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A fundamental understanding of the transient and nonequilibrium material
behavior during welding is essential in the pursuit of process control and
optimization to produce defect-free, structurally sound, and reliable welds.
The deep penetration capability of neutrons into most metallic materials
makes neutron diffraction a unique and powerful tool in understanding the
material structures and properties. However, the inadequate neutron flux
limits its application in time-resolved study of transient material behavior.
This article highlights recent developments toward in situ time-resolved
neutron diffraction measurement of material behavior during welding with
two examples: (I) measurement of the transient temperature and thermal
stresses during friction-stir welding of an aluminum alloy and (II) measure-
ment of the solid-state phase transformation behavior of an advanced high-
strength steel under thermal conditions comparable to the welding processes.
These newly developed experimental approaches can be broadly applied to
other welding or thermomechanical processes for time-resolved measurement
of the fast-changing material state in structural metals.

INTRODUCTION

As an important modern manufacturing technol-
ogy, welding is widely used in the construction of
buildings and bridges, and in ship building, aero-
space, automotive, chemical, petroleum, and electric
and power generation industries. Over the years,
welding has evolved into a major interdisciplinary
technology field requiring synthesis of knowledge
from various disciplines.1

Many widely used welding processes, including
arc, laser, and electron-beam, to name a few, use a
localized heating source to join materials together.
These processes are characterized by a highly
transient and nonuniform temperature field, rapid
heating and cooling, and nonequilibrium phase
transformations, which can greatly influence the
final microstructure, properties, and performance of
a welded structure. For instance, advanced high-
performance structural metals and alloys, such as
high-strength steels, Al alloys, and nickel-based
super alloys, require carefully designed and con-
trolled thermomechanical processing to achieve the

desired microstructure and superior properties.
However, a welding operation can alter their
microstructure, resulting in considerable property
degradation.2–8 As an example, Fig. 1 depicts the
phenomenon of heat-affected zone (HAZ) softening
in an advanced high-strength steel (AHSS) weld for
automotive applications. In this particular case,
excessive HAZ softening leads to premature failure
in the HAZ and a reduced joint strength. The HAZ
softening is a product of the nonequilibrium phase
transformation, and its extent strongly depends on
the steel chemistry and the welding thermal his-
tory.8 Solutions to effectively control and minimize
the HAZ softening and strength reduction rely on
fundamental understanding of the mechanisms and
quantitative description of the kinetics of nonequi-
librium phase transformation processes in this class
of steels having a wide chemical composition range
and under 101–103�C/s heating/cooling rates typi-
cally associated with welding.

The localized heating and nonuniform cooling
during welding also leads to the development of
stresses, which are locked up as residual stresses in
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the weldments after cooling down. High tensile
residual stresses typically present in the weld
region are detrimental to the performance and the
structural integrity of the welded components, e.g.,
reducing their fatigue life.9,10 Solid-state phase
transformations during welding of alloys may also
affect the stress development by the localized vol-
ume expansion/contraction associated with phase
changes.9,11–13 For example, the principle of low
temperature martensitic phase transformations has
been utilized in developing a special class of ferritic
welding consumables for effectively reducing the
tensile residual stresses in the weldments.14 Similar
phenomena can occur in solid-state joining pro-
cesses as well. For instance, Yu et al.15 reported that
during friction-stir welding (FSW) of Mg alloy
AZ31B, the heating rate peaked at �15�C/s, and the
strain rate was between 0.5 s�1 and 250 s�1. Such
severe thermomechanical parameters in the weld-
ments interplay with each other and determine the
evolution of new microstructure (e.g., phases, grain
size, and texture), the development of stresses, and
the resulting material properties.16–20

It is well recognized that quantitative under-
standing of the transient and nonequilibrium
material behavior plays a critical role in the pursuit
of process control and optimization to produce
defect-free, structurally sound, and reliable welds.
However, to date, such information is limited due to
challenges in direct nondestructive measurement of
the transient material states under the complex
thermomechanical conditions of welding. Conven-
tional postmortem weld characterizations using
optical and electron microscopy, atom probe field ion
microscopy, laboratory x-ray, and other experimen-
tal techniques have only yielded rudimentary
understanding on the evolution of microstructure
and stresses during a welding operation.

Synchrotron x-ray diffraction and neutron dif-
fraction techniques, with the increase in flux and
the advancement in detectors and instruments over

the past two decades, have become powerful tools to
study the material’s behavior including residual
stress,21,22 temperature and stresses develop-
ment,10,23–28 thermal expansion,29,30 phase trans-
formation,12,31–35 and texture evolution18,36,37

associated with various thermomechanical manu-
facturing processes. Although similar in many
aspects, synchrotron x-ray and neutron diffraction
have two important differences when applied to
study the fast transient material behavior related to
welding: the penetration depth and the time reso-
lution of a measurement.

The relatively low penetration (up to several
millimeters) limits synchrotron x-ray diffraction to
thin sample or near surface measurements.10,24,38

Neutrons have an effective penetration depth on the
order of centimeters, which enables nondestructive,
bulk-volume-averaged in situ study39,40 of the large
structure/components in complex sample environ-
ments. Synchrotron x-rays are most suitable for
two-dimensional stress measurements. The strain/
stress along the out-of-plane direction cannot be
detected since the short wavelength (high energy) of
synchrotrons results in Bragg diffraction only at
small angles.10,38 In comparison, neutrons can
examine the stresses along three principal direc-
tions in the welds of bulk components with spatial
resolution of as small as 1 mm.10,38

Synchrotron x-ray diffraction has relatively good
time resolution. For example, a time resolution on
the order of second can be readily achieved for phase
transformation measurement during gas tungsten
arc spot welding of carbon steels.41 On the other
hand, the relatively low flux is a major limitation for
time-resolved neutron diffraction experiment. Even
with today’s most powerful neutron source, it is
extremely challenging to achieve time resolution of
1 s or less with a sample volume of 1 mm3 for most
engineering materials such as steels and Al
alloys.28,42 Such a drawback in temporal resolution
limited the application of neutron diffraction to
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Fig. 1. Vickers microhardness distribution in a DP980 advanced high-strength steel weld made by gas-metal arc welding. The failure location
under tensile loading corresponds to the HAZ softening region.
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investigate fast thermomechanical processes in real
time.

This article highlights two recent developments
on experimental approaches to overcome the tem-
poral resolution limit of neutron diffraction, so that
the deep penetration capability of neutrons essen-
tial to probe inside a material can be effectively
utilized for in situ time-resolved measurement of
material behavior under fast transient welding
conditions: (I) in situ time-resolved measurement of
the transient temperature and thermal stresses
during FSW of an aluminum alloy and (II) in situ
time-resolved measurement of the solid-state phase
transformation kinetics of an AHSS under thermal
conditions comparable to the welding processes.
These experimental approaches can be broadly
applied to other welding or thermomechanical pro-
cesses for time-resolved measurement of the fast-
changing material state in structural metals.

IN SITU MEASUREMENT OF TEMPERA-
TURE AND STRESS

FSW is a novel and revolutionary solid-state
joining process invented in the 1990s.43 Funda-
mentally, FSW relies on extensive thermomechani-
cal deformation to create metallurgical bonding and
join materials together. Temperature and stress
distributions generated by the process determine
the success of the welding operation. More impor-
tantly, the thermomechanical history is essential for
the microstructure evolution in the processing zone,
which directly affects the final material proper-
ties.16–20

Woo et al.27,28,42 developed a methodology to
directly measure the temperature and stress
simultaneously during FSW of 6061-T6 Al alloy
using in situ time-resolved neutron diffraction. The
in situ neutron diffraction measurement was per-
formed at the Spectrometer for MAterials Research
at Temperature and Stress (SMARTS) of Los Ala-
mos Neutron Science Center. A remotely operated,
portable FSW machine was purposely built, and the
experiment setup is shown in Fig. 2. Commercial
6061-T6 Al plate measuring 965 mm long, 178 mm
wide, and 6.35 mm thick was used. The welding
speed was 0.42 mm/s, and the tool rotation speed
was 156 rev/min. The diameters of the tool shoulder
and threaded pin were 25.4 mm and 6.35 mm,
respectively. The neutron scattering volume was
3 9 2 9 2 mm3.

To overcome the low neutron flux, a limiting fac-
tor for directly measuring the fast transient mate-
rial state, Woo et al.42 developed a novel method to
increase the time resolution of neutron diffraction
experiment based on two principles: (I) the exis-
tence of the quasi-steady state (QSS) in many
thermomechanical processes and (II) the material
states under QSS is stationary to the detector that
is fixed in space relative to the welding arc (the
so-called Eulerian observer). During welding, the

temperature field in the workpiece is governed by
the net energy balance between the heat generation
by the welding heat source and the heat dissipation
through the workpiece and the surrounding mate-
rials. When the heat input balances the heat dif-
fused away, the temperature field in the workpiece
reaches the QSS, which is stationary (independent
of time) relative to an observer who travels with the
welding heat source. Measurement in the Eulerian
reference system under QSS makes it possible to
allow for sufficient time to collect the diffracted
neutrons under the same temperature, stress, and
material state conditions. Special experiment setup
and testing procedures were implemented for the
in situ time-resolved FSW measurement, as illus-
trated in Fig. 3. In the experiment, the welding
head was fixed in space at a predetermined position
relative to incident neutron beam, and the work-
piece was instead to travel along the longitudinal
direction to achieve the QSS condition and to allow
for the measurement in Eulerian reference frame.

To experimentally confirm the existence of QSS in
FSW, d spacing changes of Al (311) were measured
by keeping neutron source at a fixed constant dis-
tance away from the tool center. Figure 4 shows the
d spacing change in the transverse direction during
the FSW measured at 15 mm away from the tool
center. A temporal resolution of 2 min was obtained
in the neutron diffraction measurement. For the
first 3 min after the tool was plunged into the Al
plate, the d spacing increased drastically, associated
with the initial transient stage in which the tem-
perature begins to build up and the stress field to
develop. After the initial transient stage, d spacing
remained relatively constant with relatively small
variations (within the neutron scattering uncer-
tainty range as indicated by the error bar in the
figure) for about 18 min, indicating that an 18-m in
QSS was achieved, which is far more than adequate
to obtain sufficient diffracted neutrons for d-spacing
measurement. After completion of the FSW process,

Fig. 2. A portable FSW machine was installed at SMARTS facility for
in-situ neutron measurement.
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the plate began to cool down and the d spacing
corresponded with a significant drop. Confirmation
of the existence of the QSS condition enables the
study of the transient behavior with a series of QSS
measurements of d spacing changes along three
orthogonal (longitudinal, transverse, and normal)
directions.

The total lattice strain is calculated from the lat-
tice spacing change measured by neutron diffrac-
tion. It consists of the elastic strain due to stress,
thermal stress due to temperature change, and the
expansion/contraction from phase transformation.
The total lattice strain can be expressed by

e ¼ d� d0

d0
(1)

where d is the d spacing under the stress and
temperature during welding, and d0 is the reference
stress-free d spacing before the start of welding.

The FSW plate was considered as a macroscopi-
cally isotropic polycrystalline material subject to a
time-dependent thermoelastoplastic deformation
process. The material is initially stress free at room
temperature. The transient stress during the ther-
momechanical process can be estimated with Eq. 2.

ri ¼
E

1þ v
ðei � ezÞ þ rz ¼

E

1þ v

di � dz

d0
þ rz

¼ E

1þ v

di � dz

dz
þ rz ði ¼ x; yÞ ð2Þ

where r, E, and v are the transient stress, elastic
modulus, and Poisson’s ratio. The authors substi-
tuted d0 in Eq. 2 by dz for the determination of
stress. d spacing of the stress free sample was
measured to be �4.05 Å and the maximum d spac-
ing during the welding was measured to be
�4.085 Å. Hence, the maximum error in stress cal-
culation induced by the substitution of d0 was esti-
mated to be less than 0.9%. The reason for the
substitution of d0 is that in many engineering situ-
ations, the microstructure inhomogeneity and/or
internal built-in stresses precludes the possibility of
measuring d0. Eliminating the need to know d0

makes the in situ neutron diffraction measurement
of time-resolved stress changes in thermoelasto-
plastic deformation processes a realistic approach.

The temperature was also calculated from the
strain components as expressed in Eq. 3.

T ¼ T0 þ
1

a
v

1þ v
ðex þ eyÞ þ

1� v

1þ v
ez

� �
� 1� 2v

aE
rZ

(3)
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Fig. 3. Schematics illustrate the key features in in-situ neutron diffraction measurement of FSW process in the Eulerian reference frame under
the QSS conditions: (a) the welding head is fixed in space relative to the stationary neutron beam whereas the Al plate (the workpiece) moves
towards the neutron beam; (b) the measurement location inside the workpiece and underneath the FSW tool; and (c) neutron beam arrangement
for the simultaneous measurement of the longitudinal and the normal strain components.

Fig. 4. Evolution of d spacing in transverse direction during FSW by
neutron diffraction measurement at 15 mm behind the welding tool
(Copyright

�
Maney Publishing) (after Woo et al.28).
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where T and a are the temperature and thermal
expansion coefficient. It is noted that the coefficient
of thermal expansion often takes in consideration of
phase transformation also. A thermocouple was
attached on the backside of the plate near the
scattering volume. The good agreement between the
temperature profiles recorded by thermocouple and
obtained from neutron scattering verified the vali-
dation of such method.

The QSS data can be input into Eqs. 2 and 3 to
calculate the transient stress and temperature as a
function of distance from the tool. Note that outside
of the rotating tool, the stress state was considered
as plane stress, i.e., rz = 0 in Eq. 2. Underneath the
tool shoulder, the normal stress rz was calculated
from the forging force of the FSW process and the
tool diameter, which was estimated to be �17 MPa.
According to Eq. 3, a stress value of �17 MPa would
cause a temperature change of about 5�C. At ele-
vated temperatures, the material softens and the
flow stress decreases. Since the stresses in the stir
zone are bounded with the flow stresses, the
uncertainties in temperature due to the lack of
accurate rz information should be relatively small.
For instance, the temperature difference should be
less than 15�C corresponding to a flow stress of
50 MPa at elevated temperature of 322�C. Note that
the calculation of stress and temperature in Eqs. 2
and 3 used temperature dependent elastic modulus
of Al6061.

With this methodology, the in situ neutron dif-
fraction measurement, for the first time, revealed
the temperature and stress changes as a function of
time in the stir zone of Al6061-T6 alloy weld. The
maximum temperature was observed underneath
the tool, reaching 362�C. As shown in Fig. 5, com-
pressive thermal stresses developed in the vicinity

of the rotating tool, with the higher compressive
stress in the longitudinal direction (rx). As the weld
metal cools down from the stirring region, the
stresses changed to tension, and higher tension
stresses developed along the longitudinal direction.

TRANSIENT PHASE TRANSFORMATION
BEHAVIOR MEASUREMENT

Phase transformation is commonly associated with
welding and other thermomechanical manufactur-
ing processing. AHSS are an integral part of the
materials solution for automotive industry to pro-
duce highly crash-resistant body structures while
reducing the vehicle weight for fuel efficiency. How-
ever, welding and other manufacturing processes
usually lead to unexpected property degradation of
the final fabricated AHSS components3,6,8,44,45 due to
nonequilibrium phase transformation under fast-
changing thermomechanical process conditions. Our
knowledge of nonequilibrium phase transformation
is very limited in such complex alloy system during
fast heating and cooling conditions, largely due to the
lack of direct experimental measurement techniques
to identify and quantify the transient transformation
process.

Yu et al.35 developed a neutron diffraction
experimental approach for direct in situ measure-
ment of nonequilibrium phase transformations of
AHSS with a subsecond time resolution under fast
heating/cooling conditions comparable to those
during arc welding processes. One material used in
this study was a dual-phase AHSS, DP980, with
nominal chemical composition of Fe-0.15%C-
1.32%Mn-0.32%Si-0.04%Al-0.03%Cr-0.02%Cu-
0.01%Ni (all in wt%). The steel sheet has a thick-
ness of 2 mm. An electrical resistance-heating de-
vice was designed and built to enable controlled
heating rates during in situ neutron diffraction
measurements, as shown in Fig. 6. In order to study
the nonequilibrium phase transformation kinetics
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at different heating rates, the samples were heated
up to 1050�C in an Argon gas atmosphere to prevent
oxidization of samples, under controlled rates of
3�C/s and 30�C/s, respectively, and then allowed to
cool naturally to room temperature.

Time-of-flight neutron diffraction measurement of
the phase transformation process was performed at
the engineering diffractometer, VULCAN beam line
at the Spallation Neutron Source (SNS)46 at Oak
Ridge National Laboratory. A spallation neutron
source is an accelerator-driven, pulsed neutron
source, where neutrons are generated by spallation
rather than nuclear fission as in a reactor-based
neutron source. VULCAN beam line at the SNS has
a neutron flux of 6.7 9 107 neutrons cm�2 s�1

pulsed at 60 Hz on the sample.
The neutron data and temperature data were

collected continuously while sample was subject to
heating and cooling. For the pulsed neutron beam,
the full peak pattern diffracted from the multiple
crystallographic lattice planes in a particular
material direction is usually analyzed by the Riet-
veld refinement method47–49 with GSAS software
(NIST, Gaithersburg, MD),50,51 which makes use of
the entire diffraction pattern by fitting all the dif-
fraction peaks to a structural model of the material.
The precision of lattice parameter calculation (Da/a)
by Rietveld refinement method is approximately
0.5–1 9 10�4, corresponding to a temperature
increment of about 3–6�C based on the thermal
expansion equation of ferrite phase in DP980.35

Hence, a target temperature resolution of 3�C was
chosen for the in situ heating measurement at both
the slow and fast heating rates. In other words, for
the 30�C/s heating rate case, about 0.1 s temporal
resolution is required for a temperature resolution
of 3�C. Such subsecond temporal resolution
requirement was achieved through (I) optimizing
special sample configurations that maximize the
diffraction volume to increase the intensity of dif-
fraction pattern, and at the same time, minimize the
temperature gradient within the diffraction volume
to maintain measurement accuracy; and (II) apply-
ing the stroboscopic technique52,53 to further en-
hance the diffraction intensity.

At VULCAN beam line, the gauge volume is
defined by the incident slits, the receiving collima-
tors, and the sample thickness. The maximum
attainable gauge volume is 8 9 17 9 2 mm3 for the
measurement, as illustrated in Fig. 6. This maxi-
mum neutron gauge volume was used to increase
neutron counts. To obtain a relatively uniform
temperature distribution within the diffraction vol-
ume, the specimen’s geometry and dimensions were
optimized by means of transient electrical-thermal
finite-element modeling. The optimized sample
dimensions were 8 mm in width and 240 mm in
length. For a slow-heating case (3�C/s), notches
were made near the ends of the sample to increase
the local heat generation while restricting heat loss
to the fixtures. Additionally, the temperature

uniformity was experimentally verified with ther-
mocouples attached on the sample surface to record
the temperature distribution, which showed that a
temperature gradient less than 3�C within the dif-
fraction volume was achieved. With the relatively
strong neutron flux at VULCAN beam line and such
experimental setup, for the first time, direct in situ
measurement of the phase transformation behavior
in AHSS achieved a time resolution of 1 s. A 3�C
temperature resolution was obtained for experi-
ments with 3�C/s heating rate. Figure 7 shows the
evolution of diffraction patterns in DP980 as a
function of temperature with a heating rate of 3�C/s.
Note that peak pattern of martensite (body-centered
tetragonal, aM) phase cannot be distinguished from
that of ferrite (body-centered cubic, a) since the
lattice parameters of a and aM are fairly close.54

The intensity of neutron diffraction peaks in unit
time was further enhanced utilizing a stroboscopic
technique in order to achieve the subsecond reso-
lution for faster heating conditions. Such a tech-
nique allows the superimposition of diffraction
patterns at given temperature values from different
heating–cooling cycles. For instance, in the mea-
surement of phase transformation at 30�C/s, ten
thermal cycles (heating and cooling) were repeated,
and only cycles with temperature deviations less
than 3�C were selected for peak pattern superim-
position.

Figure 8 shows an example of on-heating phase
transformation behavior from ferrite (a) + mar-
tensite (aM) to austenite (c) in DP980 at the two
different heating rates. The effects of heating rate
on the kinetics of phase transformation, represented
by the variations of volume fractions as a function of
temperature, were clearly revealed and quantified.
For example, as the heating rate increases, both the
initiation and completion of the phase transforma-
tion process were shifted to higher temperature
level. More interestingly, the in situ neutron dif-
fraction measurement revealed that there is a
drastic change in the phase transformation kinetics
as the heating rate increases. At 3�C/s, a two-stage
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phase transformation process was observed. At the
earlier transformation stage, the formation rate of
austenite was much faster, possibly due to the
presence of carbon-rich site for austenite to nucleate
first.33 Such two-stage phase transformation was
not as apparent in the higher heating rate (30�C/s)
experiment. The mechanisms for such a change in
phase transformation kinetics are being further
investigated.

CONCLUSION

Neutron diffraction is a unique and powerful tool
to study the structures and properties of metallic
materials. Recent developments make it possible to
apply neutron diffraction in time-resolved study of
transient material behavior under fast-changing
welding conditions. By utilizing the quasi-steady-
state phenomenon and specially designed experi-
mental procedure, the transient temperature and
thermal stresses inside Al alloy 6061 weld were
determined under the complex ‘‘real-world’’ friction-
stir welding conditions. The stroboscopic neutron
diffraction method, coupled with specimen designed
to maintain a uniform temperature in maximum
attainable neutron diffraction gage volume, makes
it possible to quantify the solid-state phase trans-
formation kinetics of an AHSS under thermal con-
ditions comparable to the welding processes with a
subsecond time resolution (�0.1 s). These experi-
mental approaches can be broadly applied to other
welding or thermomechanical processes for time-
resolved measurement of the fast-changing material
state in structural metals.
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