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Abstract

CrNi-alloys with high Cr-content generally are quibrittle and, therefore, only available as castingd regarded as
neither weldable nor deformable. The process ofiém surfacing offers a possibility to generat&@\i40 coatings e.g. on
steel or Ni-base substrates. Cavitation tests warged out using an ultrasonic vibratory test (HASTM G32) with cast
specimens and friction surfaced coatings. The ngatshow less deformation and smaller disruptiand,wear rates in steady
state were found to be three times higher for et and heat treated samples than for the coatiagsed by a highly wear
resistant Cr-rich phase. The results of this ststuyw that it is possible to generate defect frestings of Cr60Ni40 with a
thickness of about 250 um by friction surfacing,ckhunder cavitation show a better wear behaviantthe cast material.
Thus, in combination with a ductile substrate, ¢hesatings are likely to extend the range of appiity of such high-

temperature corrosion resistant alloys.

Keywords:solid-state joining, hardfacing, two-phase alloycrostructure

1. Introduction

The alloys of Cr60Ni40-type (ASTM A560) inhibit autstanding high-temperature corrosion resistande a
therefore, were applied in the past for refinerynfices [1] and applications with comparable openati
demands. They have a high strength, but are quitdéebdue to the high Cr-content. Values requitedthe
ASTM standard [2] for mechanical properties andngical composition are given in Table 1. Cr60Ni40 is

regarded to be non-deformable and non-weldablegfine being only available as castings.
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Table 1. Chemical composition and properties of0B80 according to ASTM 560/A 560 2]

C Mn Si S P N Fe Ti Al Cr Ni
<01 ] <10 | <10 | <02 | <02 | <03 | <10 | <05 < 0.25 58.0 - 60.0 balance
tensile strength > 760 MPa yield strength > 590 MPa

A second large field of applications for Cr-Ni alois as thin film resistors in microelectronicar Rhis
reason, the structure and electrical propertiealofs with various Cr-Ni-ratios have been exteebistudied in

thin sputtered films, leading to the identificatiohseveral non-equilibrium phases [3-6].

For the binary Chromium-Nickel system, usually ehegjuilibrium solid state phases are denoted, lesich
fcc Ni- and bcc Cr-rich solid solutions as well @s ordered NCr intermetallic phase below 590°C [3, 7]. A
eutectic exists which is reported by different aushranging from 46 to 49 wt-% Ni and 1327 to 1323%2, 7, 8].
A calculated phase diagram from [9] is presentedrion 1. Additionally, several non-equilibrium plessare
reported, most frequently identified as tetragan@hase or cubi® phase. One reason for the multitude and the
partly non-conclusive discussion of phases in €m-rCr-Ni-alloys is the low solubility of Ni in Crtaoom
temperature. While at the eutectic temperature aypmately 35 wt-% Ni can be dissolved, this valueps
rapidly with temperature, so that below 900°C ldgmn 5 wt-% are solvable, with a further decreaserdto

room temperature. Exact numbers for the solubdlftili in Cr at room temperature are not given [3-7]
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Fig. 1. Phase diagram of Cr-Ni system [9].

Friction surfacing is a solid state joining proceskich is accomplished by pressing a rotating modde
from the coating material, onto a substrate. Thetip is plasticized by the frictional heat and ah#&rces and
when a translational movement is superimposedpléicized material is transferred onto the sualbstrDue to
the severe plastic shear deformation and high rgatate the coatings remain in a wrought and quexhchate
with a microstructure being finer and more homogenihan that of the casting. Details of the protess& been

published amongst others in [10-12].



This contribution shows that it is possible to gete Cr60Ni40 coatings on Nimonic 80A substratee Th
evolution of the microstructure and hardness aseudised. In order to investigate one aspect ofwbar
behavior, cavitation tests were carried out usingurasonic vibratory test rig (~ ASTM G32), comipg the
original as cast state and the friction surfacedtings. The presented results indicate that tha§®NG40
coatings, in combination with a ductile substratee likely to extend the range of applicability tbis high-

temperature corrosion resistant alloy.

2. Experimental Methods

2.1 Friction Surfacing of Cr60Ni40

For the coating process, sheets from Nimonic 808yal[ASTM B 637; 2.4631) with a thickness of 10 mm
were used as substrate material. This high-temperailoy contains about 70 wt-% of Ni, 20 wt-% &rd some
small additions of Ti, Al and Fe. The surface af $heets was ground plane, and was prepared feutfecing

process by degreasing with acetone.

The rods from Cr60Ni40 had a diameter of 20 mmglsimnd multiple overlapping coatings were prepared
with a rotational speed of the rods of 3500 TniAt the beginning of the process, the rotating was pressed
onto the substrate with a downforce of 28 kN angtt ker 110 s. In this period, the substrate wasmeat by the
frictional heat and the material in the rod tip vgaficiently plasticized. The latter was assedsgdheasuring the
shortening of the rod under the applied pressutéciwwas 3 mm in the preheating phase. The traoskit
movement was then applied with a speed of 0.33 m/im friction surfacing not the complete amount of
plasticized rod material is transferred onto thiesttate, but some portion is pushed up arounddtiea build up
a flash. If this flash cannot be removed duringaging and reaches the clamping of the rod thega®enust be
stopped. A detail of the ongoing process is presknt Fig. 2 (a). Wider coatings were produced bgriapping

several layers with an offset of 10 mm. Fig. 24h) (c) show a single and a triple-layer coatirgpeetively.

Fy=28 kN
\UJ ® =3500 min'
=) V =0.33 m/min

Fig. 2. (a) Detail of the friction surfacing prosesf Cr60Ni40, (b) single and (c) triple-layer dogt



2.2 Metallographic methods

The rods used to produce the coatings by frictimfasing were machined from commercially availatdet
and heat treated components. Cross sections wepaned by standard metallographic methods from such
material and examined by light- (BX41TF, Olympusticg Co. Ltd., Tokyo, Japan) and scanning-electron
microscopy (Leo 1530 Gemini, Carl Zeiss Microsc@aybH, Jena, Germany) including energy dispersivay-
analysis (EDX) (Apollo X10, EDAX Inc., Mahwah, USAYo reveal the microstructure the polished samples
were etched with a solution containing 100 ml HO)0 ml HO, 10 ml HNQ and 1 ml Dr. Vogels’ etchant
(Buehler GmbH, Dusseldorf, Germany), which contgingpanol and thiourea. Cross sections of the siagd

overlapping coatings were prepared with the visgdée perpendicular to the welding direction byameof the

same method.

For further analyses of the microstructural change€r60Ni40 during friction surfacing, samples wer
prepared from the coatings for transmission-electnicroscopy (TEM). For this purpose, sections oétig
layers were cut off the substrate and ground tis fofi 100 um thickness on SiC grinding paper. Dizst8 mm
diameter were punched from the foils and furthamrted by electrochemical jet polishing (TenuPoli8)ng A2
electrolyte (Struers GmbH, Willich, Germany). A Bps EM 400 microscope with an accelerating vo#tagf
120 kV was used for the investigations (PhilipscElenics Nederland B.V., Eindhoven, Netherlands).

2.3 Cavitation testing

Samples for cavitation testing were prepared fraast @nd heat treated material as well as triplerlay
Cr60Ni40 coatings. They were cut to sizes of al&suk 25 mm, and 10 mm thickness. All samples weoind
to be plane and then polished with diamond suspeasiown to a grain size of 3 um.

The cavitation testing was carried out following™8% G 32-03 [13] with some modifications. In the sgta
sample was fixed in a rigid holder and immersed aistilled water to a depth of 12 to 15 mm beloatev level.
A double walled container was used in order to kbepwater temperature at 25 * 3 °C by a cryostanke K20,
Fisons Instruments GmbH, Karlsruhe, Germany) thinoug each experiment. An ultrasonic generator vsasl tio
excite a sonotrode to oscillate at 20 kHz with enplitude of 19 um during the experiments. The ergeable
flat tip of the sonotrode had a diameter of 16 mmd avas positioned 0.5 mm above the sample. The fast
oscillation of the sonotrode induces cavitationhie gap between the sample surface and the soedimdn this
set-up, the sonotrode tip is exposed to the saadirlg as the sample, and therefore also experiemeas The
tips used in the present study are made from the ltardening stainless steel X13CrMnMoN18-14-3 452
“P2000") and were replaced and refurbished aftelo6bavitation testing. Each experiment was rurcentain
intervals, after which the sample was removed ftbetest rig, cleaned with acetone in an ultrasaiganing

bath, thoroughly dried and then weighed. Each weigbasurement was repeated 5 times on a scaleawith



precision of 10 g (AC211S, Sartorius AG, Goettingen, Germany). Addally, the wear appearances were

investigated by scanning-electron-microscopy (SEMee samples of each state were tested.

3. Reaults

3.1 Microstructure of cast and heat treated state

Before friction surfacing the microstructure in tloels shows the dendritic structure being charestieifor
the cast state (Fig. 3 (a)). The darker regiongiarein Cr, while the regions with a brighter appgnce show the
lamellae of the eutectic solidification (Fig. 3 bWithin the Cr-rich regions, a needle-shapedrirdk structure
becomes visible after etching. Here, Ni-rich phamespresent as well (Fig. 3 (d)). Presumably tlstsm from
segregation processes during cooling, which camattvbuted to the low solubility of Ni in Cr, as mé@ned
before (Fig. 1). The chemical composition of th&fetdent phases was analyzed by EDX attached tdStd.
Within the areas with needle-shaped internal stirecthe Cr:Ni ratios varied between 57:43 and 61n3@t-%.
The Ni-rich phases within these areas have a GQroNiposition of 48:52. For the eutectic areas th&lidatios
ranged from 47:53 to 50:50. Spherical non-metafiusions rich in Si, Mn, and O are found throughthe

samples (blue arrows in Fig. 3 (a and c)).

3.2 Microstructure and hardness of coatings

A light-optical image of the etched cross sectimmtigh a single layer coating, perpendicular tovieéding
direction, is presented in Fig. 4. The Nimonic stdie was not affected by the etchant. At both sddeng the
coating a lack of fusion is visible because theliagdpdownforce is not transformed into a sufficiemntact
pressure at the outer diameter of the rod. Tharapyers have a thickness of 247 + 41 um ancasgwidth of
10.9 £ 0.9 mm, of which 8.7 £ 0.7 mm are bondedht® substrate. These data were obtained from fiereint

single layer coatings, each measured in threeiposit

No defects, voids or other peculiar features wermd at the bonding line. After etching, darker anighter
regions are visible in the coatings by light miomsy, showing the material flow during the coatipmgpcess
(Fig. 5 (a@)). Further grain boundaries are visibl¢he darker etched areas as well as small ptatdsi within the
brighter one (Fig. 5 (b)). Fine needle-shaped pitates become visible within the more stronglyhett phase
(Fig. 6 (a) area 1 and Fig. 6 (b)). Measurementh®flocal chemical composition of the material evebtained
by EDX in the SEM and, with some local variatioasgerage ratios of Cr to Ni in the two main phasesew
found, as indicated in Fig. 6. In the more strorgfighed regions, the average ratio in wt-% of Qxitavas found
to be 63:37, and in the constituents less affebtedtching, it is 52:48. Additionally, approximatel.2 wt-% of
Fe were found in all constituents. Mn, Si and Travenly found in the spherical non-metallic inctuss, which

are still present as seen in the cast and hea¢trstate.



eutectic

Crich
' \ . e Cr-rich

= Ni-rich

10pm Mag= 461X EHT=2000kV Signal A=SE2  Signal= 1.000 2pm Mag= 200KX  EHT=2000kv SignalA=SE2  Signal= 1.000
WD=108mm  Signal B = InLens WD=109mm  Signal B = InLens

Fig. 3. Microstructure of the cast and heat treatatk of Cr60Ni40. The brighter regions are thedic phase, the darker
ones are a Cr-rich phase containing additionallyitti precipitates. The blue arrows denote non-tnetaclusions rich in
Mn, Si and O.

Fig. 4. Cross section of a single layer coating.



1013'pm

Fig. 5. Cross section of a Cr60Ni40 coating, showa) complete coating thickness as well as patti@tubstrate, and (b)
two-phase microstructure with small precipitates.
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Fig. 6. Cross section of a Cr60Ni40 coating (et¢hsldowing the two-phase microstructure and the fieedle-shaped
precipitates within the more strongly etched ph@be. average ratios of Cr:Ni determined by EDXéameyal measurements
are 63:37 and 52:48 within the exemplary areasdl2amespectively.

Hardness measurements were conducted on singledaygs sections by the Vickers’ method using ayhiei
of 5 kg (HV0.5). The first measurements were plabédim below the coating surface and the followamgs
were placed at distances of 100 or 200 um advarnoibogthe substrate material. In Fig. 7 measuremanthe
centre of three different coatings are presentbd.Bardness is highest within the coatings andesafrgm 420 to
550 HVO0.5. Underneath the coatings, a significanpdn hardness to 270 HV0.5 is found within thatreffected
zone, followed by a rise to that of the substrdtebmut 400 HVO0.5.
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Fig. 7. Hardness profile of single layer coatingsting 50 pm underneath the coating surface.

3.3 Multiple overlapping layers

The multiple overlapping layers show the same nsicuwtural features as the single layers. The lafck
fusion could be bonded to the substrate by the hedtpressure from the overlapping layers. The imgnd
between the layers is free of defects; still oamaally oxide inclusions were found. The overlapioag can be
identified within the cross sections by the flomds of the material depicting the mechanical inbeirmg
(Fig. 8 (a)). Still a lack of fusion cannot be al@i at the edges of the last layer (Fig. 8 (b)).

T

upper layen

upper layer . lower layer '
: oxide : ~ lower layer
inclusions ; i N
100 um Sl - 100 pm

Fig. 8. Cross section of triple-layer Cr60Ni40 ¢ogs$ (etched), showing the overlap regions betvtaerayers.

3.4 Wear progression under cavitation

In Fig. 9 to Fig. 15, SEM pictures of samples’ agds after different intervals of cavitation tegtiare
presented in parallel in order to demonstrate thndifferences of the wear appearances. Aftemitbthe cast
and heat treated samples show outlines of graidsnan-metallic inclusions have been pulled out (Riga))
while the coatings present only very small voidatesl to fine oxide particles (Fig. 9 (b)).



EHT =20.00 kv Signal A=SE2  Date 225 May 2012
WD = 8.3mm Photo No.=480  Time 118:30:24

10 pm EHT = 20.00 kv Signal A=SE2  Date :26 May 2012
Mag= 1.20 KX [ WD =11.0mm Photo No. =480  Time :17:56:12

Fig. 9. Surface after 45 min of cavitation, (a)t@w heat treated state and (b) coating.

After 120 min, inter- and transgranular microcratdad to delaminations of up to about 50 um in sitte
over the worn surface of the cast and heat tresgtetples (Fig. 10 (a), Fig. 11 (a)). In additionstitadeformation
can be seen within the eutectic areas (Fig. 11 f) the coatings the two main constituents beceligitly
distinguishable and few pull-outs are visible (Fi@.(b)).

Mag= 100KX  EMT=2000kv SignalA=SE2  Signal = 05000 Mag= 100KX  EMT=2000kV SignalA=SEZ  Signal= 1.000
WO=70mm  Signal B = SE2 — WD=83mm  Signel B = SE2

Fig. 10. Surface after 120 min of cavitation, (@¥tcand heat treated state and (b) coating.
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Fig. 11. Surface after 120 min of cavitation ont@asl heat treated sample.
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Fig. 13. Surface after 180 min of cavitation oraat@nd heat treated sample, (b) showing a détél) .o

Delamination and plastic deformation proceed wilkizancing test duration. In the cast and heat tdestizte,
after 180 min cracks no longer prevail at the phasendaries, but are also visible within the Chrjghase

10



(Fig. 12 (a)). Still material removal is mainly light about within the eutectic areas (Fig. 13).iAdhe coatings
show less cracks and pull-outs (Fig. 12 (b)).

After 300 min it becomes visible, that for the cast heat treated samples both main phases, thetiewdnd
the Cr-rich constituent, have been affected bytatioh. Size and number of delaminations increasguificantly
(Fig. 14 (a)), while for the coatings it appearsdmminantly for one phase (Fig. 14 (b)). This tenyepersists
even after 540 min. While for the cast and heatté@ samples, the surfaces wear extensively, éocalatings one
phase endures. Even now it still shows polishingksidrom sample preparation (Fig. 15). This mosistant
phase could be identified by EDX by a Cr:Ni ratio8:37 as the Cr-rich constituent with internatdie-shaped
precipitates.

10 pm Mag= 400X EHT =2000kV Signal A= SE2 Signal = 1.000 10pm Mag= 500X EHT =2000kV Signal A= SE2 Signal = 1.000
| WD =110mm  Signal B = InLens i WD=86mm  Signal B = InLens

Fig. 14. Surface after 300 min of cavitation, (@¥tcand heat treated state and (b) coating.
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Fig. 15. Surface after 540 min of cavitation, (@¥tcand heat treated state and (b) coating.

The weight loss measured in between the intervhlsawitation testing is presented for two exemplary
samples in Fig. 16. No incubation time within tivstfminutes of testing was found, and up to 120 misteady
wear took place, similar for both types of samplesdlowing this the curves decline with the weiglpproaching
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the original value again. This increase in weighltswound on all samples and in a similar range hoth
magnitude of weight “gain” and time of testing, tigh slight differences were visible when shortaervals
where chosen for a cavitation test. A possible @axgtion for this behavior could be that water hatered fine
cracks and voids which formed in the first stage®ading, e.g. along phase boundaries (see Fig.lé&ding to
an increase in measured weight. It was not possib&iminate this effect by heating or evacuating samples
before weighing, which might be explained by a Bapi attraction of very fine cracks. With contimgi
cavitation the discontinuities on the surfaces bezdarger, disabling possible capillarity effeasd therefore
leading to a measurable weight loss again (se€elBig.Nevertheless, after 360 min of testing itdyees obvious,
that the wear rate of the coating is lower than tfidhe cast and heat treated one. Thus aftem#@Qhe coatings

wear by an average of 0.013 mg/min, while the aadtheat treated samples show a higher rate at @@Anin.

10
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Fig. 16. Progression of weight loss during cawtafior a cast and heat treated and a coating sample

4. Discussion

4.1 Evolution of the microstructure

As discussed earlier, the microstructure of ca0DNIi40 alloys is quite complex despite of the ratsienple
phase diagram. The dendritic microstructure comsi$ttwo areas, which obviously are mixtures ofedént
phases. One exhibits eutectic lamellae and the icla¢momposition was found to roughly match theeetit,
with a slightly increased Ni content. The seconé cantains approximately 60 wt-% Cr, which equalsghly
the composition of the Cr-rich bcc-crystal justdwelthe eutectic temperature (Fig. 1). The needégpst inner
structure found in these regions was describedl#) fs Ni-rich Widmannstatten precipitates, whiohni —
possibly via an intermediate hexagofigbhase [15] — during cooling with the decrease irsdubility, and are
assumed to be embedded in the remaining Cr-rigtl solution phase. The larger, Ni-rich precipitatekich are
also found within the Cr-rich regions, seem to htorened earlier than the finer Widmannstatten negdsince
they are more bulky in shape (Fig. 3 (d)), and reae®mposition similar to the one of the euteatigions. Even

though in EDX measurements some process-relatedtams in the quantitative results must be exphciteis
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clear that the cast material is not in a completélirium state. Since this material was indudfyiemanufactured

by centrifugal casting, an economically sensibleliog rate would have been chosen.

During the process of friction surfacing forgingnigeratures are reached. The color of the glowiaghfl
during the process is light yellow, pointing to f@matures above 1200°C (Fig. 2 (a)). Still, thet aaut is low,
compared to fusion welding, since the high tempeesis localized within the plasticized materialdaat the rod
tip [16], and rapid cooling by heat flow into theachine bed and the surroundings takes place. Ataime time, a
high degree of plastic deformation of the plas@dizmaterial takes place, promoting dissolution andeven

distribution of the alloy’s constituents, followeg recrystallization during cooling [17].

As a consequence of such severe plastic deformétitmwed by quenching, no eutectic lamellae hagerb
found in the coatings, but a phase with the Cradior of the eutectic (52:48), which was not attacky the
etchant (Fig. 5 (b), Fig. 6 (a)). Presumably tkisisupersaturated solid solution generated bgdhgion of the
eutectic phases during heating, while quenchingdaebreprecipitation. These findings are suppoligdlEM
investigations (Fig. 17). The solid solution shotvgins and dislocations, which points to some reaidu

deformation. Diffraction patterns confirm an augierfcc structure of the Ni-rich phase (Fig. 1%)(a

. 200 om
Fig. 17. TEM images of Cr60Ni40 coating, (a) sup&rsated solid solution, (b) Cr-rich grain.

The other grains appear similar to the Cr-rich ttuent in the cast material with needle-shapedipiates
of Widmannstatten type. From Fig. 3 (d) and FidhBi{ can be seen, that the precipitates are muen fvithin
the coatings, which can be attributed to the sepkastic deformation and high quenching rate. TH#b aeveals

the high volume fraction of fine precipitates withihe Cr-rich constituent (Fig. 17 (b)).
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4.2 Influence of the microstructure on wear progies

The damage on the surfaces of the cast and ha&tdreamples clearly starts at the phase bound@hesis
a mechanism found regularly on surfaces exposechtitation, and is due to the mechanical impactsses
caused by imploding cavitation bubbles. If two aéjat grains or phases have different strength actlity, the
strain will be larger in the weaker phase, leadmgtresses within the boundary [12, 18]. Withia #utectic the
fcc NiCr solid solution obviously is the weaker phaand protrudes in between the harder CrNi lamellae Cr-
rich constituent starts to show microcracks aftea 180 min while all constituents are wearinghatend of the

experiments at 600 min.

For the coatings the same mechanisms and sequenéeuad but to a much smaller extent and in aelarg
period of time. The supersaturated austenitic ssdidition is the phase being worn first, but in Heginning it
merely shows deformation or roughening. Remarkdelaminations are found after about 300 min. Aghim
Cr-rich constituents last longer and occasionatksaan be found only after 600 min. Most of thaseas still

show no marked appearances of cavitation.

In conclusion both main constituents perform betitithin the coatings. Wear proceeds faster forcthst and
heat treated samples by deformations within theatiat grains, leading to large delaminations. Etleugh the
eutectic phases with a higher Ni content are kndwrbe the more ductile and weaker constituent ef th
microstructure [14] the higher wear resistancehed tonstituent within the coatings might be exmdai by two
features. A first explanation is the higher stréngt the austenitic phase as a consequence ofsaipeation and
a second the missing of the lamellar harder CrNidssolution and, therefore, the absence of inteptase
boundaries. Even though a higher number of phageaim boundaries may lead to an increased amdunitial
cracks, in some materials the same phases maglaisalown crack propagation. This can take placarbgsting
cracks and shortening crack lengths between ceptaases, as found in high-strength, brittle maleriar by
deflecting cracks around phases [19]. Still, far #utectic phase in the cast and heat treated @6&iloy, this
seems not to be the case.

For the Cr-rich constituent the better wear behaefdhe coatings can be attributed to the mucérfmeedle-
shaped precipitates compared to the cast and resed state. It has been found in other studiat ghain
refinement alone can lead to an improved wear teexie against cavitation erosion [12, 18pwever, the
internal structure of these constituents is ndyfuhderstood yet, and proof of the different plsageesent as well
as their mechanical properties still needs to estigated. Further characteristics of this compigsrostructure,

e.g. possible precipitation hardening by orderéerimetallic phases might also contribute to therveedavior.
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5. Conclusions

Void free single and multiple overlapping coatirfigem Cr60Ni40 alloy were generated onto Nimonic 80A
substrate by friction surfacing.

The coatings show a microstructure basically simita the cast and heat treated state, with two main
constituents, one with about 60 wt-% Cr and ondalout the eutectic composition, as well as sphkrion-
metallic inclusions which are not affected by theqess

While in the cast and heat treated state one toestishows a lamellar eutectic consisting of astemitic
Ni-rich fcc and a Cr-rich bcc phase, within the tirogs it depicts a supersaturated solid solutiotiin&n austenitic
lattice.

The other main constituent containing 60 wt-% Cassumed to be a Cr-rich solid solution with needle
shaped Ni-rich precipitates of Widmannstétten tylfeese are much finer in the coatings than in #s and heat
treated state.

The coatings show a significantly better wear tasise against cavitation, with wear rates beinguaboe
third of the ones of the cast and heat treatedmaate

Improved wear resistance of the coatings is dubdaaefinement of the needle-shaped structurearCifirich
constituent and the absence of eutectic lamellabdnone with the eutectic composition. The lakdads to an
increased strength by solid solution hardeningthedabsence of additional phase boundaries. Tli®dses the

number of possible voids to be attacked duringtaion.
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