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Neutron Diffraction Maps
of Stress Concentration Near
Notches Under Load at
Temperature
Recent advances in neutron detector technology and the ability of neutrons to pen
through many millimeters of most engineering materials have made it feasible to in
gate the effects of sub-surface stress-concentration in the vicinity of notches. Ne
diffraction strain measurements are non-destructive and capable of tracking the dev
ment of the elastic strain field as a function of applied load in a single specimen.
paper presents two demonstrations of neutron-diffraction strain-scanning with high
tial resolution. First, the development of the strain field near a notch in an HY-100 s
bar is scanned as a three-point bending load is increased to the point of metal-tea
Second, the stress-concentration effects of a blunt notch in a tensile test specim
presented. The measurements are performed while the specimen is held at a temp
of 250°C and while load is applied to maintain constant total strain. The neutron diffr
tion measurements reveal a gradual redistribution of the stress concentration over tim
both examples, the gradients of the strain distribution are substantial, but neutron dif
tion has a sufficient spatial resolution (of the order 0.5 mm to 1.0 mm) to characteriz
details of a stress concentration field.@DOI: 10.1115/1.1482407#
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Introduction
Nondestructive strain measurements are made by neutron

fraction to scan the internal distribution of stresses in intact en
neering components, such as bent tubes@1#, welded plates@2#, and
welded pipes@3#. Because it is nondestructive, the neutro
diffraction strain-scanning technique can track the developmen
the elastic strain field in a single specimen as applied load
increased. Neutron beams can also penetrate through heatin
ments to scan the strain distribution in specimens that are he
some temperature that is characteristic of in-service condition

By characterizing the effects of load and temperature on in
nal stress distributions, one may begin to address fundame
issues of the fitness-for-service of critical engineering compon
@4#. For this paper, a notched bar of HY-100 steel was subjecte
three-point bending to the point of metal tearing and neutron
fraction traced the evolution of the strain distribution near
notch. The HY-100 material is found in marine structures, wher
robust response to plastic deformation and crack formation
needed. Also for this paper, neutron diffraction scans were m
of the strain distribution below a semi-circular groove in a tens
specimen of Zr-2.5Nb, held at a temperature of 250°C. This
periment begins to investigate the possible relaxation of str
concentration effects of fretting flaws or corrosion pits that mig
appear in pressurized piping systems.

Incident and diffracted neutron beams intersect to form a sm
‘‘sampling volume’’ that is scanned through a raster of locatio
inside a component. At each location, a diffraction peak is
quired, the mean scattering angle~2u! is determined, and the
crystal-lattice strain,«, is determined by comparison with the sca
tering angle for stress-free material (2uo), through the relation

«5
sinuo

sinu
21 (1)
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Unlike a mechanical strain gage, which measures total strain,
crystal-lattice strain is purely elastic, reflecting the stresses
crystallites, and is not directly sensitive to plastic strain.

Typical incident neutron beam fluxes lie in the range
(0.5– 5)3104 neutrons/mm2/s. Diffraction from randomly-
oriented polycrystalline materials in a sampling volume of t
order 1 mm3, yields detected-neutron intensities on the order
0.1–10 counts per second. The challenge in neutron diffract
based strain scanning is to optimize the rate at which data ca
collected while retaining a sufficient spatial resolution to char
terize stress-gradients adequately. These stress gradients ar
ticularly steep when approaching stress-concentrators. For
ample a thin plate, deformed elastically, has an intensified st
that increases by a factor of 1/r 1/2 as the distance to a notch tip,r ,
is reduced@5#.

In-Situ Neutron Diffraction
The L3 neutron diffractometer~Fig. 1! is situated at the NRU

reactor, a medium-flux source of thermal neutrons, located
Chalk River Laboratories in Canada. The diffractometer
equipped with a 32-element multiwire3He detector that spans 2.
deg in 2u, and can acquire a complete diffraction peak in o
setting. The incident and diffracted neutron beams were defi
by slits in neutron-absorbing cadmium masks. Slit dimensio
were chosen as a best compromise between spatial resolution
signal intensity for each experiment. The specimen table on
diffractometer is equipped with computer-controlledXYZ transla-
tors that can handle loads up to 500 kg.

To apply three-point bending loads to the notched HY-100 b
a screw-driven clamp, which weighed more than 100 kg, w
attached to the translator so the specimen-plus-clamp could
positioned during strain scanning.

Tensile loads were applied to the Zr-2.5Nb specimen by a u
versal testing machine with a capacity of 50 kN@6#. The testing
machine was also mounted on the translator system for scan
of strain within the loaded specimen.
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HY-100 Notched Bar in Three-Point Bending

Experimental Details. A sketch of the three-point bendin
specimen is shown in Fig. 2. The bar was about 16 mm thick
mm in the vertical direction and 220 mm in the longitudinal d
rection. The bar was oriented such that the longitudinal com
nent of strain was measured. The bending loads were applie
the vertical direction through large-diameter pins. An overall m
sure of distortion was monitored by a strain gage attached to
bottom surface of the bar. Strains were determined from shift
2u of the ~110! diffraction peak from the body-centered cub
crystal structure of the HY-100 steel. The stress-free value, 2uo ,
was determined from measurements in the bar prior to the ap
cation of load. The sampling volume had dimensions 1.5 m
31.5 mm32 mm, with the long dimension parallel to the vertic
direction. The raster of measurement locations extended upw
from the root of a sharp notch and to one side. All measurem
were made at mid-thickness of the bar. Strain scans were m
with strain-gage readings that included 10.031024 ~mainly elastic
deformation!, 16.231024 ~plastic zone developing!, 16.731024

~internal crack develops!, and finally 0.0~residual stresses!.

Fig. 1 Sketch of L3 neutron diffractometer
Journal of Pressure Vessel Technology
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Results for Various Bending Loads. Maps of the longitudi-
nal component of strain versus distance from the original notch
are presented in Fig. 3. Note in these plots that the maxim
vertical distance from the notch tip corresponds approximately
the neutral axis of the bent bar, not to the top surface of the ba
characteristic ‘‘butterfly’’ pattern of elastic strain is wel
developed with low deformation of the bar~Fig. 3(a)!. A maxi-
mum strain value,12531024, occurs about 3 mm above th
notch, but values close to this maximum extend towards the tip
the notch. On increasing the bend to a point that significant p
ticity occurs ~Fig. 3(b)!, the maximum strain increases to abo
14031024 and remains at the same distance from the origi
notch tip. This strain maximum is more localized than was o
served at the lower load. On approach to the original notch
there is a factor-of-two reduction of lattice strain, which is a co
sequence of plasticity near the notch. Increasing the bend
further~Fig. 3(c)!, there is a dramatic shift of the strain maximu
away from the original notch tip. This shifted pattern of stra
measured at mid-thickness of the bar, suggests the presence
internal crack. The crack could not be seen at the surface of
bar, but the near-zero longitudinal strain, which appears at
location of the original notch tip, supports the idea that an inter
crack was formed.~The stress normal to a crack surface is ze
and the crystal lattice strains measured in the same direc
would be close to zero, as observed.! When a similar bar was ben
slightly beyond the deformation indicated as 16.731024 on the
strain gage, a metal tear appeared clearly on the surface. Un
ing the bar from the condition in~Fig. 3(c)!, a residual strain
pattern was obtained~Fig. 3(d)!. Along the line directly above the
notch, one observes the classic residual-strain pattern of a
plate. This bent-plate pattern is confined closely to the line ab
the notch. As little as 15 mm away from this line, in the longit
dinal direction, it appears as if no plastic deformation has
curred.

Evolution of Stress-Concentration Near a Blunt Notch
Held at 250°C While Under Load

Experimental Details. A sketch of the Zr-2.5Nb tensile
specimen is shown in Fig. 4. The specimen was 4 mm thick,
mm wide, and had a gage length of 50 mm. A semi-circu
groove of radius 1 mm extended across the width of the specim
The crystallites of the hexagonal close-packed material exhib
preferred orientation, which enhances the signal intensity if
strain parallel to the tensile axis is determined through shifts in
scattering angle of the~0002! diffraction peak.

The temperature was maintained at 25061 °C by a cartridge-
heater assembly, which encased the gage-length of the spec
Fig. 2 Sketch of notched HY-100 bar in three-point bending configuration
AUGUST 2002, Vol. 124 Õ 367
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Fig. 3 Maps of longitudinal strain „10À4
…, at various loading conditions: „a… 10Ã10À4, „b…

16.2Ã10À4, „c… 16.7Ã10À4, and „d… unloaded after 16.7 Ã10À4
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~Fig. 5!. Temperature was monitored by a type-K thermocou
that was embedded in the heater assembly. A calibrated load
monitored the applied load, and an extensometer monitored
total strain in the specimen, straddling the opening of the groo
The applied load was controlled to maintain aconstant total strain
~i.e., plastic strain1elastic strain5constant!. The control proce-
dure was to ramp the applied load to achieve a nominal valu
stress in the gage section,sNOM5300 MPa. At this point, the
, AUGUST 2002
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extensometer voltage-output was read and control of the stres
was switched to an active feedback mode where this extensom
reading was held constant. Under tensile load at 250°C, the
terial near the blunt notch deforms plastically, increasing the t
sile plastic strain. To maintain a constant extensometer rea
~i.e., a constant total strain!, the applied load was gradually re
duced to decrease the elastic strain.

Crystal-lattice strain scans were measured as a function
Fig. 4 Sketch of Zr-2.5Nb tensile specimen with semi-circular groove
Transactions of the ASME
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depth below the root of the notch. The sampling volume had
mensions 0.5 mm30.5 mm35 mm, with the long dimension par
allel to the groove. This configuration ensured high spatial re
lution of strain gradients as measurements were made along a
below the root of the groove. The scans of crystal-lattice~i.e.,
elastic! strain were repeated as a function of time to monitor
evolution of the stress concentration effects as plastic strain a
mulated in the specimen.

Results for Tensile Loading at Temperature. The variation
of elastic strain with depth below the root of the groove is p
sented in Fig. 6. Strain distributions are compared for times ab
14 h and 87 h after the initial load was applied to the tens
specimen. The total strain, which is being maintained by the
tensometer feedback loop, is shown as a reference line a
which the elastic strain distribution is seen to exhibit the effects
stress concentration.

A nominal stress of 300 MPa would keep the material in
region of purely elastic response, but the blunt notch generat
stress concentration that is evident in the increased strain on
proach to the root of the groove. The linear form of the str
distribution far from the notch is similar to the stres
concentration curve expected in plane-strain geometry@5#. The
stress-concentration factor for this specimen geometry is abou
@7#. The stresses exceed the yield point of this material as the
of the groove is approached.

The process of yielding very close to the groove happens
quickly to be captured by a time-resolved neutron diffraction
periment. The result is a turnover of the strain distribution
distances less than 1 mm from the root of the notch. It see
evident that the stress-concentration effect continues to ev
over many hours, as the load is maintained and the tempera
remains at 250°C. The stress concentration pattern at 87
flatter than the one at 14 h, possibly indicating that the pla
zone around the groove expands with time. The plastic defor
tion of materials leads to a broadening of diffraction peaks. T
phenomenon is complex, but has been suggested as the basis
X-ray or neutron diffraction–based probe to evaluate the rem
ing life of the components that have been subjected to cyclic lo
and may have accumulated some plastic damage@8#. The evolu-
tion of diffraction peak width with time is presented in Fig.
Results are compared for a location 1 mm below the root of
groove with a location 3 mm below the root of the groove. Clo
to the groove, the diffraction peak width increases obviously w

Fig. 5 Neutron diffraction apparatus: „A… incident-beam slit,
„B… load cell, „C… diffracted-beam slit, „D… XYZ translators, „E…
Heater, „F… screw-driven cross-head
Journal of Pressure Vessel Technology
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time, which suggests that plastic strain is accumulating. In c
trast, the diffraction peak width far from the groove remains at
original low value, as might be expected if the zone of plastic
has not yet reached a distance of 3 mm from the root of
groove.

Fig. 6 Scan of crystal-lattice „elastic … strain versus depth be-
low a blunt notch. Continuous and dashed lines are guides to
the eye. Vertical bars indicate the typical measurement uncer-
tainty Ás.

Fig. 7 Peak broadening with time. Width is the Full-Width of a
diffraction peak at half of its maximum height. Vertical bars
indicate the typical measurement uncertainty Ás. The dashed
line shows the average peak width far from groove, at early
times.
AUGUST 2002, Vol. 124 Õ 369
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Discussion
The ability of neutron-diffraction to probe the stress/strain co

centration fields created near a notch, nondestructively, is uni
Neutron diffraction can determine these fields inside actual e
neering materials, subjected to thermal and structural loads
may be applied to actual pressure vessel and piping systems.
work has demonstrated that the spatial resolution of the non
structive scans of strain is sufficient to characterize the steep
dients arising in stress-concentration situations. Thus, neutron
fraction can survey the complex stress/strain fields that are cre
around cracks, notches or complex features such as nozzle/v
intersections.

Because the measurements are nondestructive, the evoluti
stress fields with time, or subsequent heat treatments, ca
evaluated through a series of repeat measurements, for exa
before and after shakedown has been carried out on a we
structure. Or, as shown in the present work, the evolution of st
fields with time at load, at various temperatures can be inve
gated. The fundamental knowledge obtained by such experim
can be applied to validate finite-element models of stress distr
tions, and to improve the reliability of conclusions that pertain
fitness-for-service of pressure systems. Understanding the ma
phase changes and the resultant fields created by various m
facturing methods and service conditions will allow us to impro
our pressure vessel designs and safety factors.

Conclusions
With a medium-flux research reactor and a multi-wire detec

there is enough signal intensity to achieve the spatial resolu
needed to characterize stress-concentration effects in realistic
erating conditions of load and temperature.

It may be feasible, with neutron diffraction, to study the grow
of the plastic zone near a stress-concentrating defect, as a fun
of time at conditions of interest for pressurized systems.
370 Õ Vol. 124, AUGUST 2002
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Nomenclature

2u 5 scattering angle at location in specimen~deg!
2uo 5 scattering angle in stress-free material~deg!

« 5 crystal-lattice strain~mm/mm!
r 5 distance from root of notch or tip of crack~mm!

6s 5 uncertainty of measured quantity~one standard error!
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