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ABSTRACT

A seriesof modelferritic alloys andtwo commerciakteelsvereusedio developacorrelation
between tensile yield strength and nano-indentation hardness measurements. The Narolndenter
I1® was used with loads asitas 0.05 0(0.490 mN) and the results were compared with
cornventionalVickersmicrohardnesmeasurementssing200and500g; (1.96and4.90N) loads.

Two methodsvereusedto obtainthe nanohardnesgata:(1) constandisplacementlepthand(2)

constant load. When the nanohardness data were corrected to account féerémecdibetween
projected and actual indenter contact area, good correlation betweeankities dnd

nanohardness measuremenéswbtained for hardnesalwes between 0.7 and 3 &H he
correlationbasedn constanhanoindentatiotoadwasslightly betterthanthatbasedn constant
nanoindentation displacemenenBile property measurements were made on these say® allo

and the gpected linear relationship betweertkérs hardness and yield strengtasviound,

leading to a correlation between measured changes in nanohardness and yield strength changes.

INTRODUCTION

lon irradiation preides samples well suited tovestigation of microstructuraielution by
transmission electron microsgofTEM). However, special techniques are required to obtain
mechanicapropertydatafrom suchspecimen®ecauséhethicknessof theirradiatedareais only
a few micro-meters. The high-precision Nanolndent&[1] was used in this @rk to measure
the change in hardness caused by radiation damage as a function of distance from the irradiated
surface. Since the corresponding radiation-induced microstructure can be characterized by TEM,
the relationship between microstructural and mechanical property changes czestigatad.
This studywasundertalento determingheeffectsof minor soluteson radiation-inducegbroperty
changesn modelferritic alloys, andtheresultsof the microstructuralnvestigationshave already
been published [2,3]. This paper focuses on thekwone to deeslop a correlation between the
nanoindentation data and eemtional mechanical property measurements.

The model allgs used in this study are described abl€ 1. Thg have been used by the
University of California, Santa Barbara (UCSB) in neutron irradiatiqpeements [4] and by
AEA TechnologiegAEAT) in thermalagingstudieq5]. The AEAT heattreatmenivassimilarto
that listed in &ble 1, 16 hours at 770°Qutitheir material \&s water quenched [5,6]. The as-
receved microstructure of the alle was characterized by TEM, and attemsve description of
the obserations vas published in Ref. [7].

COMPARISON OF VICKERSHARDNESSAND YIELD STRENGTH

Experiments were conducted using the model ferritiyaldmd tve commercial allgs to
provide a basis for correlating theAddoad hardnessalues determined by the Nanolndert&t
with macroscopic Wk property measurements. The yield strengths (0.28etfof the nine
modelalloys hadbeenmeasuredt UCSBandwerein therangeof 150to 220MPa. Two methods



Tablel. Model alley designations and compositions

Alloy Composition (wt-%)
Number | N (appm)| Cu Mn C Ti
VM348 5
VM349 80
VM350 120
VM390 20 0.51 0.06 | <0.005| 0.002
VM397 20 0.91 | <0.01 | <0.01 | <0.01
VM399 120 0.51 0.01 | <0.01 | <0.01
VM387 10 0.51 0.05 0.17 | 0.003
VM360 10 0.89 1.03 | <0.003
VM373 100 <0.01 | 0.01 | <0.003| 0.3

Heat Teatment at UCSB: Solution treated at %%or 17 hours,
quenched in salt bath to 48Dand held for 3 minutes, air cooled

were used tox¢end the range of yield strengths in the present skidst, the high-copper aljo
VM397 was thermally aged to induce additional hardening by the formation of copper
precipitates. Aging at 550°C for 1, 2, 5, 10, and 15 hours lead to yield strengths in the range of
250to 300MPa. Secondiwo commerciablloyswereincluded.Thesewereafine-grainedA533B
reactorpressureressebteelwith ayield strengthof 465MPaandaferritic/martensiticalloy HT-9
(22Cr - IMoVW) with a yield strength of 750 MP

Vickers hardness measurements using loads of 200 or $0@@ or 4.90 N) were used for
comparison with the yield strength measurements. Prior to hardness testing, the specimens were
mechanically polished @m to 0.05um and then electrochemically polished with a perchloric
acid solution so that the sade rgion was flat and damage free. The hardnedéses were
determinedy averagingsix indentsfrom acommerciaVickershardnessesterVickershardness
data from the VM397 aging study are simoin Figure 1, where the error bars are the standard
deviation of the measurements at each aging time. The peak hardness chamfpsewd after
the 10 hour anneal. This is similar to the results reported byTAiBAhe same alo[5], which
employed 20 kg (196 N) Mickers hardness measurements feifgy aging of thick samples at
500°C. Thy found a time to peak hardness of about 15 hours, with a maximum hardness change
of 637 MR. As mentioned alve, the UCSB heat treatment included a short temper at 450°C
followed by air cooling, whereas the AEAreatment imolved quenching directly from the
solution treatment. The AHAheat treatment @uld retain more of the copper in solution. This
differencecouldberesponsibldor thesomevhatlower peakVickershardnesghangeandshorter
time to peak hardening obsed/here.

A completecomparisorof theVickershardnessndyield strengthmeasurementsbtainedn
this study is shen in Figure 2, where a linear relationship between tloepreperty
measuremenis demonstratedverthecompleterangeof thedata A linearleast-squarefit to the
yield strength grsus \ckers hardness data yielded a slope of 0.283&6/MPa. If the \ickers
hardness data ixpressed in traditional units, thialue corresponds to 2.78 MAPkg/mmz).
This comparesdorably with other recently published data [8]t s slightly belav the
traditional \alue of 3.0 [9].
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Figure 1. Hardness change obsedvin ally VM397 under thermal aging at 550°C.
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Figure 2. Comparison of yield strength andckers hardness for all materials in study

COMPARISON OF VICKERS AND NANOHARDNESS

Nanoindentation measurements were made on the same specimens as usedci@rthe V
hardness measurements. Specimens were indentaddas/depths (50, 100, 400 nm) using the
nanoindenter with the hardness determinedveyajing ten indents at each depth. The
comparison of the nanohardnessdues and the igkers hardnessalues is plotted in Figure 3a.
Hardneswaluesdeterminedvith the NanoIndentetl® arebasecbn theratio of loadto projected
contact area, which is determined by carefully characterizing the geometry of the indenter tip.
Since the indenter contact area is used in the definition génbanal \ickers hardness, the
values for nanohardness used in the correlation were multiplied by the ratio of projected to
contact area (0.927 for a perfect Barikch diamond) so that both types of hardness share the
same definition. The nanohardneatues in Figure 3 are ma#t with an asterisk to indicate this
modification. The nanohardnesswes she the well-knavn apparent increase in hardness with



decreasing indent depth [10], which is responsible for tlierdiit zero-intercepts in Figure 3a.
The plysical origin of the zero-&det in Figure 3 is not ken, but the hardness changes are
consistent for all the aljs. Thus, only the intercept, and not the slope ofAtHg vs.AHy, line
changes and changes in hardness are well correlated. The A533B datum ickidrs hardness
of ~1.75GPashavsthegreatestleviation from the best-fitline obtainedfor all thedataatagiven
displacement. Qarall, the slope of each line is within avfeercent of the bottom dashed line
which was dravn with a slope of 1.0.

The load required for a 50 nm indenter displacemefdrdifor each allp For the allys
tested here, the ranges0.022 g(0.216 mN) to 0.043;d0.422 mN). Préiously reported
comparisons between ultraAtdoad hardness anddkers hardneq4.1,12] yielded a poorer
correlation than that reported here. Since those researchers conducted their nanohardness
measurements using a constant load instead oé@ diisplacement, a furthexperiment vas
carried out for purposes of comparison. Using only a subsetabfiithe allgs, a series of

5

—e— 50nMm ' ' ' (@
45 F —e— 100 nm ]
—=— 400 nm

Nanohardness” (GPa)

el Fixed displacement measurements
1 1 1 1 1

0
0 0.5 1 15 2 25 3
Vickers Hardness, 200 g (GPa)
5
(b)
45 +
4 +

Nanohardness” (GPa)
N
(63}

0.5 | T :
e Constant load measurements

0 = . 1 1 1 1 1
0 0.5 1 15 2 25 3

Vickers Hardness, 200 g (GPa)

Figure 3. Comparison of nanohardness and 2pQt@6 N) \ickers hardness measured wi
(a) fixed displacement, and (b) constant load. *(Seefte definition of nanohardness)




measurementseremadewith constanmaximumloadsof 0.05,0.1and1.0g; (0.490,0.981,and
9.81 mN). A comparison of the modified nanohardnasseg and kers hardnessalues is
displayed in Figure 3he one-to-one agreement betweérk®rs and nanohardness change is
similar to thatshavn in Figure3a.Thelinesfor thetwo lowestloadsarebothwithin 5 percentof
1.0, while the line with the 1.G ¢pad has a slope of about 0.90. In this case, the A533B data
appearsnoreconsistentvith theotherfour alloys. Theaveragevaluefrom all six linesin Figures
3a and 3b leads to the falng correlation:

AH, [GPa] = 0.937H, [GPal 1

For these allgs, a load of 0.05¢gesults in an indent depth on the order of 50 nm. Since the
sizeplasticzoneis about7 to 10timestheindentdepth,this correspondso a spatialresolutionof
less than 0.5 microns [13]. Indents with a 50 nm contact deptlkgto preide both suicient
spatial resolution and the ability to produce hardness data with acceptable scatter [2]. Thus, at
least for these ferritic and ferritic/martensitic gpthe data shen in Figure 3 indicate that gn
change in hardness measured with sub-micron spatial resolution using the nanoindenter is nearly
identical to the blk property change measured in igaRérs hardness test.

CORRELATION OF NANOHARDNESSAND YIELD STRENGTH CHANGES

Usingtheavailabledata,a correlationbetweemanohardnesandtensileyield strengthcanbe
obtained in tvo ways. The first is dered from the linear relationships stro between \¢kers
hardnessindyield strengthin Figure2 (slope=0.283®/1Pa/MPa),andbetweemanohardnessnd
Vickers hardness in Figure 3 (Eqn. (1)). The product of these slopes yields thenfpllo
relationship (in the indicated units) between yield strength change and nanohardnesg change:

Aoy[MPa] = 266AHN [GPa] (2)

Alternately the tensile data can be plottecimgt the nanohardness data and the slope obtained
directly. Usingthetensiledatafrom Figure2 andthe correspondingix setsof nanohardnessata
from Figure 3, thegerage relationship obtained is (as it must be) nearly same as Eqn (2):

Acy[MPa] = 274.AHN [GPa] (3)

SUMMARY

Linear correlations hee been established between the change in nanohardness and changes
in both Mckers hardness and tensile yield strength in ferritic and ferritic/martensitic steels with
yield strengths in the range of 150 to 750aMPhe change inibkers hardnessas found to be
about0.94timesthe nanohardnesshangevhenbothareexpressedn the sameunits. Thechange
in tensile yield strength (in MB can be obtained as about 270 times the change in nanohardness
(in GPa). The successful correlation of nanohardness measurementsiwithdzhanical
properties is significant not only because of thkdation of the nanoindentation techniquet b
alsobecaus®f its implicationsfor ion irradiationstudies.This validationsupportgheapplication
of ion irradiationsto simulatethe effectsof neutronirradiation,allowing studiesto be carriedout
without the complications associated with testing radivadpecimens.d¥ example, reliable
estimate®f mechanicapropertychangesanbeobtainedor thehigh doseconditionsreachedat
the end of fission reactor lifetimes. Similarlge technique can be used to more rapidly screen

1. Somevhat laver than the alue published pxeously [3] as a result of further data analysis.



alloys for irradiation performance and to@sticate \ariables such as allaomposition or
thermal-mechanical treatment.itWthe cross-section technique [2,3], is possible to use the
nanoindenter to obtain data for a range of doses on a single specimen. In conjunction with TEM
obsenation, changes in mechanical properties can be correlated with microstructural changes,
and parameters such as the strength of microstructural obstasisting dislocation motion

can be measured.
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