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Materials and Methods

Materials Synthesis and Processing

Following the process described in earlier papers [52], equiatomic CrMnFeCoNi and CrCoNi
alloys were produced from high-purity elemental starting materials (>99.9% pure) by arc-melting
and drop-casting in an argon atmosphere into rectangular cross-section copper molds measuring
approximately 25.4 mm by 19.1 mm by 127 mm. Castings of both alloys were homogenized at
1200°C for 24 h in vacuo, cut in half length wise and then cold forged and cross-rolled at room
temperature to achieve plates with a thickness of ~10 mm. These sections were annealed in air at
800°C for 1 h to generate a fully recrystallized, equiaxed grain structure with an average grain

size of ~21 um in CrMnFeCoNi and ~8 um in CrCoN!.

Sample Preparation

Compact-tension (C(T)) samples were machined from the recrystallized plates. For the CrCoNi
alloy, C(T) samples of width, W = 18 mm and thickness, B =5 mm, were prepared by electrical
discharge machining (EDM) in accordance with ASTM standard E1820 [17]. For the CrMnFeCoNi
alloy, the same procedures were adopted except that the sample thickness, B, was 9 mm. In both
types of samples, notches ~6.3 mm in length with a root radius of ~100 um were introduced by
EDM. Fatigue pre-cracking was performed on all samples at room temperature using a servo
hydraulic MTS 810 load frame (MTS Corporation, Eden Prairie, MN, USA) with an Instron 8800
digital controller (Instron Corp., Norwood, MA, USA). These fatigue cracks were introduced by
tension-tension loading under load control at a AK of ~15 MPa.m"*, at a load ratio, R =0.1, and at
a constant frequency of 10 Hz (sine wave). Crack extension was monitored by mounting an
Epsilon clip gauge (Epsilon Technology, Jackson, WY, USA) with a 3 mm (-1/+2.5 mm) gauge
length, at the load line of the specimen. Optical microscopy was used to inspect the crack length
from both sides of the sample to ensure a straight crack front. The final crack lengths were no less
than 9 mm in length with an approximate a/W of 0.5 to ensure a pre-crack length well above the

minimum length (~1.3 mm) required by ASTM E1820 [17].



For uniaxial tensile testing, cylindrical dog-bone shaped samples of the CrCoNi and
CrMnFeCoN:i alloys with a gauge-section diameter of 6 mm and a gauge length of 23.5 mm were

machined from the 10-mm thick recrystallized plates.

Experimental Mechanical Testing Setup

Tensile and fracture toughness testing of both alloys at 20 K was performed at ENGIN-X, the
dedicated materials engineering beamline at the ISIS Neutron and Muon Source at the Rutherford
Appleton Laboratory at Harwell campus, Oxfordshire, in the U.K.. Nonlinear elastic fracture
mechanics methodologies were employed to determine the fracture toughness in terms of crack-
resistance J; curve, representing the change in crack resistance with increasing crack extension in
the pre-cracked C(T) samples. These samples were loaded under displacement control at ~2
mm/min with a periodic unloading sequence (unloading compliance) adopted to determine the
crack extension, Aa. Unloading was controlled by a Python script in which the load was reduced
by ~10% at each unloading cycle, and the unloading compliance measured using the Epsilon clip
gauge. Uniaxial tensile testing was performed at ~20 K using a crosshead displacement rate of

0.0235 mm/min.

At ENGIN-X, a unique cryogenic testing chamber was used, the details of which are described
elsewhere [53, 54]. Briefly, it consists of a vacuum vessel with aluminium windows to permit
access for the incident and scattered neutrons (fig. S1). Two cryo-coolers were connected to the
infrared radiation shield of the chamber to control the temperature. The load, applied by an
Instron 100 kN rated hydraulic frame with an Instron 8800 Controller, was transmitted to the
sample by a shaft made from Ferralium 255 SD50 material and connected to a threaded section
made from Inconel 718. Inside the chamber, the Inconel 718 shaft pulls into the CuBe pivot which
is insulated by G10 cone and spacer (dielectric material with low thermal conductivity and high
strength). A CuBe adaptor shaft is locked in position with CuBe nuts on a link plate that is
connected directly to the first stage of the cryogenic cooler; a schematic of the grips assembly is
shown in fig. S2. The sample holder grips are thermally linked through a copper clamp and a

stack of laminated copper sheets for better conductivity.



A set of CuBe sample holder with CuBe pins were designed and installed to the cold fingers (fig.
S3a). Two rhodium-iron temperature sensors: one on the CuBe cold fingers and the other one
screwed to the bottom of the sample away from the crack tip (fig. 3b). The testing of the samples
was conducted once the temperature sensor readings stabilised around ~10-15 K at the cold
fingers and ~25-30 K at the bottom of the samples. Therefore, it is reasonable to take the average
temperature from these temperature sensor readings as the temperature at the crack tip, namely,

around 17.5-22.5 K. We approximate this as 20 K in the text.

For both alloys, one sample of each was tested in situ during neutron diffraction measurement.
An additional three samples of each were tested ex situ to repeat the experiment and one more

sample of each alloy was tested for comparison at room temperature (293 K).

Fig. S1. Schematic illustration of the ENGIN-X cryogenic testing chamber: (1) outer vacuum
vessel; (2) two bellow sections; (3) sample grips; (4) sample; (5) two cryo-coolers; (6) infrared
radiation shield; (7) copper braids [53].



Fig. S2. A detailed view of the grips assembly: (a) shaft; (b) bellow section; (c) copper pivot; (d)
adaptor shaft; (e) copper link; (f) G10 spacer; (g) copper-beryllium sample grip; (h) sample; (i) copper

clamp; (j) stack of laminated copper sheets [53].
(b) CuBe gr'! u

Fig. S3. Further details of the specimen gripping assembly: (a) A close-up view of the grips assembly.
The samples are loaded between the cold fingers. (b) Photograph showing the set-up of the clip gauge,
CuBe grips, the C(T) samples held by CuBe pins and a temperature sensor installed at the bottom face
of the C(T) sample.



In Situ Neutron Diffraction

As ISIS is a time-of-flight (ToF) neutron spallation source, at the ENGINX beamline a high flux
neutron beam with narrow pulse width is available with a 50 m primary flight distance (L,) to the
test specimen. It has two collimated detectors 180° (26) apart at 90° and -90°, respectively, to the
incident neutron beam. An instrumental gauge volume (IGV) located inside the C(T) specimen
ahead of the crack tip was used to measure at about 4 x 4 x 4 mm?. The distance between the IGV
and the detectors was 1.53 m (the secondary neutron flight length, L,). The detected neutron

wavelength, 1, and the measured flight time, ¢, are related by:

A=—"—t , (1)

m(Ly+Lz)

where h is Planck’s constant, and m is neutron mass. As such, the ToF spectrum can be converted
to a diffraction pattern with each peak corresponding to a family of {hkl} planes. The spacing of

the crystal lattice planes, dy;, can be derived by:

dpr = — (2)

t
2sin@m(Ly+Ly) hil s

where 6 is the half angle between the incident and scattered neutron beams (6 = 45° was used in
the current setup). Prior to the measurements, a calibration process was performed on a standard

CeO: powder sample.

All the neutron spectra collected were analysed using a single-peak fitting with a Pseudo Voigt
profile (i.e., mixed Gaussian and Lorentzian) convoluted with a sharp-edged exponential on a
linear background. The centroid of the fitted peak in d-spacing units was taken as the lattice
spacing. One sample from each alloy was tested in situ with 24 neutron spectra collected for each
sample, first in a nominally load-free condition (50 N pre-load) from 293 K to 20 K, and then at
increasing loading steps until final fracture at 20 K. The calculated d-spacings and the crystal

lattice shrinkage with temperature were derived and are presented below.

Despite the fact that our TEM images did reveal limited evidence of the formation of the hcp
phase, our in situ neutron diffraction measurements did not. Of note here is that He et al. [45]
reported the formation of 4 vol.% of hcp phase based on the (101) peak in neutron diffraction

spectra collected from a uniaxial tensile specimen tested at 15 K with a strain between 14% and



30%. However, in the present work the highly strained volume ahead of the crack tip is at least
an order of magnitude smaller compared with a uniaxial tension configuration. With a 4x4x4 mm3
instrumental gauge volume used in the neutron measurement, the small fraction of hcp phase

most likely did not yield sufficient diffraction signal discernable in the overall spectrum.

Uniaxial Tensile Testing

Samples of CrCoNi and CrMnFeCoNi were tested at 20 K under displacement control at an
engineering strain rate of 102 sec’’; in the early stages of deformation (strains < 3%) this strain rate
was reduced to 10+ sec!. Displacements during tensile testing were measured using an Epsilon
axial extensometer attached to the gauge section. The extensometer (Epsilon Technology, Jackson,
WY, USA) is rated down to ~3 K. The obtained stress-strain curves and relevant tensile data are
shown in fig. S4. The 0.2% yield strength, oy, and ultimate tensile strength, curs, for the CrCoNi
alloy were ~740 MPa and ~1290 MPa and for the CrMnFeCoNi alloy ~580 MPa and ~1 GPa,
respectively; flow stresses (average of the yield and tensile strengths), oo, were ~1016 MPa and
~800 MPa, and the failure strains, &, were ~46% and ~47% respectively. (These are average values
from two tensile tests on each alloy. Due to the premature failure in the grip region of one of the
CrMnFeCoNi samples, a flow stress of co =815 MPa has been used to construct the blunting line

for the fracture toughness evaluation.)
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Supplementary Fig. S4. Tensile stress-strain curves and corresponding strength and ductility data
of the (a) CrCoNi alloy and (b) CrMnFeCoNi alloy tested at 20 K.



Fracture Mechanics Testing

We used nonlinear-elastic fracture mechanics methods, which incorporate both the elastic and
inelastic contributions, to measure the fracture toughness; specifically, the change in crack
resistance with crack extension, i.e., crack-resistance curve (R-curve) behavior, was characterized
in terms of the J-integral as a function of crack growth primarily at 20 K but also at 293 K (room
temperature) for comparison. Prior fracture toughness measurements in these alloys at 293 K,
198 K, and 77 K are also included in the paper for comparison; these have been described in detail

elsewhere [10, 15]. The measurements at 20 K were performed at ENGIN-X, as described above.

Samples were tested under displacement control at a constant displacement rate of 2 mm/min.
The onset of cracking as well as subsequent subcritical crack growth were determined by the
compliance method with periodically unloading the sample (~10% of the peak-load) to record the
elastic unloading compliance using a clip gauge of 3 mm (-1/+7 mm) gauge length (Epsilon
Technology, Jackson, WY, USA) mounted in the load-line of the sample. Crack lengths, a; were
calculated from the compliance data obtained during the test using the compliance expression of

a C(T) sample at the load-line [17]:

% = 1.000196 — 4.06319u + 11.242u? — 106.043u® + 464.335u* — 650.677u°, (3)

where

1
u =

(4)

-
[BEC ]2 +1

In Eq. 4, Cei is the rotation-corrected, elastic-unloading compliance and Bis the sample thickness.
Initial and final crack lengths were also verified using optical measurements. For each crack
length data point, a;, the corresponding Ji-integral was computed as the sum of elastic, Jei ), and

plastic components, Jpi (), such that the J-integral can be expressed as follows:
Ji= K¥E" + o , (5)

where E’ = E, the Young’'s modulus, in plane stress and E/(1-v?) in plane strain; v is Poisson’s
ratio. Ki, the linear-elastic stress intensity corresponding to each data point on the load-

displacement curve, was calculated following:



K =—"5f(a/W) , (6)

(B2w)2

where Pi is the applied load at each individual data point and f(ai/WV) is a geometry-dependent
function of the ratio of crack length, a; to width, W, as listed in the ASTM standard. The plastic

component of i can be calculated from the following equation:

Mpl(i-1) | Apl(®) ~Api(i-1) a)—ai-1)
Joipy = []pl(i—l) +( = 1) s ] [1 = Y@-1) (1—”>] , (7)

b(i-1) By b(i-1)

where 71 61 = 2 + 0.522 bay/W and i1y =1+ 0.76 ba-n/W. Apl o) — Apl 1) is the increment of plastic
area underneath the load-displacement curve, and bi is the uncracked ligament width (i.e., bi= W
- ai). Following the above approach, the value of Ji at any point along the load-displacement curve
can be determined; along with the corresponding crack lengths, the J-Aa resistance curve can then
be constructed, where Az is the difference of the individual crack lengths, ai, during crack growth

and the initial crack length, g, after pre-cracking.

A provisional toughness Jo can be defined by the intersection of the resistance curve with the 0.2
mm offset/blunting line (J = 2 o,Aa; where oo is the effective flow stress). This provisional
toughness Jo can be considered as a size-independent fracture toughness, Ji, provided the size
requirements for J-field dominance and plane-strain conditions are met, i.e., respectively that bo,
B > 10 Jo / oo, where bo is the initial ligament length. The fracture toughness, Ki., expressed in
terms of the stress intensity then can be obtained using the standard J-K equivalence (mode I)

relationship Kje = (E' Jic)'2.

In terms of these ASTM specimen size criteria, all the fracture toughness values of the 5-
component alloy at all temperatures, and the 3-component alloy at 293 to 77 K, fully conform to
ASTM E1820 criteria for J-dominance and fully plane-strain conditions [17]. Specifically, for
CrMnFeCoNi at 20 K, where the effective flow stress oo that we measured was 815 MPa, the
calculated values of the critical dimension, 10 Jo / 6o, were 3.7 mm and 9 mm for the initiation and
growth toughnesses, respectively. For CrCoNi at 20 K, co = 1016 MPa such that these critical
dimensions were respectively 7.9 mm and 11 mm. This meant that although the crack-initiation
toughness satisfied the criterion for J-dominance, it did not quite meet the criterion for fully plane-

strain fracture. The crack-growth Kstoughnesses at 20 K were so large that they also did not meet



the 10 Jq / oo criteria. However, we believe that the numbers for Kji.c that we determined at crack
initiation are close to a sample size-independent fracture toughness as the conditions for a J-
dominant crack tip field were fully satisfied with an initial ligament length, bo of ~9 mm.
Additional evidence for this is the lack of an upward (“concave-up”) trend in the R-curve which

can often be observed in samples that are tested under large-scale yielding conditions.

The temperature-dependent values of E and v used in this study are from the measurements of
Haglund et al. [55] for CrMnFeCoNi and Laplanche et al. [56] for CrCoNi. In the former study,
data were obtained from 300 K down to 55 K, whereas those in the latter study were obtained
from 1000 K down to 293 K. To obtain elastic constants at cryogenic temperatures outside these
ranges, we fitted Varshni’s [57] equation [c{;(T) = ¢} — s/ (e% —1)] to the experimental data in the
above papers [55, 56] and extrapolated to lower temperatures (in Varshni’s equation ¢}}(T) and cf;
are values of the elastic constants at temperature T and 0 K, respectively, and s and ¢t are fitting
constants). For CrMnFeCoNi [58], s and t for E are 35 GPa and 416 K, while those for G (shear
modulus) are 16 GPa and 448 K; for CrCoNi [56], s and ¢ for E are 32 GPa and 362 K, and 11.9 GPa
and 362 K for G. Assuming isotropic elasticity: v = % — 1. In this way, values for Young’s moduli,
E, at 293 K, 198 K, 77 K and 20 K, of 202 GPa, 209 GPa, 214.5, GPa and 214 GPa and Poisson’s
ratios, v, of 0.266, 0.263, 0.256 and 0.259 were obtained for the CrMnFeCoNi alloy. Corresponding
values were obtained for the CrCoNi alloy, namely, E =229 GPa, 235 GPa, 241 GPa and 241 GPa
and v =0.31, 0.30, 0.30 and 0.287 at 293 K, 198 K, 77 K and 20 K, respectively.

Characterization of Deformation and Fracture

After testing, the broken samples were immersed in acetone to prevent oxidation and then stored
in vacuo. Fractographic analysis was performed with scanning electron microscopy using an FEI
Strata DB235 SEM (FEI Company, Portland, OR, USA) operated in the secondary electron (SE)
imaging mode at 5-15 kV, to identify the salient deformation and fracture mechanisms involved

in the fracture.

To examine the microstructure and nature of the deformation mechanisms in the vicinity of, and
remote from, the crack tip, the fractured samples were sectioned in two, each with a thickness of

~B/2, so that the crack-path profile in the plane-strain region in the interior of the sample could



be analyzed. For each sample, one half was embedded in conductive resin, progressively polished
to a 0.05 um surface finish, and finally vibration polished for 12 h in colloidal silica. The
microstructure along the crack wake and the crack-tip region was then characterized using
electron back-scattered diffraction (EBSD) in an FEI Strata DB235 SEM (FEI Company, Portland,
OR, USA) operated at 20 kV using a TEAM EBSD analysis system (Ametek EDAX, Mahwah, NJ,
USA) at 35 nm.

Transmission electron microscopy (TEM) was carried out to characterize the defect structures in
the vicinity of the crack. Site-specific TEM foil samples were cut from the fractured samples and
thinned to electron transparency using focused ion beam (FIB) milling (FEI, Helios G4 UX).
Samples were trenched from regions both near the crack tip and far away from the deformed
region from test specimens that were tested at both cryogenic and room temperature. High-
resolution transmission electron microscopy (HRTEM) was conducted on an FEI ThemIS 60-300
STEM/TEM operated at 300 kV to investigate the deformation microstructure after fracture
toughness testing at room and 20 K. Figure S5 shows an example of diffraction contrast imaging
of the deformation features in the CrCoNi sample deformed at 293 K. 4D-STEM imaging of
samples was conducted on the double-corrected TEAM I microscope and the FEI TitanX
microscope (operated at 300 kV) at the National Center for Electron Microscopy (NCEM, LBNL).
A 1 mrad bullseye aperture was used with an electron probe size of approximately 1.5 nm on the
TEAMI and 2 nm on the TitanX. The scanning step size was set to 1.5 nm, accordingly. Figure 56
shows 4D-STEM analysis of the CrMnFeCoNi alloy deformed at 20 K.



Supplementary Fig. S5. Diffraction contrast imaging (DCI) in STEM mode for the sample deformed
and fractured at 293 K with three different two-beam conditions indicated by the white arrows. A
relatively high density of dislocations can be identified in between the planar deformation bands.
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Supplementary Fig. S6. 4D-STEM characterization of the deformed microstructure in the
CrMnFeCoNi alloy adjacent to the 20 K fracture surface, showing nano-twin features. (A-C) are
virtual images from the 4D-STEM dataset and (D-F) are selected diffraction patterns from the same
data set taken from the [110] orientation. (A) Virtual bright-field image generated from the 4D-STEM
scan. The virtual aperture was placed at the (000) beam, as shown by the red circle in (D). (B) Virtual
dark-field image using a [111] matrix reflection as shown in (E). (C) virtual dark-field image using a
[200] twin reflection as shown with the red circle in (F).



Lattice parameters and peak broadening in neutron diffraction

Time-of-flight (ToF) neutron diffraction spectra collected for single phase fcc ternary CrCoNi
material with the ToF axis being converted into interplanar d-spacing in A (fig. S7a), shows the
spectral evolution with cooling from 293 K down to cryogenic temperatures of 20 K and
increasing the load from 10% to 75% of the maximum load. A clear peak shift in the crystal planes
can be seen in both graphs as a result of cooling as well as loading. Dashed straight lines and
different solid line colors in fig. S7a and b are for visual guidance only. Note that despite the fact
that the TEM results in the present work (Fig. 4) did reveal limited evidence of the formation of
the hcp phase in the CrCoNi alloy, our in situ neutron diffraction measurements did not. Of note
here is that He et al. [45] reported the formation of 4 vol.% of hcp phase based on the (101) peak
in neutron diffraction spectra collected from a uniaxial tensile specimen tested at 15 K with a
strain between 14% and 30%. However, in the present work, the highly strained volume ahead of
the crack tip within the plastic zone is more than an order of magnitude smaller compared with
a uniaxial tension configuration. With a 4x4x4 mm?® instrumental gauge volume used in the
neutron measurement, the small fraction of hcp phase did not yield a sufficient diffraction signal
discernable in the overall spectrum, although a broadening of the (200) and (111) peaks, similar

to that reported in He et al.”’s work [45], was detected.

The lattice constant a, for the single phase fcc ternary CrCoNi alloy at 293 K was determined to
be 3.56 A by fitting the {200} peak position (half of the {100}) from the diffraction spectra collected
at 293 K. These data were compared with several literature values listed in fig. S7c and a good
consistency can be seen. The lattice strain €5y, was calculated based on the {hkl} planes interplanar
spacing dyy,; fitted by the Pseudo Voigt profile in a dedicated ENGIN-X's Script Based Analysis
programme EX-SBA, by following the relationship:

€kl ™ qo— (8)



Here d},;; is the lattice spacing of {ikI} plane when material is stressed at each load step (i) where
the ToF neutron diffraction scan was acquired and djy, is the value for the stress-free material.
Further, the polycrystalline coefficient of thermal expansion (CTE) apy; for the fcc CrCoNi alloy
in specific {hkl} crystallographic planes due to thermal shrinkage at each cooling step was

calculated from:

Qo = EBL (dlilkl_dgkl) 9
REL™ art ™ a@,,x(1i-T0)

where AT is the temperature difference between each cooling temperature step (T*) and initial

reference temperature (T°).

As shown in fig. S7d, cooling from room temperature to 20 K introduced increasing strains to the
crystal lattice; the values derived for {200}, {400}, {111} and {222} planes are similar following an
exponential increase with a plateau towards a lower temperature. The coefficient of thermal
expansion (CTE) was derived and is shown in fig. S7e. The CTE at room temperature was
determined to be 22.9+1.8 x 10¢/K for planes in the direction of <200> and 19.8+2.0 x10¢/K for the
<111> direction. These values are in a similar range as the average CTE values for polycrystalline
CrCoNi measured by Laplanche et al. ~13x10-¢/K [56], and Moravcik et al. 17.4x10-¢/K [59]. We
determined the CTE at 20 K to be 8.0+£0.2 x10-¢/K for <200> direction and 7.8+0.3 x10-¢/K for <111>
direction; there are no open published data in the literature at this temperature to compare with
our present results. Lattice strains at 20 K were further increased under increasing load. However,
the load-induced lattice strains were different even on the same family of planes, e.g., the {200}
and {400} planes showed different strains. This is consistent with that reported by Wang et al. [54]
and Naeem et al. [25]. Since {200} and {400} planes are equivalent plane families, as are {111} and
{222}, differences in their lattice strains in the same family due to loading indicates additional
potential straining introduced by stacking faults as described by Wang et al. [54] and Naeem et
al. [25]. Note that there is no difference in their strains due to cooling (fig. S7d), indicating that
temperature change alone did not introduce stacking faults. Using the methodology adopted in
refs. 25 and 55, the highest stacking-fault probability (SFP) in the current CrCoNi material under

load at 20 K was found to be about 6.3x10-%; we could not assign an exact strain value to this SFP



as the true stress in the instrumental gauge volume ahead of the crack tip is non-uniform varying
from high values in the small volume ahead of the crack tip to low levels further away from the

crack.

Lastly, as mentioned earlier, peak broadening was observed, as shown by the Pseudo Voigt
profile fitted Full Width at Half Maximum (FWHM) of the diffraction peaks (200) and (111) planes
in the CrCoNi alloy when plotted as a function of the applied load. Consistent with the lattice
strain measurement, the insert in fig. S7f shows no evidence of any cooling-induced peak
broadening in (200) and (111). However, at 20 K when load was applied, the FWHM of the (200)
and (111) planes in the CrCoNi alloy demonstrated a gradual increase with increasing load,
indicating the introduction of defects as predicted from the lattice strain measurements;
specifically, peak broadening of up to 60% was apparent when the load reached ~80% of the

maximum load (fig. S7h). Similar trends (not shown) were observed in the CrMnFeCoNi alloy.
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Supplementary Fig. S7. (a) Typical examples of ToF neutron diffraction spectra acquired for CrCoNi.
Bragg diffraction peaks corresponding to different crystallographic planes have been labeled with
(hkl). The magnified view of the lower d-spacing planes (in the range of 0.55 to 1 A) in (a) is plotted in
(b) resolved by the dedicated ENGIN-X diffractometer. (c) The measured single phase fcc lattice
constant @, in CrCoNi material is 3.562 A at room temperature and compared to various literature
values obtained by experiments or simulations. (d) The calculated lattice strain of {200}, {400}, {111}
and {222} planes due to thermal cooling are plotted as a function of temperature. (e) Calculated
polycrystalline coefficient of thermal expansion (CTE) as a function of the temperature decrease. (f)
Pseudo Voigt profile fitted Full Width at Half Maximum (FWHM) of the diffraction peaks {200} and
{111} planes in CrCoNi and CrMnFeCoNi alloys plotted as a function of applied load, the insert in (f)
plots CrCoNi diffraction peak FWHM with temperature, showing only loading impacts the peak
broadening.
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