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Recent advances in neutron detector technology and the ability of neutrons to penetrate

John F. Porter through many millimeters of most engineering ma_teria}ls have_rr_]a_de it feasible to investi-
gate the effects of sub-surface stress-concentration in the vicinity of notches. Neutron-
diffraction strain measurements are non-destructive and capable of tracking the develop-
ment of the elastic strain field as a function of applied load in a single specimen. This
paper presents two demonstrations of neutron-diffraction strain-scanning with high spa-
tial resolution. First, the development of the strain field near a notch in an HY-100 steel
bar is scanned as a three-point bending load is increased to the point of metal-tearing.
Brian W. Leitch Second, the stress-concentration effects of a blgnt notch in_ a ter]sile test specimen are
presented. The measurements are performed while the specimen is held at a temperature
of 250°C and while load is applied to maintain constant total strain. The neutron diffrac-
tion measurements reveal a gradual redistribution of the stress concentration over time. In
both examples, the gradients of the strain distribution are substantial, but neutron diffrac-
tion has a sufficient spatial resolution (of the order 0.5 mm to 1.0 mm) to characterize the
details of a stress concentration fieldDOI: 10.1115/1.14824Q7
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Introduction Unlike a mechanical strain gage, which measures total strain, this

Nondestructive strain measurements are made by neutron Ilr_stal-_lattice strain is purely elastic, reflecting the stresses in
fraction to scan the internal distribution of stresses in intact en I_ysta_lllteis,_ ar_léj IS not d'reCtl)ésenSItfll\/e to F}!ast_lc SLram. f
neering components, such as bent tuiéswelded plate$2], and Typical incident neutron eam fluxes lie in the range o

welded pipes[3]. Because it is nondestructive, the neutron(o.'5_t‘r’c)i>< 1O|4 neuttrolps/mr?‘ISt. _lljlfr_ractlon frlt_)m r?ndoml¥-th

diffraction strain-scanning technique can track the development%rl’en € prg ycrystafline matérials in a sampling volume ot the
the elastic strain field in a single specimen as applied load §&d€r 1 mm, yields detected-neutron intensities on the order of
increased. Neutron beams can also penetrate through heating 1&=10 counts per second. The challenge in neutron diffraction-

ments to scan the strain distribution in specimens that are held®gf€d Strain scanning is to optimize the rate at which data can be

some temperature that is characteristic of in-service conditionsc0'lected while retaining a sufficient spatial resolution to charac-

By characterizing the effects of load and temperature on intdffize Stress-gradients adequately. These stress gradients are par-
larly steep when approaching stress-concentrators. For ex-

nal stress distributions, one may begin to address fundamerftg ; , , S.
issues of the fitness-for-service of critical engineering componef@PIe @ thin plate, deformed/elastlcall)_/, has an intensified stress
[4]. For this paper, a notched bar of HY-100 steel was subjectedtf@t increases by a factor ofr1F as the distance to a notch tip,
three-point bending to the point of metal tearing and neutron dig reduced>5].
fraction traced the evolution of the strain distribution near the
notch. The HY-100 material is found in marine structures, where a
robust response to plastic deformation and crack formation is . ) )
needed. Also for this paper, neutron diffraction scans were madeSitu Neutron Diffraction
of the strain distribution below a semi-circular groove in a tensile The L3 neutron diffractomete(Fig. 1) is situated at the NRU
specimen of Zr-2.5Nb, held at a temperature of 250°C. This e}gactor, a medium-flux source of thermal neutrons, located at
periment begins to investigate the possible relaxation of stregshalk River Laboratories in Canada. The diffractometer is
concentration effects of fretting flaws or corrosion pits that mig@quipped with a 32-element multiwiféle detector that spans 2.7
appear in pressurized piping systems. deg in 2, and can acquire a complete diffraction peak in one

Incident and diffracted neutron beams intersect to form a Smalting. The incident and diffracted neutron beams were defined
f‘sa_mpllng volume” that is scanned _through_a raster of |oca_1t|or§y slits in neutron-absorbing cadmium masks. Slit dimensions
inside a component. At each location, a diffraction peak is agjere chosen as a best compromise between spatial resolution and
quired, the mean scattering angi26) is determined, and the signal intensity for each experiment. The specimen table on the
crystal-lattice straing, is determined by comparison with the scatyjtfractometer is equipped with computer-control ¥ Z transla-
tering angle for stress-free materialdg, through the relation 55 that can handle loads up to 500 Kg.

To apply three-point bending loads to the notched HY-100 bar,
_ (1) a screw-driven clamp, which weighed more than 100 kg, was
siné attached to the translator so the specimen-plus-clamp could be
positioned during strain scanning.
o Contrib\l/ﬂed EyaT;PPr?r?Sngn}frsesnTZ ngg niieiipig% O?i\(signlagg szgsgggg gft theTensile loads were applied to the Zr-2.5Nb specimen by a uni-
ressure vesse! 1p1 | u - H H H H H

AMERICAN SOCIETY OF?/IE%:HANICAL EI\’IGINEERé Man%s&riptyreceivea by the -(Iersa! testing machine with a capacity of 50 kel. The testing .
PVP Division, December 19, 2000; revised manuscript received March 29, ZodﬂaChme was also mounted on the translator system for scanning
Associate Editor: S. Y. Zamrik. of strain within the loaded specimen.
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Results for Various Bending Loads. Maps of the longitudi-
nal component of strain versus distance from the original notch tip
are presented in Fig. 3. Note in these plots that the maximum
vertical distance from the notch tip corresponds approximately to
the neutral axis of the bent bar, not to the top surface of the bar. A
characteristic “butterfly” pattern of elastic strain is well-
developed with low deformation of the béFig. 3(@)). A maxi-
mum strain value+25x10 4, occurs about 3 mm above the
notch, but values close to this maximum extend towards the tip of
the notch. On increasing the bend to a point that significant plas-
ticity occurs(Fig. 3(b)), the maximum strain increases to about
+40x 10 * and remains at the same distance from the original
notch tip. This strain maximum is more localized than was ob-
served at the lower load. On approach to the original notch tip
there is a factor-of-two reduction of lattice strain, which is a con-
sequence of plasticity near the notch. Increasing the bend still
further (Fig. 3(c)), there is a dramatic shift of the strain maximum
away from the original notch tip. This shifted pattern of strain,
measured at mid-thickness of the bar, suggests the presence of an
internal crack. The crack could not be seen at the surface of the
bar, but the near-zero longitudinal strain, which appears at the

sensitive detector location of the original notch tip, supports the idea that an internal

crack was formed(The stress normal to a crack surface is zero,
and the crystal lattice strains measured in the same direction
would be close to zero, as obseryed/hen a similar bar was bent
slightly beyond the deformation indicated as 2810 * on the
. . . strain gage, a metal tear appeared clearly on the surface. Unload-
HY-100 Notched Bar in Three-Point Bending ing the bar from the condition iiFig. 3(c)), a residual strain
Experimental Details. A sketch of the three-point bending Pattern was obtaine@ig. 3(d)). Along the line directly above the
specimen is shown in Fig. 2. The bar was about 16 mm thick, 3®tch, one observes the classic residual-strain pattern of a bent
mm in the vertical direction and 220 mm in the longitudinal diP!ate. This bent-plate pattern is confined closely to the line above
rection. The bar was oriented such that the longitudinal compt}e notch. As little as 15 mm away from this line, in the longitu-
nent of strain was measured. The bending loads were applieddifal direction, it appears as if no plastic deformation has oc-
the vertical direction through large-diameter pins. An overall me&urred.
sure of distortion was monitored by a strain gage attached to th§qo|ution of Stress-Concentration Near a Blunt Notch
bottom surface of the bar. Strains were determined from shifts in ° ;
20 of the (110 diffraction peak from the body-centered cubicHeld at 250°C While Under Load
crystal structure of the HY-100 steel. The stress-free val#lg, 2 Experimental Details. A sketch of the Zr-2.5Nb tensile
was determined from measurements in the bar prior to the apgipecimen is shown in Fig. 4. The specimen was 4 mm thick, 6.5
cation of load. The sampling volume had dimensions 1.5 mmm wide, and had a gage length of 50 mm. A semi-circular
X 1.5 mmx 2 mm, with the long dimension parallel to the verticayroove of radius 1 mm extended across the width of the specimen.
direction. The raster of measurement locations extended upwargfe crystallites of the hexagonal close-packed material exhibit a
from the root of a sharp notch and to one side. All measuremefigsferred orientation, which enhances the signal intensity if the
were made at mid-thickness of the bar. Strain scans were magiin parallel to the tensile axis is determined through shifts in the
with strain-gage readings that included 2000 * (mainly elastic  scattering angle of théd002 diffraction peak.
deformation, 16.2x 10 * (plastic zone developing16.7x10 * The temperature was maintained at 250°C by a cartridge-
(internal crack developsand finally 0.0(residual stressgs heater assembly, which encased the gage-length of the specimen

@ Measurement Raster
38 mm

Notch Strain Gauge

Fig. 1 Sketch of L3 neutron diffractometer

Fig. 2 Sketch of notched HY-100 bar in three-point bending configuration
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Fig. 3 Maps of longitudinal strain ~ (10~%), at various loading conditions: (a) 10X1074, (b)
16.2X 1074, (¢) 16.7X10™4, and (d) unloaded after 16.7 X10™*

(Fig. 5. Temperature was monitored by a type-K thermocouplkextensometer voltage-output was read and control of the stress rig
that was embedded in the heater assembly. A calibrated load eedls switched to an active feedback mode where this extensometer
monitored the applied load, and an extensometer monitored tle@ding was held constant. Under tensile load at 250°C, the ma-
total strain in the specimen, straddling the opening of the groouerial near the blunt notch deforms plastically, increasing the ten-
The applied load was controlled to maintaio@stant total strain sile plastic strain. To maintain a constant extensometer reading
(i.e., plastic strair-elastic strair constant The control proce- (i.e., a constant total strginthe applied load was gradually re-
dure was to ramp the applied load to achieve a nominal value dificed to decrease the elastic strain.

stress in the gage sectionyov=300 MPa. At this point, the  Crystal-lattice strain scans were measured as a function of

Heater Line of Measurements

N /

< Uniaxial Stress Applied >

Fig. 4 Sketch of Zr-2.5Nb tensile specimen with semi-circular groove
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depth below the root of the notch. The sampling volume had di-
mensions 0.5 mm 0.5 mmx 5 mm, with the long dimension par- Fig. 6 Scan of crystal-lattice  (elastic ) strain versus depth be-
allel to the groove. This configuration ensured high spatial resigw a blunt notch. Continuous and dashed lines are guides to
lution of strain gradients as measurements were made along a [z eye. Vertical bars indicate the typical measurement uncer-
below the root of the groove. The scans of crystal-latfice., tainty *o.
elastig strain were repeated as a function of time to monitor the
evolution of the stress concentration effects as plastic strain actime, which suggests that plastic strain is accumulating. In con-
mulated in the specimen. trast, the diffraction peak width far from the groove remains at its
original low value, as might be expected if the zone of plasticity

Resu!ts for _Tens_ile Loading at Temperature. The variat_ion has not yet reached a distance of 3 mm from the root of the
of elastic strain with depth below the root of the groove is prgijroove
: .

sented in Fig. 6. Strain distributions are compared for times ab
14 h and 87 h after the initial load was applied to the tensile
specimen. The total strain, which is being maintained by the ex- 11

tensometer feedback loop, is shown as a reference line about Depth below groove
which the elastic strain distribution is seen to exhibit the effects of
stress concentration. 10k ®1mm A3mm

A nominal stress of 300 MPa would keep the material in the
region of purely elastic response, but the blunt notch generates a
stress concentration that is evident in the increased strain on ap-.
proach to the root of the groove. The linear form of the strain 3 ool [ ]
distribution far from the notch is similar to the stress-
concentration curve expected in plane-strain geomigty The
stress-concentration factor for this specimen geometry is about 1.7
[7]. The stresses exceed the yield point of this material as the root® 0.8
of the groove is approached.

The process of yielding very close to the groove happens too
quickly to be captured by a time-resolved neutron diffraction ex- o7k 4 A ® A
periment. The result is a turnover of the strain distribution for ' __A_ P SRSV -
distances less than 1 mm from the root of the notch. It seems 2 A A
evident that the stress-concentration effect continues to evolve® Al A A
over many hours, as the load is maintained and the temperature§ 0.6
remains at 250°C. The stress concentration pattern at 87 h is
flatter than the one at 14 h, possibly indicating that the plastic
zone around the groove expands with time. The plastic deforma-
tion of materials leads to a broadening of diffraction peaks. This 0.5 ! : ! !
phenomenon is complex, but has been suggested as the basis of a 0 20 40 60 80 100
X-ray or neutron diffraction—based probe to evaluate the remain-
ing life of the components that have been subjected to cyclic loads
and may have accumulated some plastic dani@geThe evolu- o 7 peay broadening with time. Width is the Full-Width of a
tion of diffraction peak width W'th time is presented in Fig. 7 gittraction peak at half of its maximum height. Vertical bars
Results are compared for a location 1 mm below the root of thigjicate the typical measurement uncertainty o The dashed
groove with a location 3 mm below the root of the groove. Closgihe shows the average peak width far from groove, at early
to the groove, the diffraction peak width increases obviously witimes.

(Degre

f Diffraction
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