape of the
sample container did not allow that a constant volume of sample
material be illuminated by the beam at all orientations.

Selected X-ray measurements were performed using filtered
Mo-K� radiation in a partial averaging scheme up to 45◦  -tilt (see
pictograms in Fig. 3, right).

3. Results

The determination of mass fractions based on the comparison
of orientation averaged peaks as laid out in Eq. (1)–(7) is largely
limited by the signal/noise ratio which decreases with decreasing
austenite content. However, all austenite peaks were well behaved,
and no constraints for the peak position or the width were used. The
ferrite peak shapes were symmetric without indication of marten-
site peaks.

Measurements of peaks from the various control powder mate-
rials were used to demonstrate the effect of insufficient orientation
averaging even for samples deemed to be random. This is shown
in the normalized intensities vs. 2� (Fig. 2). As mentioned, sam-
ple container geometry precluded using orientation averaging
while measuring the powder materials. For the random orienta-
tion assumption, the normalized intensity should not depend on
2�. However, the relative differences up to 30% in the normal-
ized intensities in Fig. 2, left, are most likely caused by texture
from the settling of the powder particles. Thus, it provides an
excellent illustration of the difficulties that can arise from the

assumption of random grain orientation even for powder sam-
ples that are typically assumed to be untextured. The normalized
intensities are shown only as a representative example for two
TRIP590 samples, one sample as undeformed and one sample
strained to 20% in the PS-TD strain state in Fig. 2, right. The
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Fig. 1. Specimen orientations in spherical polar coordinates (ϕ ) plotted in equal-area projection. The circles represent the azimuth angle ϕ (sample rotation); the radial
distance is the tilt angle . At the center is zero and the ϕ-axis is parallel to the bisector of incident and diffracted beam (scattering vector). The mesh resolutions are (left
to right, with
ϕ =90◦ in brackets) a: 469(5◦), b: 331(6◦), c: 217(7.5◦), d: 127(10◦), e: 61(15◦), f: 19(30◦).
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ig. 2. Left: Normalized intensities (I/R) for peaks from various powders. The follow
222), (400); Fe: (110), (200), (211), (220); Mo: (200), (211), (220). Right: Normalize
200), (211), (220) and austenite peaks (200), (220) and (311). In the right graph th

/R (2�) for all other samples displayed a very similar behav-
or.

For the TRIP steel the I/R both for ferrite and austenite have small
lopes over 2�. Through measurements with different mesh reso-
utions in complete and partial orientation averaging it was found
hat imperfect orientation averaging together with the particular
ombination of reflections (hkl) used here could cause this behav-
or. However, one should note that overall the differences between
ormalized intensities over 2� are much smaller (max × 7%) for
he TRIP sample with complete orientation averaging than for
he powder samples (max ± 17%) without comparable orientation
veraging.
Instead of a complete orientation average with varying point
ensity one can also consider a partial average limited by tilt. Such
case arises if the tilt angle ( ) range is restricted as it is the case in
-ray diffraction. These data were created by partitioning of exist-

ng data sets from complete orientation averaging. At ≈0 one has

f e d c b a

ig. 3. Effect of different numbers of individual orientations on the calculated austenite
ith letters a–f referring to the meshes in Fig. 1. Right: Partial orientation averaging with

-axis as the  cut-off. A value of  = 0 would be the equivalent of a �–2� scan with only
(420) and F(211), F(220), F(321). Set 2 refers to A(200), A(220), A(311) and F(200), F(211
eaks were measured: Cu, Ni:(111), (200), (220), (311), (222); Al: (200), (220), (311),
grated intensities for TRIP 590, undeformed and 20% strain PS-TD with ferrite peaks
lues are of the size of the markers or smaller.

the case of a �–2� scan at one orientation. Consequently, the mass
fractions derived from these measured intensities deviate signifi-
cantly from the result obtained with complete orientation average.
As larger  values are included, the calculated values converge
again. However the trends prior to the convergence are not con-
sistent between different samples, showing the need to measure at
higher  angles to improve accuracy.

Fig. 3 demonstrates the effect of the number of orientations in
the mass fraction value. As the number of orientations increase
there is convergence in the mass fraction measurement. The mass
fractions do not show a strong dependence on the number of ori-
entations beyond 100 orientations measured.
The effects of ϕ -mesh densities (see Fig. 1) or limited tilt capa-
bility are clearly reflected in the dependence of relative standard
deviation shown in Fig. 4. Values for �rel increase steeply below
100 orientations per measurement (complete averaging scheme)
or for averaging in a  -range less than 30◦ from the sample nor-

mass fraction. Left: complete orientation averaging with different mesh densities
limited -tilt. The grey area in the pictograms indicate the tilt range used with the
one contributing orientation per reflection. TRIP 700 set 1 refers to A(220), A(311),
), F(220).
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and strain state in Fig. 6 shows some differences and commonal-
ity between the TRIP 590 and TRIP 780 alloys. Neither alloy shows
a strong effect from stress triaxiality, as predicted previously [5].
In both materials the lowest retained austenite value occurs near
failure in the balanced biaxial strain state, and appears to reach

Table 2
Austenite mass fractions for three different TRIP steels (undeformed) as obtained
from complete orientation average (neutron diffraction) and partial average/X-ray
diffraction.

Sample Wt. � Wt. �
n

ig. 4. Relative standard deviations for the complete averaging scheme (bottom ax
ewer orientations just as on the bottom axis.

al. Beyond that, the relative standard deviation values are stable
t 10–20%.

Larger fluctuations in the calculated value of the mass frac-
ion are observed if different combinations of orientation averaged
eflections (hkl) are used. Fig. 5 illustrates very effectively the rea-
on why mass fraction calculations based on single reflections are
nreliable. First, the calculation of the standard deviation is not pos-
ible with Eq. (6), and second, the effects of insufficient orientation
verage are amplified leading to relative minimum/maximum dif-
erences of up to 50% in the mass fraction. The standard deviations

calculated from the counting statistics (1A/1F combinations)
re too small as evident from the comparison with the � values
or f� from combinations of multiple reflections (Fig. 5, left). Due
o instrumental restrictions the pool of simultaneously accessible
eflections is restricted to ferrite (110), (200), (211), (220) with
ustenite (111), (200), (220), (311) and (222). However, the austen-
te (111) and (222) reflections are difficult to measure for small

ass fractions due to their low multiplicity and some overlap with
eighboring ferrite reflections. Therefore the undeformed TRIP700,
hich had the largest austenite mass fraction, was chosen to inves-

igate a large number of different combinations of reflections (Fig. 5,
ight).

The 2A/2F combination requires fewer measurements than
A/3F or 5A/4F but comes at the expense of a larger � expressed
hrough the larger scatter than 3A/3F. This uncertainty is not related
o the counting statistics but stems from the previously discussed
ffects of insufficient orientation average and limited knowledge
f the phase specific chemical composition. The 5A/4F combina-
ion represents the maximum available data with a total of 2979
ndividual intensity measurements but it does not come with a sig-
ificant reduction in �. In effect, the relative standard deviation for
he data in Fig. 4 has a lower limit of approximately 10%. A similar
hreshold for � exists for TRIP590 and TRIP780, both of which have

uch lower contents of retained austenite.
The mass fractions for different deformation regimes and strains

re shown in Fig. 6 for TRIP780 and TRIP590. They are plotted in
erms of effective strain, which is the Von Mises average of the true
trains:

=
√

2[
(ε11 − ε22)2 + (ε22 − ε33)2 + (ε331 − ε11)2

] 1
2 (8)
eff 3

This allows different strain states to be compared directly. The
ustenite mass fractions measured follow a similar curve for all
hree strain modes explored, similar to results shown in [5].
er of orientations

d for partial averaging in limited  -tilt (top axis). Low values on the top axis mean

For the purpose of comparison selected X-ray measurements
were performed on three undeformed samples with results shown
in Table 2. The austenite weight fractions are comparable to the
neutron results when using the X-ray standard deviations. How-
ever, this is not always the case when considering the much smaller
standard deviations from neutron diffraction measurements. Two
main reasons for this discrepancy were identified: the generally
low X-ray signal/noise ratio (≤1/10) and the “missing orientations”
from the  -tilt limited to values ≤45◦. The wider effects of the
averaging scheme in connection with different textures on weight
fractions derived from X-ray diffraction is currently under investi-
gation.

4. Discussion

The values of retained austenite measured for the TRIP steels
investigated here are comparable to the range of retained austen-
ite measured by Jacques et al. [4] as part of round robin. As noted
previously, the round robin data shows a great deal of scatter, and
ranges from 2% to 36% austenite. While the TRIP 590 and TRIP 780
steels are on the low end of this range, they are commercially pro-
duced alloys. The TRIP 700 steel falls into the middle of the range
of retained austenite with a value of 15%. From the composition
data, there does not seem to be a strong effect from alloying alone,
the thermo-mechanical processing plays a strong role in the final
austenite value. Similarly, comparing the retained austenite value
alone of the TRIP steels does not give an indication to the strength
and ductility of the different steels.

Comparing the retained austenite as a function of applied strain
fraction
(X-ray)

fraction
(neutron)

TRIP 700 0.156 0.038 0.135 0.016
TRIP 590, undeformed 0.053 0.045 0.058 0.006
TRIP 780, undeformed 0.039 0.032 0.051 0.003
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TRIP700: Combinations of different austenite and ferrite reflections
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ig. 5. Effect of (hkl)-combinations on the mass fraction f� Left: TRIP 780 sample strai
f (hkl) out of 5A/4F (Austenite: (111), (200), (220), (311), (222) with Ferrite: (110
rom the counting statistics. Each reflection was measured with 331 orientations.

plateau value before reaching failure. In contrast the uniaxial
eformation samples follow the plane strain and balanced biax-

al for the TRIP 590 samples, while in the TRIP 780 alloy there is
ore retained austenite for both uniaxial samples, with the TD ori-

nted sample having a higher austenite value for higher levels of
train. This will be investigated further in the future, but may be
ue to differences transformation potential due to crystallographic
rientation discussed in [24].

The method of complete orientation averaging provides a pre-
ise method for measuring the retained austenite mass fraction.

ith this method, the retained austenite mass fractions can be
easured to levels less than 1% with standard deviations on the

rder of 10%. This overall precision of 10% (Fig. 4) was found for the
ntire range of austenite mass fractions (from 0.01 to 0.14), even if
ignificantly more orientations contribute to the average.

It is difficult to compare this precision with other published
esults, mostly due to the lack of detail about the error estimation
rocedures. The two methods given in [1] should be seen in a critical

ight because both methods do not take texture into account, and,
ompared with the results presented here, both may underestimate
by a significant amount. For example, for all samples where � is

stimated solely based on the count rate, the standard deviation is
ver 10 times smaller than the values given here from Eq. (7). Such

low value clearly does not reflect the observed scatter.

The results presented here on the role of texture and orienta-
ion averaging can offer some explanation of the large variability
n the X-ray results of the round-robin in [4]. The results listed in
he round-robin presumably follow the SAE [1] or ASTM [2] guide-

ig. 6. Austenite mass fractions f� for TRIP 590 (left) and TRIP 780 (right). The deformatio
D and TD (labeled as PS-RD and PS-TD), and balanced biaxial deformation (BB)(ε1 = ε2).
PS-RD 5%. Right: TRIP 700, undeformed. 2A/2F and 3A/3F use different combinations
), (211), (220)). The �-values for combinations of single reflections are calculated

lines, while no details are given. As shown in this paper an austenite
mass fraction f� derived from a partial orientation average is sub-
ject to a large relative deviation. A necessary condition to obtain a
meaningful value for f� – which includes a meaningful uncertainty
– is that a minimum of two diffraction lines from both ferrite and
austenite are needed to accurately determine f� . Neither of these
criteria are stated in the ASTM standard [2] and the requirement
on the tilt axis is not explicitly stated in the SAE publication by
Jatczak [1]. The statement in [1] that if tilt and rotation are per-
formed, only one line pair is needed is also incorrect because no
meaningful uncertainty can be given for f� . The assumption of a
random orientation distribution is hard to justify, given the scatter
of intensities of powder samples investigated here. The latter result
in particular (Fig. 2) demonstrates that at least for the purpose of
mass fraction determinations a sample cannot be assumed to have
no or negligible texture. The recommendation of four (hkl) pairs
if the sample is not rotated or tilted is also insufficient because
each additional reflection (hkl) improves the average only by the
multiplicity of that particular (hkl).

The retained austenite content determined from partial aver-
aging schemes such as X-ray diffraction is susceptible to ‘missing’
orientations from limited  -tilt (Fig. 3, left). Complete orientation
averaging schemes require a minimum density of orientations in

order to yield stable results. That number depends on the type and
strength of the underlying texture. Fig. 3 indicates that number to
be >100 for the samples investigated here. This underscores some
of the advantages of neutron diffraction: superior grain statistics
(103 more contributing grains than X-ray diffraction), and easier

n modes are uniaxial in RD and TD, in plane-strain deformation (ε2 = 0) parallel to
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omplete orientation averaging. In comparison, X-ray diffraction is
imited by its low penetration and tilt angle restrictions.

. Conclusions

A method of austenite mass fraction measurement, termed com-
lete orientation averaging has been demonstrated. If an unknown
exture is present then averaging over sufficiently many (over 100)
pecimen orientations is necessary in order to reduce the influence
f texture. Additionally, the measurement of at least two peaks
or each phase are necessary to calculate the standard deviation
nd thus a minimum requirement for reliable measurement of the
ustenite mass fraction. Within the range of results obtained here
he relative accuracy of neutron diffraction with complete orien-
ation averaging is remarkably stable, and even austenite mass
ractions down to values <0.01 were determined with good pre-
ision (�rel = 10%).

. Disclaimer

Certain commercial firms and trade names are identified in this
eport in order to specify aspects of the experimental procedure
dequately. Such identification is not intended to imply recommen-
ation or endorsement by the National Institute of Standards and
echnology, nor is it intended to imply that the materials or equip-
ent identified are necessarily the best available for the purpose.
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