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Abstract

A computerized submicron indentation hardness tester which operates at loads from
0.01 to 2 N with 1 mN resotution is described. Penetration proceeds at rates from 20
to 200 nm/s and penetration depth is continucusly recorded with a resolution of
about 20 nm as a function of load and time. Temperature can be varied from -180° to
400°C with a homogeneity of about 5 C and several exchangeable indenters
(Vickers, Berkovich and Knoop) with different angles are available to allow testing
with different depth to area ratios. The instrument has been used to investigate
indentation size effect (ISE), elastic properties and hardpess of thin films on
insulators, frradiation effects on braze junctions of austenitic stainless steel and
metal-carbon joints, and hardening and embrittlement of martensitic stainless steel
by irradiation and helium implantation. Supplementary investigations included
hardness measurements under static {creep) and cyclic loading (hardness fatigue)
and hardness measurements on stressed specimens.

in automatisierier Submicron-Hirietesier fiir Lasten von (.01 bis Z N mit 1 mN

|

Auflgsung wird vorgestelit Der Eindruck wird mit einer Absenkgeschwindigkeit von

20 bis 200 nm /s erzeugt wobei die Eindringtiefe laufend als Funkiion von Last und

Zeit mit einer Aufldsung von 20 nm gemessen wird. Temperaturen von -180° bis
400°C kénnen mit einer Homogenitiit von ca. 5 C eingestellt werden und es steht
eine Reihe von austauschbaren Indemiern (Vickers, Berkovich und Knoop) mit
verschiedenen Winkeln zur Verfiigung, welche Messungen mit unterschiedlichen

Tiefe-zu-Fliche Verhiltnissen ermdglichen. Das Instrument wurde zur
Untersuchung des Eindruck-GriBen-Effekis {(ISE) verwendet, sowie zur Messung
der elastischen Eigenschaften und Hirte von diinnen Fitmen auf Isolatoren, von
Bestrahlungseffekien auf Edelstahl- und Metal-Graphit-Lotverbindungen und von
Hirtung und VersprOdung von martensitischem Edelstah! durch Bestrahlung und
Heliumimplantation. Ergidnzende Untersuchungen umfaBten Hirtemessungen unter
stationdrer (Kriechen) und zyklischer Belastung (Indentations-Ermiidung) und

Hériemessungen an Proben unter Zufierer Spannung.
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1. Introduction

The need for techniques to study mechanical properties of surfaces, thin film
coatings, layered structures and effects of surface treament, irradiation and
implantation has vrecently vrekindled an interest 1in submicron- and nano-
indentation devices for hardness measurements at very low Tloads. Depth-sensing
indentation instruments opresently in use [1-4] operate only at room
temperature. Bui as most of the above items inciude applications below or above
ambient temperature, indentation hardness measurements 1in an extented
temperature regime are needed. Therefore a submicron depth-sensing indentation
instrument was set up with large flexibility in temperature, indenter shape,

icad and penetration rate.

Yhile in most mechanical tests a constant veolume is deformated by increasing
stress and strain, hardness testing imposes virtually constant stress and strain
on a sieadily increasing volume. A semiempirical anmalysis [5,8] shows that for
cone and pyramid hardness testing the equivalent strain is given by 0.2-cot @,
were ¢ is the semiapex angie of the indenter. This means that effective strain
in hardness testing can be changed by using indenters of different angles,
allowing e.g. determination of work hardening.

Despite extensive hardness testing performed in the past, some pratical problems
encounterad in microhardness measurementis remained unsolved. Two major p%ab%ems
in deriving the hardness of thin layers are:

1) the possibie influence of the underlying substrate or matrix

2) the possible dependence of hardness on indentation depth even in homogeneous
materials, the so-called indentation size erfect {ISE)}.

In the past ISE was sometimes ascribed te experimental artefacts [77 Tike
defective 1indenters, c¢f. also ref.[8], systematic errors in the optical
determination of indentation area for small indentations [9], or undefined
surface layers from specimen polishing or oxidation [10]. Only recently
sufficient experimental evidence for ISE became avajlable at 1least for some
materials [1,11]. But so far it has been studied by differeni authors in
different materials and rather different funciional dependences of hardness on
indentation size have been obtained. Therefore with the present device ISE was
studied systematically in rather different materials with indenters of different
angles, giving different effective strain. Included were investigations on the
effecis of surface preparation and lubrication.




In chapter 2 principles of hardness evaluation in depth sensing experimentis are
given. The experimental set up is described in chapter 3. Various applications,
based on the investigations on ISE (chapter 4) are sketched in chapter 5 and
some exiending discussions are given in chapier 6.
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2. Principles of depith-sensing indentation

Basically hardness has the dimension of siress, i.e. Toad devided by area. In
all standardized hardness tests, area is measured after unlecading, i.e. only
plastic deformation is considered. For Brinell and Vickers tesiing, the totai
"contact" area is used, while for Knoop testing only the area projected on the
original surface is taken. In these tests the area is defermined by opiical
measurement of the diagonal lengths of the indentation. For pyramid and Knoop
hardness {esting Ap=d15d2, where the dy are the diagonal length of the
indentation, the equivalent stress is Hp/3, according to a semiempirical
analysis [6]. For & Berkovich indenter Ap=32=J3/é, where s 15 the edge length of
the triangular indentation. As these standardized tests also dictate other
parameiers 1ike indenter shape, loading time, meximum load, helding time etc.,
hardness in this case s not quoted as a ophysical quantity but as a
dimensionless number. In the present study using a variety of indenters and
experimental conditions, hardness H- will uniformiy be defined by:

Hy = L/Ap (1)

where L is the appiied load and Ap is the projected avea, i.e. Hy may be
cons1derea as the contaci stress between indenter and material.

From a depth-sensing instrument, hardness can be obtained without optical
imaging of the indentation. The recording of depth during the whole loading and
unloading cyc:e gives additional information on hardness under Tload and on
elastic properties. Depth sensing measurements in addition provide highly
improvadfrepeatabi1ity and time saving compared to conventional microhardness
tests. According to the above definition, the elastic contribution must be
§ubtracted, to obtain hardness. For metals and other elastic-plastic materials,
:the:indentation changes only little during unicading so that in this case the
‘measured hardness is considered also to describe the value under load. This is
mainly due to the fact that in these materials the elastic modulus is much

Ta;geu than the ¥low stress,




Figure 1 is a schematic representation of the indentation process. For the
calculation of hardness, it is neccessary to determine the plastic depth (hp)
which is defined as the depth of the indenter in contact with the specimen under
load, while hy and h, are maximumum and vremaining penetration depth,
respectively. From the plastic depth and the indenter geometry, the projected
area can then be calculated as will be shown below.

Fig.1l: Schematic view of indentation
shape during maximum Jloading and
after unloading.

A schematic load-displacement curve is shown in figure 2, where the parts OM and
MU are the loading and unloading curve, respectively. Points 0 and U correspond
to the Tirst and last contact with the specimen surface. The maximum penetration
ht is given by 0D and the final depth hy after complete unloading by OU. An
ideal loading curve shows a guadratic dependence of L on h [12]. During initial
unioading the area in contact with the indenter remains constant [12], which
implies a linear unloading curve. Afterwards the contact area between indenter
and specimen is reduced continuously with a corresponding deviation of the
unioading curve from Tinearity. Therefore the plastic depih hp can be
approximated by a linear extrapolation of the Tinear part of the unloading curve

[81, giving OC= hp. i.e. the elastic relaxation is given by ht—hp,

&
&

Fig.2: Schematic Tload versus depth
curve, showing loading and un aad ing

behaviour, repectively.

load L




Figure 3a shows a typical indentation curve of aluminum, i.e. Joad as a function
of indentation depth h. The Tloading 1is only approximately described by a
quadratic dependence of L on h, as will be discussed in chapter 4.1. During
unloading all materials initially show a linear relation between L and h which
can be extrapolated to the plastic depth hp. The relative amount of elastic
relaxation increases with increasing indenter angle and with increasing hardness
of the material. The last part of the unlocading curve deviates from the linear
extrapolation. This deviation from the linear extrapolation also increases with
increasing angle & and increasing hardness, giving for silicon at @=80.7" and
low load almost complete recovery (fig.3b). This is ascribed to continuous
reduction of the contact area between indenter and material, i.e. to a change of
shape of the indentation. The remaining angle ¢’ for purely elastic relaxation
can be estimated by tga’=d/2/2h,. Such a change of indentation angle has been
observed in ceramic {"hard®) materials by optical investigation, with deviations
from this relation in (“soft") steels [13].
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The strong recovery of silicom causes some ambiguity in the determination of
hardness and elastic modulus from indentation measurements. But comparison of hp
with the depth hg calculated from the diagonals of SEM pictures gave very good
agreement also for large indentation angles. This is in comirast to ref.[14]
where for a vickers indenter hg in glass was slighly smaller than hp. In siticon
the deviation from the linear extrapolation does not appear gradually like in
the other materials, but rather shows a step-iike feature (Fig.Bc), especially
for the sharp indenters. This may be associated with the appearance of cracks
which preferentially form at small indentation angles, see figure 4. A special
feature appearing mainly with the sharp indenter (a=44.5"} in soft material can
be seen in fig.3a. At the end of the unloading curve negative forces up ito about
50 mN are observed which may
ac
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Fig.4: SEM (2.8 kV} picture of
o=68" pyramid indentation on
silicon causing cracking.

The relation between H, and plastic depth'hp is‘giﬁeﬁ for a séuaVe gyramié
indenter with semiapex angle @, i.s. angle between indenter planes and sitress
direction (standard Vickers: a=68"), by:

Hp = Lo caié@/(é&ﬁné) (2a}
For a trTaﬁgLiar indenter (Berkovich) with angle 8 beiween indenter planes and
stress direction by:

| Hp = Lecot28/(3/3hp?) (2b)

For a Knoop indenter with angles & and B between edges and stress direction
(standard: e=86"15", 8=65") by:

Hp = LecotascotB/(2-hy?) | (2¢)

_The ang?e y between indenter planes and stress direction for a Knoop indenter is

given by coﬁ2y=coiﬂ&+cct=ﬁ.

RN




As long as during the initial unloading stage the contact area between indenter
and specimen remains constant, unlocading can be decribed by an elastic theory
derived for a flat punch with a punch base area equal io the projected area of
the indentation [12]. From this theory Young’s modulus of the specimen can be
obtained. The elastic response of a solid after indentation by a cylindrical
indenter of radius a is given by [15]:

di/dh=2F"a (3)

di/dh being the slope of the initial linear part of the unloading curve and

1/E7=S[(1-v2)/E] (2a)

where Evand v are Youngs’ Modulus and Poisson’s radio, respectively, and the sum
finc]udes indenter and specimen material. If the cylindrical indenter is replaced
1by a square pyram1d, i.e. hp~d cote/2/2, of equal projected area {ma2=d2/2) one
30bta1ns :

='(dL/dh)=Jﬁ=cota/(éshp) = HpeJmetga/{ht/hp-1) (4a)

_For a Berk0v1ch indenter (hp—s cotB/2./3, s=edge length of projected area) with
:ﬁaz sé J3/é the relation becomes:

E"=(dL/dh)«JﬁecotB/(2~33/4=hp) =HpeJx>33/4-tgB/ (2 (hy/hp-1)) (4b)

fFor”a Knoop indenter (hp—d@ecota/z, dg=diagonal length corresponding to angle

-4@) with ﬁd" dyedg/2 one obtains:

E'=(dL/di)-J(n-cote-cotB)/{2:/2-hp)=Hye S(7-tga-1gB}/ (2> {(h¢/hp-1)) {4c)

3. Experimental details

3.1 Apparatus

Figure 5 gives a schematic view of the equipment. The specimen holder is mounted
on é X-Y stepmotorized table and is surrounded by a furnace which includes an
ohmic heater and a cooling pipe for liguid nitrogen. To achieve thermal
homogeneity, the specimen holder and the furnace are thermally insuliated and
shielded. The diamond indenter is mounted on a stainless steel tubing which is
'-moved by a piezo drive and for coarse movements by a vertical (Z} siepping




motor. Step size of the stepping motors is uniformly 0.25 pgm, while the piezo
drive, which is activated by a Tlinear voliage sweep allows penetration rates
from 20 to 200 mm/s. In the load train there is a miniature load cell which
measures forces with a resulution of better than 1 mN and an inductive linear
displacement transducer (LVDT) for measurement of indenter movement. The
relatively large distance between LYDT and indenter, dictated by the need for
thermal insulation, caused errors of the measurement of indentation depth by the
LVDT due to thermal or elastic strains of the load train. Therefore for precise
measurement of penetration depth the capacity between specimen holder and
indenter holder was used. Both are electrically insulated and connected to a
high precision capacitance bridge (Andeen-Hagerling). The capacity to depth
relation is calibrated by LVDT measurement before the indenter gets contact with
the specimen. The scatter of the capacity measurements corresponds to a
resolution of about 20 nm. Temperature was controlled by the ohmic heater and
the cooling pipe. The temperatures of indenter and specimen were measured by
thermocoupies and differed by less than 5°C. The minimum temperature is about -
195°C. But for hardness measurements temperature is limited to about -180°C.
Down to this temperature the nitrogen probably evaporates before entering the
furnace region, while at Tlower temperatures evaporation in the furnace causes
noticeable vibrations which reduce the resolution. The whole device is mounied
in a vacuum recipient, situated on a vibraticn-isolated table. The system is
evacuated by a turbo-molecular pump {c pressures below 10-3 Pa.

Operation of the device and data aquisition is performed by a personal computer,
equipped with an IEEF488 interface which operates the stepping motors, the
capacitance bridge, and the piezo drive. In addition it sets the temperature,
operates the valves for the liquid nitrogen cooling system and reads the load
cell, LVDT and thermocoupies via a Philips SYSTEM 21 input-outpui unit. Figure &
schematically shows the control circuit. A11 units can alisc be operaied
manually. The Toad-cell signal is monitored by a 1imit-switch unit to detect
contact with the specimen and to protect the indenter and load cell from
overloading (maximum 2.5 N). Temperature is conirolled by an analogue PID
controller. At temperatures below 100°C, liquid nitrogen is supplied by a 100 1
dewar which allows operation for more than 50 hours. Flow rate is controlled by
the pressure on the dewar and by an exhaust pump on the down-siream side.

Ty
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Fig.5: Schematic view of the submicron hardness tester
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In the following a typical indentation cycle is outlined: The indenter is
positioned on the specimen relative to a marker with is viewed by a telescope.
With some experience this allows positioning within typicaily 10 pm, which is
jmportant for example for investigations of interfaces eic. The program is
started by selecting X-Y positions on the specimen and the corresponding
temperatures (from -180°C to 400°C) or alternatively loads (from .005 to 2 N).
The layout of the indentations can Tateron be used for identification when
investigations by SEM including chemical analysis by EDX are desired. Then the
position of the surface of the specimen is sensed by moving the indenter by the
Z-drive. Subsequently the indentation at the preselecied positions and
temperatures are performed, with forces, displacemenis, temperatures and time
being recorded by the computer. Afier each temperature change a waiting time of
about 1 hour is added to allow for temperaiure equilibrium. During changing of
the X-Y positions the indenter is elevated by about 100 gm to avoid contact with
surface roughnesses. Coarse Z-movements are performed by the Z-stepping motor,
while only the last 40 pm above the surface are done by the piezo drive. The
indenter can also be kept on one position with constant load for a preselected
holding time (indentation creep) or can be repeatedly applied to the same
position {indentation fatigus). A1l data are saved on disk and evaluaied by

seperate programs.

3.2 Diamond indenter

A variety of pyramid diamond indenters were prepared for the present instrument,
including square pyramid indenters with semiapex angles & of 45°, 68" (standard
Vickers) and 817, triangular Berkovich indenters with surface-to-normal angles B
of 41°, 65  ‘and 79° (having the same depth to area ratios as the above pyramid
indenters), and standard Kncop indenters (@=86"15', B=65). The indenier angles
agree within 0.1 as checked by eptical goniometry, see table I.

The shape of the indenters is critical for precise hardness measurements [1,8].
Therefore a series of indentations of loads from 0.01 to 1 N were produced on
annealed and electropolished stainiess steel for imaging in a scanning eletron
microscope (SEM, Hitachi S-4100) under normal incidence (fig. 7). For larger
indentations, when optical imaging became possible, good agreement with SEM was
obtained. A comparison of projected area as determined by SEM and plastic
indentation depth hp gives the exact shape of the indenters as show in figure 8
_for pyramid indenters by plotting average diagonal length versus hp. The solid
“Tines -correspond ‘to the semiapex angles derived from opiicai goniomeiry. The

ot P
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offset hg of this lines from hy=0 indicates some blunting of the indenter’s
tips. hg values of square-pyramid and triangular indenters are included in table
I. Instead of hg a blunting radius rg can be fitted which is defined by:

Ty
(&4
L

hgesine/{1-sina}

In the following, hardness values are always given after correction for indenter
bluntness, i.e. the given hardness values always correspond to ZL/dZ.

fable I: Summary of angles e, bluntness hg and length 15 of a pos sible ridge on
ihe indenter tip (see figure 7) of quadratic pyramid (?3 and tr?aﬂguiar pyramid
(B) indenter. V136 and B65 correspond to standard Vickers and Berkovich
indenters, respectively.

indenter V60 /2 VI3 /1 V136 /2 Vies® B4l B65° /2 B7S

@ 88.2" 136 136 161.4°  40.7°  64.7° 81.5"

ho(am)  0.22 0.14 0.08 0.05 0.4 0 ~0

lo(gm} 0.5 ~0 =0 =0 - - )

F?g ? Typ1ca1 SEM (2.5 kVY} images 0? indentations on annealed austenitic
stainless steel with an almost perfect pyvam1d 1ndenter.(a) and with an. indenter
haV1ﬂg a ridge of about 0.5 mm (bj. .
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h, [wm]

o 1 2 3 4 5 6 7 8 9 10
d/2v2 [pm]

Fig.8: Relation between indentation depth hy and half edge length (=d/2./2) from
SEM of pyramid indentation in 316L._ The 'solid lings indicate the optically
determined semi-apex angles & of 44. 5°, 68" and 80.7 . The offset of this Tine
on the ordinate indicates effective b1untnesses of the indenters by about 0.65,

0.14 and <0.05 /m, respectiively.

3.3 Sgecimen mounting

f_The inner diameter of the furnace ai?ows specimen sizes up to 10 mm uaameter As
2 ‘general ru?e the ‘indentation diagonai should be “less than 1/3 of spec1men'f
g-th1ckﬂess 1o -obtajn correct hardness values [16], ‘i.e. for a V]Ckers_1ndenter;l'
157the maximum depth must be 1ess than 1/2G of the ‘thickness. This “1imit is:éet bygi 
the denand that the deformed volume does not reach the backside surface of the =
'ffspec1men Th1s 11m1t is only suff1c19nt 1f the specimen ‘is well supported hy thefl
: ﬁhe1éer, 1 e. no. elastic beﬁdlng due ta tﬁe Eaad ‘occurs. If specimens ‘are. veryf;:
j 1th1n ar if the support area is “not perfectly flat, especially measurements. offj_
”;Younu S moduius can be s1an1f1cant1y influenced by bending. This prablem may be
;jfscmewhat reduced by the present. capaC1t1ve denth ‘measurement reiat1ve ta thejf'
' fspec3men suvface Neverthe?ess all: foil .specimen. were . g1ued io the spec1nenfﬁ
' :Fc1der by “a two component epoxi - ~{UHG. :PLUS) “which gave ‘best resu1ts “for:
'ieﬂperatures up to 150°C. For measurements at higher temperature several CE?am1c'

'glues were tested but did not give fully satisfying results as bubbles of =100
um diamenter formed during hardening, see figure 9. Figu?e_IO'Shaws measurements
“of Young’s modulus for different foil thicknesses using the epoxi. The figure

. Shows that Young’s modulus becomes independent on thickness when the foil is

_“thicker: than 100 gm for loads of 1 N and below.
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3.4 Surface preparation

Standard surface preparation of the specimen was polishing with diamond paste of
1 or 0.25 gm grain size. The parameters and pretreatment of specimen used to
investigate ISE are given in table II. Some of the aluminum and copper specimens
were eletropolished. For details see table III. It was found that aluminum
(fig.11) was the only material which showed a significant effect of surface
treatment, namely a higher hardness for polishing with 1 zm grain compared to
0.25 um and electropolishing. In an attempt to investigate the effect of
friction between the indenter and the specimen on hardness measurement, some
electropolished Cu and Si specimen were also tested immersed in silticon oil.
Within experimental ervor this did not affect hardness in conirast to results in

ref.[17] where a significant indentation size effect at small depth disappeared

by lubrication.

TabTe II: Specimen parameters and pretreatment

Material purity thickness annealing surface preparation

[%] [gm] &)
aluminum | 99.995 500 0.5h:500°C d/1, d/0.25, ep|
copper 99,9996 500 0.5h:700°C d/1, d/0.25, ep]
3150 b) 100 0.5h:1050°C d/1, ep
DIN1.4914 | ¢) 100 0.5h:1075 C+2h:TC) d/1
tungsten 99,085 100 as receivedd) d/1
siticon e) 280 as received d/1

&) d/x=polished with diamond paste of grain size x[m]; ep=electropolishing

b) The stainless steel 316L has the main constituents [wit%]: 65Fe-17.6Cr-12.3Ni-
2.3Mo-1.8Mn-0.55i-0.2Cu-0.03P-0.024C) and is the austenitic reference materials
in the European fusion programme.

C) The stainless steel DIN1.4914 (MAMET I, MANET Il in parathesis} has the main

o3

constituents [wt%l: 86.0{86.3)Fe-10.7(10.3)Cr-0.85(0.87)Ni-0.79(0.78)Mn-
0.75(0.57)Mo-0.4(0.12)S1-0.22(0.2)V-0.13{0.10)C-0.034(0.024)N and is the
martensitic reference materials in the European fusion programme. Stress relief

temperature T=700°C {I) and 750°C (II}.
) Johnson-Matthey GmbH, Germany
€} Reinstsilizium from Wacker Chemitronic, Germany

Table II1: Electropolishing conditions

ﬁateria15 eletroiyte cathode voltage(V) temperature(°t)
.;Cu i  i 50% Ho0, 50% H3P04 Cu 1.8-2 RT
CATC “..% 100 m1 HNO3, 100 m]
' . .1.CH30H, 4 mi HCT Al 5 RT

g




17

4. Analysis of indentation size effect

4.1. Hardness

For the investigation of ISE, the quadratic diamond pyramid indenters with
semiapex angles o of 44.5°, 68.0°(Vickers) and 80.7  were used and loads from
0.01 ¥ to 2 # were applied. Indentation hardness was measured at room
temperature on high purity aluminum and copper, representing soft materials,
high purity silicon and tungsten, representing hard materials and on austenitic
316L and martensitic DIN 1.4914 stainless steel, representing alloys of
intermediate hardness. In figs.ll to 14 mean siresses ZL/dZ, j.e. Tload divided
by projected indentation area are plotited as a function of the reciprocal
averége diagonal Tength 1/d for A1, Cu, 316L, DIN1.4914, Si and ¥, respectively.
As already mentioned, aluminum was the only material which showed a significant
effect of surface treaiment. Included in fig.1l are Vickers data from ref.[18]
which are considerably above the present results, possibly indicating Tower
purity or less effective annealing. In figure 12 the Cu-data from vef.[18] are
also higher, while data from ref.[19] are in very good agreement with the
preseni vesults. In copper and the harder material no remarkable effect of
specimen surface preparation was observed, also immersion in silicon 0ii had no
marked effect, cf. also fig.14, in contrast to refs.[17,20]. The harder steel
(DIN 1.4914) in Tigure 13 shows ISE only for the sharp indenter (a=44.5°) while
the two other indenters give no Toad dependence of hardness. ISE is aiso not
observed in tungsien and silicon (fig. 14). The 80.7  indenter gives for
tungsten even a slight reduction of stress with decreasing depth, i.e. some kind
of inverse ISE. The same is observed for silicon with the 68" and 44.5
indenters, while the 86.7° data of silicon show too much scatter already at
rather high loads. At low loads the extrapolated depth from the 80.7° indenter
in silicon approaches almost zero and no hardness data could be derived, cf.
fig.8b. In Si also no ISE was observed in vefs.[1,8] when the indenters were
corrected for geometrical deficiencies. The hardness values for Si from ref.[8]
match the present values exactly, while those from ref.[1] are considerably
Tower. Especially for silicon indentation at higher loads {i.e. smaller 1/d}
caused cracking (see fig.7) and therefore are not included in the figure.

The dependence of Hp on d-l in fig.11 to 13 indicates indentation size effects
in A1, Cu, and in the steels. For large loads a Tinear increase is observed

which can be described by:

 Hp -+ U/ (6)
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while eventually constant values Hg are reached for small loads i.e. large d-1
values. The intercept H, on the ordinate gives the mean stress at large
indentation and is related to the conventional definition of microhardness DPH

by:

DPH = Hy-sine {7}

Often the transition from a higher hardness at small loads to a lower hardness
at higher loads is tentatively ascribed to the existence of a harder surface
layer. Depending on which law of superposition of hardness contributions from
surface layer and substirate is used, dependences of hardness on indentation
depth are obtained which aqualitatively approach the results in figs.11-13
[21,22]. But a more quaniitative comparison to the calculations 1in vref.[21]
shows that the comstant hardness at low depth is reached around a ratio 2-t/d~ 1
to 2, where t is the thickness of the surface layer. As the present data show
this transition around I/d=~0.07 to 0.15 #m'i, tayer thickness around 7 pm would
result, similar for all materials. Layers of such thickness, either of
compositional (oxides) or mechanical (hardening) origin, certainly do not exist
on the present specimens. Also the insensitivity of ISE to surface preparation
strongly suggesis that a surface layer is not the cause of ISE, with the
possibie exception of Al. An alternative explanation of the linear 1/d relation
in figures 11 to 13 1is that ISE is caused by an additional hardness
contributions 6H at the perimeter of the indentation as suggested in ref.[18].
The mean stress Hp may then tentatively be described by a superposition of the
hardness in the centre (H,) and in an area along the rim (Hp):

Hy = Ho + = (Hg-Hy) for Hy < Ho (8)

If a constant width w of the rim area arocund the indentation of diagonal d is
assumed, the area fraction f of the rim area is given by :

f = 4J2.w-(1-J2-u/d)/d for w < d/242 )

A rim of constant width would e.g. not suit to a pile-up region, which rather
would give w proportional to d. A comparison of equations (8) and (9) yields:

W= U/4/2-(Hp-Hy) (10)

Fits of egquation (8) to the data in figs.11-13 with the parameters H,, Hp and w
(see table 1V) are given by the solid lines. Hp/H, and w show nc systematic

g ———
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dependence on indenter shape and material, but attain values of 1 to 2.6 and 1

to 3 um, respectively.

Table IV: Poisson’s ratios v, parameters H,, Hp/Ho and w used in the fits in
figures 11 to 13, extrapo.ated 2% yield sbrergiﬁs H./3 and strain hardening
coefficients m from fig.15. The three values gjven for H,, Hp/H, and w
correspond to semi-apex angles e¢=44.5 , 68  and 80.7 , respectively.

Material ¥ He Ho/He W Ho(2%) /3 m
[MPa] [1m] [MPa]

a luminum 0.33 206/182/136 2.3/2.4/2.6 2.0/1.4/1.0 39 0.30
copper 0.36 581/380/240 1.7/1.8/2.1 2.4/3.1/3.0 &3 0.49
316L 0.25 1565/1220/882 1.6/1.7/1.5 1.3/1.5/2.5 180 .31
DIN1.4514 0.78 2195/2590/2480 1.4/1.0/1.0 3.8/ - / - 830 <0
tungsten 0.45 8900/8650/7800 1. - 2600 0.07
silicon 0.28  15500/17760/17700 1. - 5800 0.

Recent investigations on Vickers hardness of copper [19] aiso showed some
Tevelling-off of hardness around 1/d=0.2 pm-1 {see fig.12) but at even Tlower
loads again an increase of hardness was observed. On the other hand these
results of vref.[19] at very Tiow Toads must be taken with some cauiion as
obviously the indenter was not calibrated by TEM or SEM as in refs.[1,8] or in
the present work. For example disregarding of the bluntness of the present
Vickers indenter would produce an error of about 30% for an indentation depth of
=<l gm. Even the more perfect Berkovitch indenter in refs.[1,8] would give an

grror of = 10%. 05

Fig.11: Mean stress 2L/d¢ as a
function of reciﬁ?sca? mean 0.4
diagona} length d™ in aluminup
for 1naentat10n angles ¢ of 44, 5
(A, A), 68° (o,e,8) and 80.7°
{[1. @), respective?y Empty,
full and half-filled symbols
indicate diamond polishing with
i, 1/4pm  grain size  and
electropolishing, vrespectively.
Inciuded are the results from
ref. [I18] (x) for a Vickers
indenter (@=68 ).

2L/d° [GPa]
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(%]

o
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The behaviour of silicon and tungsten (fig.14), i.e. some decrease of hardness
with decreasing load is qualitatively different from the ISE of the other
materials. As already mentjoned the results on these hard materials may be
subject to some error due to the small remaining indentation depth hy and as
furthermore the linear extrapolation (fig.3c) may not adequately describe the
elastic recovery in these material causing some uncertainty in the determination

of hp at very tow indentation depth .

Aside from a purely phenomenological descriptions of ISE [23], saveral
explanations for a higher hardness at the rim of the indentation have been
oroposed. The higher hardness was ascribed to inhomogeneous deformation in this
area [18], to enhanced deformation of a thin surface layer at the rim [247, and
to hardness contribution from pile-up [25]. As already mentioned the
independence of w on depth d rules out the pile-up model. The supposition of a
surface layer [24] implies that the surface Tayer contributes to ISE only aleng
the rim, while actually alsc contributions from the inner part of the
indentation should be expected. But this would result in a different dependence
on d. Additionally the insensitivity to surface preparation stands against this
conjecture. Therefore mainly the independence of ISE on surface preparation and
the virtually constant value of w suggest that ISE is an inherent property of
materials with not too high hardness and may resuli from a change of dislocation
behaviour due to geometrical constrainis [10,11,28].

Fig.12: Mean stress 2L/d2 as a
function of recﬁproca] mean
diagonai Tength d-* 1in copper,
lgm  diamond  polished,  for
indentation angles & of 44.5
(A, A), 88 (o,e,s) and 80.7

(), respectively. For comparison
data are included which were
obtained by the indenter shown in
fig.7b (&), from electropolished
specimens (2) and from
electropolished specimens
immersed in silicon oil (e). :
Included are the results for _
Vickers indenters (e=68 ) from

ref.[18] (x) and from ref.[19] 0 | * ' * ‘
(+). | | o 005 040 015 020 025

¢ um

gy
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Fig.13: Mean stress 21./d2 as a function of reciprocal mean diagenal length d- 1
of AISI 316L (open symbols) and DIN 1.4914 (full) for indentation angles o of
44.5° (/\, A), 68 (o, ) and 80. 7° (@, ), respectively. For 316L two

different 44.5 indenters gave identical resuits.
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Fig.l4: Mean stress 2 /d? as a function of reciprocal mean diagonal length d- 1
of tungsten {full) and silicon {open symbofs) for indentation angles @ of 44.5°

(A, A), 68 (o0, &) and 80.7 (m, =), respectively. The half-fiiled symbols
indicate Si immersed in silicon-oil. Included are results from ref.[8] (---) and
.mn-&‘ F11

. «Li]
s1mu1ate the d/h ratio of 2 Vicker’s indenter..
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4,2, York hardening

In figure 15 effective stresses H,/3 are plotted over the effective strains
€=0.2-cote [9]. The log/log plot in figure 15 allows to derive strain hardening

coefficients m, definad by:

m=log o/ iog € (11)

and to extrapolate yield strengths. To avoid too large uncertainties from wide
extrapolation only the 2% yield strength is given in table IV together with
strain hardening coefficients. These H,(2%)/3 values ccﬂpare reasonab?y 1o 00 2
(620 #Pa [29]). While the sofier materials Al, Cu and 316L show s1gn1f1cant
strain hardening, the martensitic steel shows a reduction of strength at higher
strains in agreement with tensile tests [30] where this behaviour was ascribed
to softening caused by replacement of the original martensitic lath structur by
a softer dislocation cell structure during straining. The britile materials Y
and especially Si practically show no effect of strain but a constant value H.
This fact indicates that hardness related to the projected area of the
indentation is a more adequate material parameter than DPH which is related to
the contact area, cf. equation (7), as DPH of Si and W would decrease with

increasing strain.
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Flg 15: Estimated flow stress H./3 as a function of effectave stra1n, g1ven by
0.2~ cote for materials as indicated.. :
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4,3. Younq’'s modulus

From the unloading curves, information on the elastic properties can be obtained
as given by equations (4) and (3a). Values of Young’s modulus E derived from the
unloading curves according to equations (4) are shown in figure 16 as a function
of load. The v values used are given in table IV and for the diamond indenters
E/{l-v2)=1012 [Pa] was used. The E values show no significant dependence on
indenter shape and only Al, Si and ¥ show some dependence of E on load. For Si
and W the remarks on hardness determination at low loads apply also for E, i.e.
possibly some systematic error at very small hp. In general the E-values are in
good agreemeni with literature [31] as included in Tigure 16.
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Fig.16: Young’s medulus E derived from the unioading curves according to
equation (3 -as a function of load L for indenter angles ¢ of 44.5 , 68 and :
86.7°, for Al (A.,s,m), Cu (/\,o,nm), Si (A,o.m), 316L (&,e,=), DIN 1.4914 .
(A\,0,03) and W {&,8,m). Included are E modulus data from literature (-- [31]. ' '
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5. Applications of submicron hardness testing

5.1. Effect of irradiation and of helium implantation on the hardness of

martensitic stainless steel

Martensitic stainless steels have been proposed for first wall and structural
material of future fusion reactors on account of their superior resistance to
void swelling and helium embrittiement. On the other hand, irradiation induced
increase of the ductile-to-brittle-transition-temperature (DBTT) is one of the
major concerns with respect to the use of these materials in irradiation
environments [32]. The standard technique for DBTT measuremeni is fracturing of
Charpy-Y-notched {(CYN) specimens. Even CVN tests using so-called subsize
specimens [31-36] involve specimen volumes =200 mm3 and thicknesses =3 mm. As
specimen thickness is Tlimited to much smaller values in irradiation or
jmplantation experiments employing ion beams and as only small irradiation
volumes will be available in high energy neutron sources [37], other technigues
are explored for DBTT evaluation under irradiation, using miniaturized CVN [381],
disc compact tension [39,40], and miniaturized tensile specimens [41-43].
Specimen size is reduced to thin TEM disks of 3 mm diameter in disk bend, i.e.
ball punch or shear punch tests [44-47], while microhardness tests even allow a
large number of measuremenis on one TEM disk. One major problem is %o correlate
irradiation induced changes observed by these techniques to changes in the
standard CYN test. Up to now it was found that the minifaturized (VN- [33,34,48]
and disk bend tests [46,45] on martensitic or ferritic steels give clear
transitions in the temperature dependence of absorbed energy but at lower
temperatures compared te standard CVN. In the disk bend tests this shift can be
reduced by using notched specimens and/or sharper punches [50]. On the other
hand tensile tests give no clear temperature step which could be assigned to
DBTT [51,52]. Bui even if a property such as tensile strength does not show a
clear transition in the DRTT temperature regime, this does noi exclude that
irradiation induced changes of this property can be correlated to a shift of
DBTT, e.g. refs.[53-55].

ot

It is assumed [33,56] that brittle fracture occurs, when the flow stress reaches
the stress for cleavage fraciure. As the dependence of cleavage siress on
temperature [57] and probably also on irradiation dose is weak, the shift of
DBTT by irradiation is primarily determined by an increase of fTlow stress.
Previocus studies have shown that irradiation induced changes in tensile strength
‘and “also shifts of DBIT are correlated to changes of microhardness ati room

tion of microhardness and “disk” bend tests “see

- temperatire [54]. For co
refs.[59,60]. ‘Also in ceramics hardness correlates very well with fracture
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toughness (for a compilation of suggested relations see refs.[61,62]). The
effect of helium on DBTT of ferritic/ martensitic steels has not been
investigated so far, as helium production in these materials by transmutation in
fast reactors 1is only possible by strongly increased nickel content, which
unavoidibly influences the mechanical properties [63]. On the other hand helium
implantation limits the specimen thickness to the range of the ea-particles, e.g.
~100 m for 28 MeV ¢ in steels, which is far below the value accessible to CVN
tests. Inspite of being the techmique which by far needs the smallest sample
size, the temperature dependence of microhardness of ferritic/martensitic steels
has not been investigated up to now. Therefore the present study investigated
effects of irradiation and/or helium implantation on the temperature dependence
of microhardness of these materials and possible correlations to DBTT.

The MANET version of DIN 1.4914 is the ferritic/martensitic reference material
in the European fusion programm. In the present study it was used in the MANET I
and mostly MANET II specifications. Composition and heat treatments of MANEY I
and Il are given in table II. The 100 gm thick foil specimens, polished by 1 um
diamond paste and soldered with indium to a water cooled copper heat sink, were
implanted with e particles. Details of the implantation apparatus are given
eTsewhere [64]. Homogeneous implantation of helium was achieved by degrading the
particle’s energy by a rotating wheel with aluminum foils of different tThickness
on its circumference. Specimens were implanted to helium concentrations of 7.9,
36 and 185 atppm, at implantation rates of about 0.02 atppm/s. According to
ref.[65] the helium implantation was accompanied by the production of
displacement damage of 5.4-10-% » 2.5-10-3 and 1.3-10-2 dpa, respectively, at a

rate 1.4-1078 ¢ n e eoffects of helium and of

rate of 1.4-107° dpa/s. In an attempt to separat

displacement damage, some specimens were also irradiated without degrader, i.e.
the a-particles passed through the specimens producing displacement damage
without implantation. These spacimens received displacement doses of 8.6-107%,
1.3-1072 and 1.1-1
remained below 100 € during irradiation and below 170°C during unsoldering.

L B ]

-1 dpa at a rate of 3.5.10-6 dpa/s. The specimen temperature

L

Microhardness measurements were performed on these specimens also after
annealing for 2 hours at 450°C and 650°C, respectively. To compare the effect of
annealing to damage production at elevated temperatures, specimens were also
investigated which were proton irradiated at 520°C or He-implanted at 650°C.
These Specimens'were cooled by flowing purified helium gas and temperature. was

}cantro]ied by pyrometry and resistance measurement.
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T1°C]
Fig.17: Microhardness versus temperature of specimens un1rrad1ated (o) and

irradiated to displacement doses of 9.6- 10-% (¥), 1.3 10-2 (A) and 1.1- 10-1
(@) dpa. Included are specimens which were homogeneous]y implanted with helium

to atomic concentrations of 7.9 (?7), 36 (él) and 185 gj) atppm, corresponding
to displacement doses of 5.4.10°% » 2.5-10-3 and 1.3-.10°¢, respectively.

The measurements of microhardness and Young’s modulus were performed with
quadratic pyramid diamond indenters with semiapex angies of 44,1° and
68.0 (Vickers), respectively, with a maximum load of 1 N at temperatures from -
160° to 150°C. At each temperature the average of five indentations was taken.
Figure 17 shows microhardness as a function of temperature of umirradiated MANET
I1 and of specimens irradiated or implanted to various deses. The iemperature
dependence of the unirradiated material is in fair agreement with measurements
of ‘the yield stress [66-88] of pure iron, if oy=Hp/3 is assumed. The hardness
measurements show no change by intermittent heating to 160°C. Irradiation as
well as helium implantation increase hardness or alternatively speaking, shift
the hardness (i.e flow stress) curves to higher temperatures. This shift only
slightly diminishes at the higher temperatures. Most of the curves show two more
or less clearly resolved steps with an intermediate plateau at hardness values
'between'3.53aﬁd3é.ﬁ GPa. The -DBTT of unirradiated MANET of about -25°C [36]
Corresponds on the hardness curve in fig.l7 to =3.57 GPa. - In figurells the
‘temperature at which H,=3.57 GPa is reached, is plotted for the ‘irradiated -and
.imp?anted specimens as a function of displacement dose. Temperature shifts up to
almost 200°C are obtained with significantly larger values for the implanted
1--specimens.compared to the irradiated ones at equal displacement dose.

HTHT
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Annealing behaviour of those specimens irradiated, respectively implanted to the
highest doses are shown in figure 19. Most of the irradiation induced increase
of hardness of the He-implanted as well as of the irradiated specimen recovers
already by annealing to 450°C. After the 450°C annealing the 185 atppm He
specimen retains a tnwperaturn shift of 40°C, while the 1.1- 10-1 dpa specvmen
retains a shift of ~25°C only below the plateau temperature. Annealing at 650°C
brings alsc the He-implanted specimen back to the original hardness values.

150 T T
A o -
100 - o =
Fig.18: Temperature at L e |
hardness Hp=3.57 GPa as a o ~
function of  displacement = <
dose for irradiated {(o,--) 50 / ”
and He-implanted specimens S
r
(8,-}. s .
’l
I’o
o L‘,’ 1
!
> a 1
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5 | | 1
-200 -100 0 100 200
T1°C]
Fig.19: HMicrohardness versus tiemperature ef specimens, unirradiated (o),

irradiated to a displacement dose of 1.1. 10-1 {A\) dpa, and ?mpianted with 185
atnom He fr-.\ Tha 1v-v';:r!1:-a+nr'§ specimen was annealed at 480 C (&) and the

e SRR B

f1mp1anted spec1men at 450  (e) and 650 C (8), respectively.
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For hardness measuremenis after irradiation or implantation at elevated
temperatures MANET I specimens from previous experimenis were available. These
results are therefore not fully comparable to the above results on MANET II. In
figure 20 hardness measuremenis are given on a specimen irradiated with 6.2 MeV
protons at 520 C to a displacement dose of 0.55 dpa [69] and on specimens
implanted at 500°C to helium concentrations of 33 and ~ 1000 atppm, respectively
[70]. For comparison hardness measurements at room temperature were also taken
from the unirradiated end pieces of the specimens {crosses). These values were
in good mutual agreement and matched about the value of the 33 aippm curve. Even
the 1000 atppm data show significant deviation only at temperatures above -60°C.
This is in contrast to the results after annealing in figure 19, where after
450°C a small excess hardness was retained uniformly over the whole temperature
vegime which then completely disappeared after annealing at 650°C. On the other
hand the proton irradiated specimen shows higher hardness at temperatures from -
120 to +100°C. This is again in contrast to figure 19 where the 450°C annealing
left some hardening only at temperatures below -40°C. These resulis indicate a
significant difference in the behaviour of specimens which were irradiated ov
jmplanted at elevated temperatures and those which were annealed after

irradiation or implantation at room temperature.

-200 -100 0 100 200

Fig.20: Microhardness (maximum load 1 N) versus temperature of MANET I specimens
jrradiated at 520 C with 6.2 MeV protons to a dose of 0.55 dpa (V/), and of
specimens implanted at 600 C with 33 (o) and =1000 atppm (¢) helium. Crosses
_indicate measurements at the unirradiated end pieces.
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Most of the above measurements were, in addition to the 136° Vickers indenter,
also performed with a sharper square pyramid indenter of 90" apex angle. Some of
these results are sketched in figure 21. The measurements before and after
jmplantation and after 450°C annealing show no effect of indenter angle within
experimental scatter. But after 650°C annealing the hardness determined by the
90° indenter is even increased compared to 450 C {dash-dotted Tines), while the
data of the 136  indenter (solid Tines) go back to the values before
implantation. In contrast the 185 atppm specimen show this increase in hardness
from 450° to 650°C annealing only at temperatures above -20°C (Figure 22).

-200 200

Fig 21: Microhardness (m:av-n;‘mm gad 1 N\ versus ?nmnprai‘ur‘g of SBPC']menS be‘FOY‘E‘
(o) and after (V) implantation of 36 atppm He and after annea]rng to 450 (A\)
and 650°C (83). Full and empty symbols indicate indenters of 90 and 136" apex

angie, respeciively.

The measurements of Young’s modulus during unloading show a slight decrease with
increasing temperature, and only a minor effect of irradiation as well as
implantation. According to figure 23 the implantation induced (185 atppm He)
increase of E diminishes from about 10% to 0% when temperatures is raised from -
160" to +160°C. On the other hand the irradiation induced {0.1I dpa) increase of
Eis only 10% at -160°C and increases to 20% at +160°C. Ho significant effects

érg qund_after irradiation or implantation at elevated temperatures.

i
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Fig.22: Microhardness (maximum load 1 N) versus temperature of specimens before
(o) and after (Y/) implantaiion of 185 atppm He and after amnealing io 450 ()
and 650°C (¥). Full and empty symbols indicate indenters of 90° and 136" apex

angie, respectively.
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Fig.23: Young's modulus of MANET II befcre'(c) and after irradiation to 0.11 dna
{A\) and implantation to 185 atppm He (F), respectively.
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5.2. Irradiation effects on braze junctions

In future fusion reactors braze junctions will be used for joining some of the

structural components and for fixing plasma facing materials like carbon to
metallic heat sinks, e.g. for divertor applications. Investigations of

irradiation effects on the properties of brazed junctions are performed at C.E.-
Saclay including a cooperative study on hardness.

The specimen consisted of two 316 stainiess steel plates brazed by a Ni-base
alloy containing =14 wi% Cr, 0.2 wi% Fe and 10% phosphorus (BNi7) at 1200 to
1366 K in vacuum [71]. The specimen were 3 mm diameter discs cut perpendicularly
to the junction and surfaces were either polished with 0.25 um diamond paste or
by ion milling {5 keV Art}. It turned out that the results of the following
investigations were not affected by the specific polishing technique. The
specimens were irradiated with 500 keV Ni ions at temperatures of 303 and 523 K
in a Van de Graaff accelerator at SRMP, C.E.-Cadarache [72] to a displacement

dose of =10 dpa.

Fig.24: Optical image showing the:
arrangement of indentations on a
cross section of stainless steal!
plates and an intermediate braz
region. The Targe indentations.
are markers, while the small
squares are the  measuring.
indentations. :

Microhardness and Young’s modulus were determined in the braze region and in the
adjacent stainiess steel plates with a Vickers indenter at room iemperature, at
a maximum Toad of 0.015 N, a Toading rate of about 20 nm/s and zero holding
time. The arrangement of indentations on the braze and adjacent stainless steel
is shown in fig. 24. Typical penetration depths were 300 nm (Vickers diagonal =
2 um) which is stightly more than the maximum range {=300 gm) of the 500 keV Ni
'Vions, This means that the measured hardness is dominated by the implanted region

:aﬁd;onTy minor contributions may come from the unimplanted part underneath, as

AT
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has been shown by theoretical calculations [21] and the investigations on thin
films in chapter 5.3. In the braze region two different load versus depth curves
were observed: one has a shape typical for metals, cf.fig.3a, while the other
shows more curvature of the unloading curve, resembling the behaviour of hard
materials, cf.fig.3b. Figure 25 shows typical load versus depth curves from the
stainless steel and from a high-hardness point in the braze region.
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The hardness values in the braze show a much wider distribution than in the
steel. Figure 26 shows the integrated hardness distributions in both regions,
i.e. the fraction of hardness values which are below a given value on the
abszissa: In the steel the distribution is close to a Gaussian with an average
value of 2.5 GPa (--), while in the braze oniy about 50% of the indentations
show a narrow distribution around 4.5 GPa while the rest shows a very broad
distribution, extending to values beyond 20 GPa (-). A possible explanation is
that in ithe braze region there are at least two different phases with different
hardness. This was confirmed by microprobe analysis which revealed a nickel
rich solid solution and a MpP phosphide [72]. The Tower (about 70% of the data)
rdness values probably belong to the solid solution and to the
phosphide phase, respectively. The dintermediate hardness values may be an
average of the hardness of small phosphides and matrix, weighted by a
geometrical factor which depends on the relative volume fractions and the depth
of the phosphide in the indentation volume. Data on Young’s modulus are given in
figure 27, showing large data scatter with significant higher values in the

braze than in the steel.
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Fig.27: Young’s modulus measured across the braze junction between stainless
steel plates before (g,¢) and after irradiation at room temperature (=) and at

523K (A).

Included in fig.26 are integrated distribution of hardness values after 500 keV
Ni irradiation to a dose of 10 dpa in the stainless steel {--:) and in the braze
{-<-), respectively. The stainiess steel shows scme slight hardening which does
not depend significantly on irradiation temperature, possibly due to the
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formation of a dislocation network which is rather insensiiive to irradiation
temperature [73,74]. In the braze region, the first steep part of the curves
which probably corresponds to the nickel base solution shows no significant
effect of drradiation, while the high-hardness part, which possibly describes
the phosphide phase, shows softening {e.g. amorphisation) due to irradiation. It
may be caused by softening or dissolution of the phosphide phase under
irradiation [72]. Also the irradiation effects in the braze show no significant
dependence on irradiation temperature. Young’s modulus does not show any change

in both regions by irradiation.

5.2.2. Carpbon-to-metal brazings

Carbon was brazed by CuAgTi braze metals to copper and molybdenum, respectively.
The surfaces were prepared by polishing with Si02 of grain size smaller than 0.1
gm. Figure 28 shows SEM pictures of the Cu/C and the Mo/C brazed regions with
the indentations. EDX anaiysis in the SEM with a beam of 20 nm diameter aliowed
to assign hardness values to the different regions. At least two phases in the
C/Cu braze region and at least Ffour clearly different compesitions in the C/Mo
braze region were fTound, see table V. Microhardness was tested with a maximum
load of 0.01 N, giving depths from 0.25 to 0.6 pum, depending of the area
investigated. Figure 29 shows typical loading/unloading curves from different
regions of the Mo/C braze. Copper shows within a distance of about 50 zm from
the braze a heat affected zone which contains a few percent of Ag and Ti. In
this zone hardness shows a characteristic variation with distance from the braze
with a peak about 20 mm from the braze, see Tigure 30. Such an effect was not

observed in moiybdenum.

Table Y: Composition, typical Tocation and appearance in the SEM and hardness
values of major compositional varieties in the Mo/C and Cu/C brazes.

composition location/SEM-appearance hardness [GPa]

Cu/C
100%Cu . bulk metal 1.320.3
100%Cu heat affected zone 1.5.-2.4
60-70%Ag,20-40%Cu  bright areas in the braze 1.520.3
~65%Cu, 30%Ag dark areas in the braze 1.420.5

Mo/C
w0 100%0 bulk metal (TZM) 3.120.7
- 50-80%Cu,20-50%Ti dark islands along Mo boundary 2.7x1.5
w0 70-80%Ag,17-25%Cu - bright areas in the braze 1.240.4
-86%Cu, 2-3%Ag dark areas in the braze- 1.5+0.4
3.4+41.6

© 45-60%Cu,35-55%Ti  rim along C boundary
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A major problem in both cases is the evaluation of the measurements on carbon as
this material shows a strongly curved unloading curve which almost parallels the

Toading curve, i.e. almost complete recovery occurs (see Tig.29). Therefore the
Tinear extrapolation of the initial part of the unlcading curve for the
determination of hy (cf. fig.2) is difficuit and the derivation of hardness and

Young’s modulus rather ambiguous.

Fig.28: SEM (20 kVY) pictures of the brazed region between metal (bottom) and
carbon (top, dark) in Cu/C (a) and Mo/C (b} showing the indentations.
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Fig,zgz Tynical loading/uniocading curves of moiybdenum (-}, bright (---} and
“dark (----) region in the braze and graphite {--) before irradiation.




36

The specimens were irradiated with 700 keV Kr*t ions at room temperature and at
673 K to doses of about 10 dpa. Only subtle if any effects of irradiation on
hardness were observed, cf. fig.30. Furthermore the variations in the hardness
values observed for the individual "phases" was so large (see error margins in
table V) that minor changes cannot be safely assigned to irradiation. This
results on hardness of brazed regions will be supplemented by investigations of

other properties at C.E. Saclay. 3 i | . T ; I |

hardness H [GP4]

-Fig.30: - Variation of
. hardness of copper towards
-the braze boundary before
{e,=) and after irradiation - .
at room temperature (&,--)
and 673 K (=,---).
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5.3. Investigation of thin metal films on_insulators

fietaliic films on semiconductor substrates are used for current leads on

microelecironic devices. Cooling from the elevated temperatures, used for film
production, induces thermal siresses which can cause disintegration of the

ii LEyse LV3 I 3 ) B PL
i

a
gral informa tresses in the films (indey f§

s

ion on the s f
ty can be obtained by measurement of the radius R of curvature of the subsirate
{index s) [75-77]:

LI

films. Int

o=(1-Epts/Ests)=(Es/(1-vs))-ts2/(6-Retf) (12)

Submicron hardness testing is used in an attempt to investigate the elastic and
mechanical properties of the film material as a function of distance from the
interface. Previous studies on this topic for example included 0.2 te 1.1 gm Al
- films on a Si0p/Si substrate [75], 1 to 3 ym Al films on Si [78,79], 0.06 to 0.4
 .gm_H films on.Si [9,75], also polymers on Si [80,81], hard coatings on metals
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[24], and implanted TJayers on steel ([82]. As already mentioned, the
microhardness of homogeneous materials is related to flow stress by oyzH/3 or by
more detailled relations including work hardening [83,84]. Determination of film
properties from straightforward assumptions Tike a Tinear superposition of the
hardnesses of Tilm and substrate as proposed in ref.[22] may be oversimplified
and elastic modulus [9] and hardness [21] of the film must rather be derived

from more inveolved relations.

Aluminum films of 0.4, 1.6 and 4.0 um thickness were prepared on vitreous silica
by evaporation. Details of specimen preparation and characterisation has been
1.6 pm aTuminum films. There appears a marked change in the shape of the curves,
mainly during unloading. At small indentation depth (solid line) the loading
curve shows slightly Jess curvature, dus to some linear part in agreement wWith
the observation in the studies on ISE (chapter 4). The unloading curve is stieep
at small indentations as expected for metals, see chapter 4, and becomes flatter
with increasing depth, dus tc the increasing contribution of the hard substrate.
Hardness data from films of 0.4, 1.6 and 4.0 mm and bulk material as a function
of indentation depih hp are given in figure 32 for indenters of =68 (Vickers)
and 86.5 . At least the 1.6 and 4.0 um films show almest constant hardnass over
a wide range of depths. Only at depths around the fiilm thickness, hardness
staris to increase due to the conitribution of the subsirate. At large depths the
hardness measurements for hard substrate covered by a soft film can be
tentatively described by subtracting the film thickness from indentation depth

as proposed in [85]:

~

Hg=2L/{d2+(1-t¢/hy)?) (13)
This relation is plotted in ¥ig.32 by the dash-doited lines, assuming Hg=0.8
s obtained f i3 in chapter 5. This relation fits the measurements on

indenter quite well, while for the two other films
a better Tit would be obtained by assuming thicknesses of 0.2 and 3.5 mm instead
of the given values of 0.4 and 4.0 mm, respectively. While details of the fit
are certainly influenced by the values of iy and Hg, nevertheless systematic
deviations from equation (13) exist. For example, at hp»tf,_ eqguation (13)
predicts a dependence of 2L/d2 on hp for equal tf which 1is independent of
indenter shape. This is certainly not the case. Especially the data from the 1.6
pm film with the 80.5 indenter do not show any increase. in hardness at depths
much larger than the film thickness and also the tg=0.4 ym data show systematic

deviations.
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Fig.31: Normaiized — 0.5
foading/unloading curves -
with =68 (Vickers)
indenters on 1.6 gm Al Tilms

on vitreous silica. Maximum
loads [mN] and indentation
depths [pmm] were 4.0, 0.43
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F1g 32: Hardness versus depth curves of alum1num films of 0.4 um (A\), 1.6 um
(0), 4.2 um (p) and >2 mm (V) thickness on vitreous Si0y substrates. Qpen and

filled symbols indicate indentations with square pyramid indenters of 68 (solid

lines) and 80.5 (dashed 1lines) haifapex angies. The arrows indicate the

“thicknesses of the Al films. The dash-dotted lines correspond to egquation (13)
wWith He=9.8 [GPal and the dash-double- dotted ]lnes describe the indentation size

effect “of Al accord1ng to equat1on (8)
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The results in figure 32 clearly show that the "hard"substrate becomes
noticeable only at indentation depths greater than the film thickness. This is
in good agreement with theoretical calculations [21], while previous
measurements found this Timit even at slightly higher depth [86].

In Figure 33 the hardness values iaken at hp=tf/2 are plotted versus reciprocal
film thickness. For the 0.4 gm film no piateau of hardness couid be detected
within the minimum depth (=200 nm) of the present instrument and the respective
value must therefore be considered as an upper Timit. Included in fig. 33 are
data from ref.[75] which are in reasonable agreement with the present results,
except for that 0.4 pgm data point. A reciprocal dependence on thickness
(or[MPa]=18+131.3/t¢fm]) has also been found for the flow stress or as

determined by bending measurements [771 in agreement with previocus studies
[75,78]. A plot of or versus hardness is given in figure 34. For a detailied
analysis alsc the effect of grain size on Tlow siress must be taken into
account, as it is almost impossible to keep grain size constant in films of
different thicknesses. But it has been shown in refs.[75,77] that a Hall-Petch
type grain size dependence with the parameters of aluminum cannot expliain the
thickness dependence of flow stress, despite there is some effect. Theoretical
descriptions of the flow stress of thin films have been discussed in detail in

ref.[77].
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Fig.34: Flow stress of derived from bending tests versus hardness H,. Symbols as
in fi19.32. Included are results from ref.[75] (%), and the relation onHp/3 {---

5.4. Flastic proverties of exide films on SiC ceramic

There are certain applications which call for protective layers on ceremic
materials, e.g. oxide films on SiC which are produced by steam oxidizing. The
characterisation of these layers inciudes measurement of elastic properties
which can be done after peeling off the films or in-situ by instrumented
microhardness testing. In the present investigation oxide layers of about 10-um
thickness were tested by submicron indentation at room temperature with loads of
0.01 to 0.11 N, giving indentation depths of =<0.7 gm, i.e. much smaller than the
estimated oxide thickness. Hardness values Hp of 9.8x1 [GPa] and Young’s
moduius E of 74+2 [GPa] were obtained, both virtually independent of load. The
£—va1ue is in very good agreement with literature data of vitreous silica, see
ref.[31], while on the other hand for SiC, E-values around 400 GPa are reported.

~This results identify the oxide Tayer as yitreous $i0s and indicate that itis

elastic modulus is neither affected by the small thickness nor by the underiying
.. bulk SiC. B




41

5.5, Indentation creep

The term “indentation creep’ is used for measurements of the time dependence of
indentation under constant load. Actually this type of measurement 1is closer
related to stress relaxation than to creep. As already mentioned, in indentation
experiments with Tinear indenters 1like pyramids and cones, strain is constant
~0.Z2-cote [6], while during progressive indentation under constant load, stress
is decreasing due to the increasing support area. The major difference to an
uniaxial stress relaxation test is the increase of the deformed volume when the
indenter is penetrating. In the following only some experimental results will be
given, while a discussion on the basis of dislocation behaviour would be rather
involved, cf. the respective articles in handbooks on creep and stress

ralaxation.,

LAG w

Figure 35 shows the load versus depth curves of 1 mm thick specimens of 99.999%
aluminum from VAW, Germany, during indentation creep with a Vickers indenter at
a load of 0.5 N for 18 hours at 105  and 265 C. The load is kept comstant to
better than 1% by electronic control. As already shown in Figure 3a unioading of
Al produces negative load, probably due to some "sticking" of the indenter to
the specimen. The depth reached after Tload application was in the following
subtracted from the total depth and only the penetration increment Abhg is
plotted in the figure 36 as a function of holding time.
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Fig.35: Load versus depth curves of 1 mm thick specimens of 99.999% Al during
indentation creen with a Vickers 1ndenter at a load of 0.5 N for 18 hours at

105 and 265 °C.
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Fig.36: Indentation creep 376 C
curves of 99.999% Al under a
constant load of 0.5 N. The
penetration incremenis were
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penetration depths during
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The standard approach ito describe siress relaxation assumes that elastic strain
o/E is continuously transtormed to plastic strain €p, such that the total strain

€ remains constant:

€ = 0/E" + ¢ (14)

The elastic modulus E’ comprises contributions from the specimen and from the
testing device. In conventional stress relaxation experiments the testing device
makes a large and often not precisely known contribution to the strain and thus
causes appreciable uncertainties. In this respect ihe present set-up has big
advantages as the strain measurement by capacitance directiy at the specimen
surface avoids almost any exiransous contributions and E’ is very close to E. If
the plastic sirain raie is derived from a steady state creep relation:

5p=B°on°t (15)
ocne obtains by integration:

o-(n-1) - gg=(n-1}) = (n-1)+BeE-t (16)
With the relation between stress and indentation depth, given by equation (2a),

fthe_f01lowjng time dependence of depth_is_obtained:_

n2n) - pg2(0-1) < (ne1)eBe (Lecota/a)n1oEet (17)

e T S
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t=0 and hg were taken when the load L was applied and it was tried to fit
equation (17) to the present data. Literature data on the siress exponent n of

Al concurringly give values around n=4.4 [87]. But even for other values of wn,
equation (17) does not fit the present data. Therefore equation (15) was
replaced by a transient creep equation. Transient creep is usually desribed by
xpressions given by Andrade [88]:

ep=C=anet1/3 (18a)

or by McVetiy [89]):

€p = Ceoe(1-et/T) (18b)

A general description of transient creep of pure aluminum has been given in
ref.[90] using data from ref.[91], yielding C-0" = 0.105 and T'1=°2°€S, where &g
is the stationary creep rate. The latter can be described [92] by:

€s = 3.5:10719 . o0 o-Q/KT/ 7 (19)

where n=4.4 and 0=1.56 eV,

Integration of equations {14) and (18a) or {18b) vields:

o-(n-1}) . gg-(n-1) = (n-1).C.E.(£1/3-141/3) (20a)
o~(n-1) - g4=(n-1) = (n-1)sCEe (e ty/T-0-1/T) (20b)
and correspondingly:
h2{n-1) - hg2{n-1} = ¢.(n-1)«(L-cot20/a4)n-1.£.(£1/3-141/3) (21a)
and
h2(n-1) - po2(n-1) = Ce(n-1)+(L-cot2a/4)n"1.Ec(ety/T-e-t/T) (21b)

The present treatment implies that plastic deformation results from elastic
strain, cf.equation (14), and that the deformed volume which relaxes according
to equation (18) is constant. A basically different point of view was taken 1in
ref.[83] where the plastic deformation strain rate and the relative increass of
the radius of the deformed volume was set proportional to the penetration rate,
while ' the contribution of elastic forces was neglected. For strain egquation
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h2n - hg2N = C7ene(Leocot2e/4)N. (£1/3-1l/3) (22)

where C’=~C within a factor of about 3. A discrimination between the two
transient creep equations (18a) and (18b) was ftried by fitting of equations
(21a) and {21b or c¢) to the indentation creep curves as shown for example in
fig. 37. In such a plot a linear relation is expected from these equations. In
fig.37 the n=6 curves, if any, fulfills the demand of Tinearity. Fits of
equation (21b) come closer to Tinearity, but with unreasonably large 7 values,
which in addition are almost independent of temperature, in contrast {o
equation (18b) which suggest an activation energy for 7 equal to that of steady

ir

- iy P S g
Y as obtained

L]

state creep, i.e. values from 1.21 to i.54
creep experiments [94].

173 3. 183
- 5

Fig,37: Fit of the indentation creep curves at 105°C {solid, left ordinate and
265 C (dashed, right ordinate) of fig.36 to equation (2la). n is the stress
exponent in.equation (18a) and x is the exponent of the scale on ihe ordinates.

_!Indentation _Creep measurements were also performed on type DIN 1.4014
-martensitic stainless steel (MANET II) which showed only very small penetration
~ increments, cf.fig.40.




45

5.6. Indentation fatigue
Recently repeated indentation has been proposed as a method for studying fatigue

effects in ceramics [95,96]. The impression fatigue test has also been applied
to metals using a cylindrical flat end indenter [97]. But only the advent of
automatic, fully instrumented microhardness testers makes indentation fatigue a
viable tool for material science. It will be shown in the following thai this
adds an attractive facet to the possibilities of an instrumented microhardness
tester. Figure 38 schematically shows the load versus time dependence in an
indentation fatigue test with maximum and minimum TJoads of 0.5 and 0.1 N,
respectively, with holding times of 10 seconds on both tlevels. From an
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experiment at constant strain, as given by the indenter angie, under a stress

which is decreasing as pentraiion proceeds. As airesady set out in the context of
indentation creep this means that indentation fatigue actually 1is a cyclic

stress relaxation test under intermittent loading.

time [s]
Fig.38: Schematic view of the loading program in an indentation fatigue test.

Figure 39 compares indentation fatigue to indentation creep resuits on 99.9399%
Al at 0.5 N Toad areund 106 and 371°C. For the fatigue test the tofal cycliing

i was measursed at maximum

Les

time is given. The penetration depth in the fatigue i
load. ¥hile at 106 C the deformation in the indentation fatigue test is sTightly
higher than under constant lead, the deformation found around 371°C under cyclic
loading is much smailer. One vremarkable feature 1is that the penetration

increment even is sTightly reduced after about 300 cycles (15000 s).

Indentation fatigue tests were also performed at -100°C, 0°C and 80°C with a
quadratic pyramid indenter of 88.2 apex angle on MANET II martemsitic stainless
steel {cf.table II) which was polished by 1 um diamond paste. In figure 40 the
fatigue results are compared tc indentation creep at 80°C aiso by the 88.2°
indenter with 0.5 N constant load. The penetration depth in the fatigue test was

CEY
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again measured ai maximum load. The most prominent result is the much larger
penetration depth in the fatigue test tham in the creep test even with the
maximum load of 0.5 N kept only for 1/5 of the total cycling time. Furthermore
the penetration increment at 80°C is slightly smaller than at 0°C. The increase
in area during proceeding peneiration at constant load can be converted to a
decrease in stress, giving reduction of strength by 22% (-100°C), 26% (0°C) and
25% (80°C) after the 1000 cycles fatigue tests, respectively, but only 2%
reduction after the 15 hour creep test.

20 I I

Fig.39: Comparison of
indentation fatigue {dashed)
to indentation creep {solid)
results on 99.995% Al at 0.5
N around 106 and 371 C. In
contrast to fig.38 the
holding times were only 5 s.
The  instantaneous  depths
[#m] 1in the fatigue tests
were 12.25 (107 C) and 21.08
{366 C), respectively, while
those of the creep test are
given in fig.36.
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Fig.40: Comparison of E ) T
indentation fatigue (dashed) =Los5(- -7 _ 4% 1000 cycies |
to indentation creep (solid) 5 &
results on MANET II i
martensitic stainless steel 4
at 0.5 N and temperatures as "
indicated. The instanianeous !
depths [mm] in the fatjgue o
test ‘were 5.69 (-100_C), ! 80 C
5.96 (0°C) and 6.47 (80°C),. 0 —i f f : |

and 6.27 in the creep test. 0 i 2 3 4 5
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The indentations after the indentation fatigue and creep tests were investigated
by SEM. The SEM pictures from fatigue tests showed no significant variation with
temperature. The pictures from test at 80°C are shown in figure 41. Both show
some pile-up around the indentation but no visible cracks. Some of the fatigue

indentations (fig.41b) show some chipping, probably from the rim. This occured
independent of temperature, but not on all specimen locations, being probably

[$171

inhibited by improved surface smoothness.

Fig.41: SEM (3 kV) pictures afier indentation fatigue (
creep (¢) on MANET 11 mariensitic stainless stesl at 80 C w
i

b) and indentation
i h
oad of 0.5 N, cf. Tig.40.

b
th 44,1 indenter at

it was also tried to investigate the effect of superposing an external tensile
stress to the inherent comprassive siress under hardness testing. This was
achieved by convex bending of Toil specimens of thickness d on a radius r which

was determined by:

r=d/ 2 (23)

where the strain ¢ on the tensile side was about 0.4%, i.e. the imposed tensile
stress was about the conventional og » yield stress. Figure 42 shows that in
MANET II the measured hardness was reduced by bending, but only at temperatures
from  about -130° te -16°C, while at higher temperatures the difference
disappeared. A reduction of hardness by up to 12% due to tensile stresses has
also been observed in ref.[98], while in thin films [75] no significant effect
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 Fig.42;;Hardness testing on flat (@) and on bent (/\) MANET II specimens with a
“@=44.5  indenter. The specimen thickness was 100 um and the bending radius was
12 mm, corresponding to a tensile strain of 0.4% on the tensile surface.

6. Discussion

6.1. Relation of ISE to other mechanical properties

The phenomenological description of ISE by equation (8) to some degree resembles
that-of the Hall-Petch relation between strength ¢ and grain diameter s:

o =o0g+ k/S3 (24)

and average values of Kkp=1/3

o

&

with k=kg-#-/B/7n (u=shear modulus, b=Burger vector
S
L

wha

for fcc and =1 for bcc metals, cf. ref.[99]. Recent investigations show that
with few exceptions [100] relation (24) holds only down to some minimum grain
size of about 1 gm in nickel [101] and 12 wm in iron [102]. Alsc investigations
on_hanocrystal]ine material show strongly reduced [103] or even ﬁegative [104]
k-va]ue5~ét very-small grain sizes. This.thange.of k has also been tentatively
explained by a geometrical restriction of the dperation of.éisiocation SOUrces
in Qery;sma1i grains [105}..An_increased nardness and Strength below thicknesses
around 1 :gm -of Al-films on -Si-substrates. has bean attributed -to geometrical

ts on dislecation behaviour [75].
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6.2, Ductile to brittle transition of martensitic steel

Similar to tensile properties [51,52], the present microhardness data do not
show a sharp transition which could be directly associated with DBTT.
Nevertheless a temperature shift can be assigned to the hardness curves after
impiantation or irradiation. In figure 18 the temperature corresponding to
Hp=3.57 GPa, 1i.e. the value corresponding to the DBTT ~-25°C from CVN
measurements of unirradiated material [36], was plotted as a function of
dispiacement dose. AL equal displacement dose the temperature shifts are
significantly larger for the implanted specimens. In previous proton
irradiations of 12%Cr-martensitic steels to very small doses no irradiation
effect was found in disk-bend tests [106]. In figure 43 the results from the
present hardness measurements on irradiated specimens are compared to results of
Charpy-V-notch tests on reactor irradiated 12%Cr martensitic steels. As the
irradiation induced shift in DBTT diminishes for irradiation temperatures above
about 400°C and almost vanishes above 475°C {36,107,108], only data from
irradiations below 400°C are included. Obviously the present data of the room
temperature irradiated specimens {--) are above the irend of CVYN measurements at
300°C on MANET I (+,{36]) and low dose measurements on two other 12Cr-IMoVy
martensitic steels [108,109], irradiated at 300°C (x,/\}). On the other hand the
present value after 520°C proton irradiation (---) is slightly below. Recent
results indicate that DBTT shift may also decrease at temperatures below 400°C
[110,111], possibly showing a siower increase but a higher saturation value of
ADBTT at the lower temperatures [111]. Hore investigations in this temperature

regime are needed before a movre detailled comparison is possible.

=

The much larger temperature shift observed at equal displacement dose in helium
implanted specimens (fig.18) is in agreement with results on Ni-doped specimens
irradiated in HFIR to produce helium by transmutation [112], while in ref.[63]
no significant difference betwesen DBTT shifts of Hi-doped (tc increase helium
production by transmutation) and undoped specimens was found. One problem in
this respect is that Hi-doping by itself changes mechanical and aging properties
of these steels. For compositional effects on DBTT, compare ref.[63]. Therefore
additional investigations are also needed to compare these two methods of helium
production - implantation versus Ni-doping - and their usability to assess the
effect of transmutation helium on DBTT of martensitic steels.

The annealing vresults clearly indicate that the DBTT shifts after high
temperature irradiation or implantation are quite differentz from those observed
after anneaiing of specimens irradiated ate Tower temperatures.
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Fig.43: Comparison of the temperature shift of hardness at 3.57 GPa of room
temperature irradiated specimens (--,fig.18) and after 520 C irradiation (-0-)
to DBTT shifts_in 12% Cr steels after reactor irradiation megsured by CVN on
MANET 1 at 300 C {+) [36]; on HT-9 at 55 ¢C (8) [113] and 380 C (_) [11l]; on
12Cr-1MoVH at 50 C ( ), at 300 C (A) [108], (A) [110], at 330 C { ) [52], at
365 C (\/) [114,115], and 400 C (o) [115], (o) [110]; and on JFNS-5 at 300 C (x)
[109]. Full symbols indicate irradiation in HFIR, others in fast reactors. -
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1. Summary

The insirumented hardness testing device at variable temperature was used for
variety of investigations, giving among others the following results:

1) A1, Cu, 3i6L and to some degree 1.4914 show indentation size effects which
can be ascribed to an exira hardening coniribution from the rim of the
indentation. The hard materials W and Si show no identation size effect.

2) The ratios Hg/H, of the hardness of the rim (Hp) to that of the bulk (Hy)
show no systematic dependence on indentation angle and decrease with increasing

hardness of the material from =2.4 (A1) to 1 (Si,¥).

3) The widths of the effective rim area show no systemetic dependence on
indentation angle or material and range from about 1 toc 3 um.

4) From hardness measurements with different indentation angles yield strengths
were extrapolated and strain-hardening coefficients derived.

§) From unloading after indentation, Young’s modulus is derived in reasonable
agreement with Titeratur data.

6) HMicrohardness of DIN1.4914 martensitic stainless steel 1is increased by
irradiation and by helium implantation.

7) The enhanced hardness can be associated with a shift of DRTT.

8) At equal displacement dose the He-implanted specimens show significantly

larger shifts than specimens irradiated without implantation.

8) Ion irradiation changes the hardness of phosphide containing brazes used for

Joining stainless steels.

10) Thin silica layers on silicon-carbide were identified by their__?oungfs
modulus derived from hardness measurements. '
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