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The addition of both elements (Cr and Ni) and carbides (SiC and WC) during laser surface
alloying under different processing speeds produced surfaces with both enhanced
hardness wear resistance and corrosion properties compared to the base AlSI 4340 steel
material. These effects were due to the evolution of unique microstructures within the
laser-processed region, which includes austenite, ferrite, martensite, Fe- and Si-based
carbides and the retention of the original carbides (SiC and WC) in various combinations.
The chromium and nickel stabilized the austenite and ferrite but reduced the formation of
martensite that is useful to increase the hardness and prevent cracking. Also, the substantial
dissociation of the original carbides (SIC and WC) into elemental silicon and tungsten
supplemented the stabilization of ferrite and reduction in the hardness. The presence of the
undissociated carbides and some martensite formation provided substantial increases in
the microhardness. The improvement of both the mechanical properties and corrosion
resistance might be self-exclusive due to the reduction of the carbides and the subsequent
inability of the matrix to prevent cracking. © 1999 Kluwer Academic Publishers

1. Introduction cal properties. The promise of such a combination of
The extensive variety of materials now available pro-properties has made the idea of laser surface alloying
vide the engineer with the freedom to select those withvery interesting and generated significant research in
adequate, if not superlative, properties. But just as th¢he previous decade. Unfortunately, while the concept
variety of materials has expanded, so has the multiof laser surface alloying is straightforward, the practice
tude of applications, once again pushing the limits ofis fraught with complications due largely to the myr-
the available materials and challenging the materialsad responses of the base material to both the alloying
scientist. One complication, which is becoming moreelements and the energy input. Both equilibrium and
obvious as facilities and components age, is surfacaon-equilibrium phases can occur [5, 6], depending on
degradation by corrosion and wear. This is true in para variety of processing parameters among which are
ticular for many metallic alloys, and when such ma-percentage of alloying element addition, energy input
terials are placed in a hostile environment, extensiveind meltlayer depth. As aresult, the success of the tech-
degradation can result with its associated problems. Farology is strongly dependent upon the understanding
large-scale structures, this means a very difficult deciand control of these parameters.
sion and trade-off between base mechanical properties The addition of chromium and nickel to iron base
and surface properties. alloys is generally known to improve corrosion resis-
Among the many solutions proposed for surface protance and so has been utilized in laser surface alloying
tection is laser surface alloying [1-4], a techniqueas a means of producing a corrosion-resistant surface
whereby the high energy of a laser is used to introducen a less resistant substrate alloy. During the laesr sur-
additional elements to a thin surface layer, producingace alloying process, the intense energ§(2@cnr)
a new alloy. In order to cover large surfaces, the laseof the laser melts a thin (10—-10@0n) surface region
beam is displaced by a distance (the index) to create af the substrate, enabling the addition of elements such
series of overlapping melt pools or tracks. This is showras chromium and nickel through means of powder in-
schematically in Fig. 1, which also shows the precursoiection or a slurry mix. Once resolidified, the resultis a
containing the alloying elements on the surface of thebase material with its original properties but protected
substrate and a cross-section of the tracks. During thky a surface that is corrosion resistant. Alloying ad-
laser surfacing process, the laser melts the substrate aditions and original alloy constituents dictate the final
alloys the precursor elements into the melt pool form-composition while laser processing parameters such as
ing the surface alloy. This new surface then protects thénput power and dwell time dictate the equilibrium and
base material, which maintains its desirable mechaninon-equilibrium phase formation.
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Figure 1 A schematic of the laser surfacing process.

Numerous examples exist of surface alloying to ob-the WC had not dissolved, it contributed to both the
tain corrosion resistance, one such [7] involved feedhardness and wear resistance. When SiC was added to
ing chromium and nickel powder into the melted re- Incoloy 800H [11], the hardness of the surface modi-
gion of 1016 steel to obtain surface compositions rangfied layer also showed an increase after treatment. In
ing from 22.1wt% Cr/17.2wt% Ni to 37.6wt% Cr/ this case the carbide was found to have dissociated dur-
21.8wt% Ni. There were no cracks on the processeihg melting with the resultant precipitation of 1@
surface, and corrosion tests results implied that the santarbides.
ples were mechanically and metallurgically sound. Af- The primary objective of this study was to exam-
ter spontaneously passivating in 3.5 NaCl solution, thene the combined effects of the addition of chromium,
laser alloyed surfaces had a current density about theickel and carbides on the properties of a laser pro-
same or lessthanthat of 304 stainless steel. Inthis exancessed surface. As discussed above, the addition of
ple, as well as others [5], there was evidence of chrothe elements chromium and nickel enhance corrosion
mium rich precipitates as well as chromium carbides. resistance, particularly when the chromium exceeds

Another study [8] in which chromium and nickel 12wt %, makingthem desirable additions to the surface
were placed on the surface in a slurry and alloyed intaf a steel material. They also dictate predictable phase
1010 and A36 steel showed that corrosion protectiorchanges, with chromium being a ferrite former and
could be obtained while producing a variety of steelnickel an austenite former, therefore, reducing the hard-
phases by varying the composition with the processingning due to martensitic transformation. These phase
parameters. The phases present were predicted froaiterations can produce a significant secondary effect
the Schaeffler diagram [9] using compositional anal-n the surface alloy by reversing the residual stresses
ysis of the layers and the overall hardness was thefrom the compressive stresses expected in a marten-
predictable using weighted hardness values for the insitic surface to the tensile stresses in an austenite sur-
dividual phases. Wear results were explained based dace [12, 13]. The carbides, on the other hand, increase
the phase percentages. the hardness and wear resistance, but their chemistry

Further examples exist in which carbides of tungstermust be considered during processing since their de-
and silicon have been laser surface infiltrated with steelsomposition can alter the steel phases by supplying ei-
to produce greater hardness and wear resistance. Whérer carbon, which is an austenite former, the individual
tungsten carbide was incorporated by powder injectiorelements of tungsten and silicon, which are ferrite for-
with a low (0.14—0.19 wt %) carbon steel [10], disso- mers, or new carbides. The dissociation of the carbide
lution and reprecipitation of the particles occurred atadditives is a strong possibility during laser processing
high intensities (greater thanx2 10* W/cn?) accom-  with its intense energy density. For example, although
panied by significant cracking and porosity. When theWC is chemically rather stable, it decomposes into its
powder injection and associated carbide content wasomponents above 260CQ [14], a temperature well
kept very low, then the cracking and porosity were re-within the regime of laser surface processing. This po-
duced, and the hardening occurred through martensititential dissociation generates the secondary objective
transformation enhanced by carbon enrichment fronof this study which is to determine if the surface alloy
the carbide. At very high powder injection rates, theproperties can be predicted using the Shaeffler diagram
cracking and porosity were again reduced, but sincend hardness values for the phases and carbides.
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TABLE | Composition (wt %) of Alloy 4340 Other properties of interest were ascertained by cor-
rosion testing in a Q-Fog chamber (ph 6.5-7.2, 5wt %
NaCl, 35°C, 100% relative humidity) for 24 h and
4340 0.38-0.43 0.6-0.8 0.2-0.35 1.65-2 0.7-0.9 0.2-0.3wo0 sets of wear testing (block-on-disc apparatus at
1000 rpm (280 m/min) and 4 Ibs. normal weight) to de-

. termine weight loss/minute and friction coefficient after
2. Experimental procedure 2 10 and 20 min.

Steel coupons of 4340 steel (6 by 76 by 154 mm) were

used as substrates for these experiments. The compo-

sition is given in Table I. The 4340 steel was selected

for this study because it is generally the standard td. Results and discussion

which other ultrahigh strength steels are compared ané compilation of the characterization results is given in

combines hardenability with ductility, toughness andTables Il and Il (average values). The samples (A, B,

strength. In addition, it has good strength at elevatedC, and D) are presented in order of increased processing

temperatures and is readily heat-treatable. speed. Comparison data for 4340 processed (E) and as-
The large surfaces of the substrates were sandblasteeceived (F) is also given.

and then coated with a slurry comprised of chromium

(44 wt %), nickel (22wt%), silicon carbide (3wt %)

and tungsten carbide (8 wt %) powder, varnish and min-

eral spirits. Once the slurry had dried at room tem-4'”1' fStrL:rface alnd crfoss—Sﬁc’élon analy_zls f
perature, processing was accomplished in air with of the sample surtaces had some evidence of sur-

CW 3kW Hobart Nd: YAG laser at an overlap in- ace micro-cracking (see Fig. 2) indicative of residual

dex of 2.5mm at 2000W and 1000, 1500, 2250 anos”lfsses-th tional analvsis of th
3000 mm/min. This varied the interaction time for each ' /oM t'e ave_rragl])elz clcl)mp_:)3| |onab anayS|sthot the
set. For baseline purposes, an uncoated sample of 434{PSS-Sections (Table 1), it can be seen that the

: . chromium and carbide contents vary inversely to the
2000W 1 . .
was processed using 2000 W and 1500 mm/min depth of the layers. The nickel content, however, re-

mains at 2%, which is around the limit of accuracy
of the analysis technique. The cracking increased in

Sub th ina. th | ¢ severity from Set A to D (Table 111'), with D containing
ubsequent 1o processing, th€ sample surtaces Were g, highest amount of inclusion induced fracture sites.

amined optically for signs of cracking. Each was thenSet A had relatively little cracking which occurred pri-

Clljt mtohpleces folr ntwo(;ef exter}sze anal)éss. tOﬂe Sams arily at the midpoint of the beam track. Sets C and D
pie each was Selected for polishing and metallurgical,, 4 aytensive cracking exhibiting extremely brittle fail-

analysis. This consisted of mounting and then polishinqJre and penetrating the depth of the processed region.

on emery papers up to 600 grit and then with 24 There was some porosity in the samples generally asso-

dla}mho?r? pastlf.. Tthe]}’ we;e eéch?;i with Nital to dt|st|n— iated with agglomerates of the carbides and indicating
guish the melt interface for depth measurements an complete precursor mixing.

with a mixture of methanol and aqua regia to view
the microstructure within the layer. Knoops microhard-
ness measurements (500 gms @ 15 s) were taken within
the layer, the heat affected zone and the base materigl2. Microstructural analysis

in 20um increments using an automated microhard4n order to examine the relative roles of phases and
ness tester. The presence of cracking within the surfacearbides in contributing to the mechanical properties,
layer was noted. Energy dispersive spectroscopy (EDShe chromium and nickel equivalents were determined
(standardless, background removed) analysis was useging the averaged wieght percents of chromium and
for determination of the chromium, nickel, silicon and nickel in the processed region, along with a calculated
tungsten content. Using a second set of samples, furthealue of the amount of carbon present (assuming di-
analysis was conducted with X-ray diffraction (Ky,  lution from alloying). Following that, the percentage
1.54A wavelength radiation), first on the as-processedf the martensite, austenite and ferrite phases in each
surface, then on the same with 106 of the surface sample were estimated from the Schaeffler diagram [9]

Alloy C Mn Si Ni Cr Mo

3. Specimen preparation and material
characterization

removed. and are given in Table .
TABLE 11
Average composition (rem Fe)
Average
Speed Layer depth hardness Cr Ni Si(C) W(C) Total carbides Carbide/iron/silicon
Set (mm/min) fem) (Knoops) wt % wt % wt % wt % (Wt %) phase & 4)
A 1000 462 576+ 64 10.2 2 7.5 4.2 11.7 (Least) 1
B 1500 315 634t 59 12.4 2 8.7 5.2 13.9 2
C 2250 231 644t 97 13.3 2 9.1 6.3 15.4 3
D 3000 246 74% 161 17.9 2 12.2 8.4 20.6 (Most) 4
E(4340P) 1500 590 0.8 1.8 0 0 0
F(4340) 270
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TABLE 111

Predicted Schaeffler phases

Martensite Ferrite Austenite
Set Cracking severity (+4) Crack location vol % vol % vol % Observed phases
A Least (1) Overlap 91 0 9 Austenite/ferrite
B 2 Mid track 68 0 32 Austenite/ferrite
C 3 Both 60 0 40 Austenite/ferrite
D Most (4) Both/chunks 10 4 86 Austenite/ferrite
E 100 0 0 Martensite/ferrite

(a)

(b)

Figure 2 Surface cracking after processing at 2000 W and (a) 1000 mm/min, sample A and (b) 2250 mm/min, sample C.
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CLA Sample RDY440-2, Scan: 10.0-150.0/0.02, Dwell=1{sec), Anode=CU(40 kV, 45 mA), 10-31-87@08:19
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Figure 3 X-ray diffraction scan of surface of sample A.

Observations using standard microscopy and threaere removed, the remaining layers all strongly indi-
different etchants (Nital, Kallings | and Kallings Il) cated the presence of a carbon-iron-silicon (12, 79, 9
showed that contrary to what was expected from thet %) phase suggesting a dissociation of the incorpo-
Schaeffler predictions, sample A contained significantated silicon carbide and a non-stoichiometric compo-
austenite indicating a shift toward higher carbon, whilesition of Si-C compound. The degree of occurrence of
the remaining samples had noticeable ferrite contenthis newly formed carbide is given in Table 1l and indi-
indicating the predictions using the Schaeffler diagrantates the possibility that some elemental silicon, which
should be shifted toward higher chromium equiva-is a ferrite former, was present in the alloyed layer.
lents and therefore more ferrite. While the SchaefflerSince both silicon and tungsten are soluble in iron up
diagram takes into account the contribution of theto around five and six weight percent, it wasn't possible
chromium additive to the ferrite formation and nickel to distinguish their presence in dissociated form other
to the austenite formation, it was unable to include thehan by their influence on the phase formation.
individual silicon, tungsten and dissociated carbon con-
tributions, since the extent of their presence due to dis-
sociation of the carbides was unknown. Itis helpful as4.3. Mechanical property analysis
an indicator however by showing that the individual el- As seen in Table II, the average microhardness varies
ements will drive the phases towards a combination ofnversely with the layer depth. The standard deviation
austenite and ferrite. is also given, so an appreciation can be gained for the

The application of X-ray diffraction for quantitative extent of inhomogeneity within the sets, which is also
phase determination was hampered, since diffractegbflected in the microhardness maps shown in Fig. 4.
intensities from all four sets were low as a result of(Note that light regions indicate high hardness.) Fig. 5
surface roughness and curvature. A scan for Set A ishows sample C before and after microhardness test-
givenin Fig. 3 and demonstrates the significant austenng and the significant cracking which occurred as a
ite present. X-ray scans of the remaining samples alsgesult of the testing process. This effect did not occur
showed both austenite and ferrite phases. The relatiia samples A and B but pre-dominated in sample D to
strength and the leftward shift of the austenite peakshe extent that a surface map was not possible. An esti-
suggest that these have high chromium content. Indicanate of cracking severity and location is also given in
tions of any remaining un-dissociated SiC and WC wereTable |1l and substantiates the microhardness data, in
very weak but sample D evidenced a large amount ofhat severity increases from sample A to D. The regions
SiC-5H. In addition, when the surfaces of the samplesf lower hardness (dark) are primarily in the midtrack
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Figure 4 Microhardness maps of samples (a) A, (b) B, and (c) C, showing the cross-section depth perpendicular to thezsurfaisethe surface).

or overlap areas which also are the locations wheréess than the base. The friction coefficients as a function
cracking occurs. oftime are given in Fig. 8, and the relationship between

A plot of average microhardness vs. the total siliconfriction coefficient (at 20 min) and the carbide content
plus tungsten percent (Fig. 6) reveals a linear relationef the samples is given in Fig. 9.

ship which when curve-fit yields the following: The worn surfaces were further subjected to topo-
graphic observations using SEM (Figs 10-13) and X-
Microhardness= 373+ 17.9 (wt % carbides) ray diffraction analysis (Figs 14—17). The X-ray diffrac-

tion analysis was conducted to identify the evolution of

Using this relationship between hardness and weighhew phases during the wear process. Such new phases,
percent silicon plus tungsten, the hardness of the silalong with the prior-to-wear matrix phases in the laser-
icon plus tungsten additives can be calculated to balloyed region, are expected to influence wear behavior.
2100 Knoops, an acceptable value for carbides based Sample A has a large amount of martensite
on the literature [15]. The matrix material (zerowsi), (91 vol %) in addition to austenite (9 vol %) as matrix.
however, has a Knoops hardness of significantly loweiThe martensite is a very hard and brittle phase which
than the hardness of sample E, the processed matrprovides high hardness-R. 50-55) to the alloyed re-
material with no alloying addition. Sample E’s value gion. Furthermore, the sample also contains a disper-
of 590 Knoops is in keeping with predictions for trans- sion of a large amount of carbides (SIGNC) (11.7
formed 4340 with approximately 100% martensite. All wt %). The hard carbides{R. 60) and the hard phase
of this suggests that the microhardness is essentially irnartensite together tend to sustain very high wear
dependent of the matrix phase percentages and is dorteads/forces. As both the hard phase (martensite) and
inated by the carbide additions whether they remairhard carbide (SiG- WC) particles are surrounded by
the original carbides or not. This is not to say that thethe relatively softer/ductile austenite phase, excessive
phases are insignificant with regard to other propertiesnvear loads/forcesx{yield of the carbides and marten-
For example, the severity of cracking is greatest whersite) are dissipated and/or accommodated by plastic de-
there is the least predicted martensite. formation of the austenite matrix. Such deformation of

Wear test results are given in Fig. 7, which gives thethe material is a mixed mode of the types, mostly attri-
grams lost per minute over a ten minute period for thetion and a little plowing, thereby providing maximum
base 4340(F), as well as the processed 4340(E) andaterial losses during the wear (Fig. 7). Fig. 10 for sam-
the sample surfaces. In two of the samples (A and D)ple A is indicative of such attrition dominated mixed
the addition of chromium, nickel and the carbides in-mode wear mechanism. The debris due to fracture of
creased the wear over the processed and unprocesserttle phase is sometimes buried within cohesive film
base material. In samples B and C the wear was slightljormed by the plastically deformed soft phase matrix.
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Surface after indenting

Surface before indenting

Figure 5 Cross-section views of sample C showing the extent of cracking which occurred during microhardness testing.

The matrix of samples B and C consists of a mixturewear forces by undergoing extensive plastic deforma-
of moderate amount of martensite (68 vol% and 6Qtion. This evenly mixed type (attritiof plowing) wear
vol %, respectively) and austenite phase (32 vol % andnechanism provides the optimum conditions under
40 vol %, respectively) that is infiltrated with the mod- which the least loss of material occurs (Fig. 7). Figs 11
erate amount (13.9 wt % and 15.4 wt %, respectively) ofand 12 for samples B and C, respectively, illustrate sur-
the mixture of carbides (Si€ WC). Such a combina- faces produced during such a mixed type wear.
tion provides a large enough volume of hard material Sample D has an austenite (86 vol %) matrix which
(hard phase and/or carbide particles) to sustain equad infiltrated with the largest content (20.6 wt %) of
wear forces, along with the soft matrix such as austenthe mixture of carbide particles (SEEWC). Such a
ite (~R. 25-30) that tends to easily accommodatecombination tends to provide on average high hardness
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Figure 7 Wear slopes of processed and unprocessed 4340 samples (block-on-disc apparatus at 280 m/min and 4 Ibs normal weight).

(741 Knoops) to the laser treated region. In general, andication of material loss or separation as loose de-
hard surface such as this is expected to withstand vergris from the surface during wear. In view of this,
high wear forces. However, the regions (pockets) conFig. 8 illustrates the behavior of the coefficient of
taining a high concentration of carbides fracture dudtriction over a period of 20 min of dry sliding wear
to wear forces. The fractured carbides in a ductile matesting. The break-in period during which asperi-
trix of austenite come loose further to involve them inties deform to provide large contact surface area for
attrition wear. Due to such selective attritive wear, theelastic/plastic deformation under equilibrium thermo-
average wear losses are moderate (Fig. 7). Fig. 13a iechanical conditions is in the range of 120—-400 s.
lustrates two locations of brittle fracture due to attrition The constant values of coefficient of friction for sample
wear in sample D. Figs 13b and 13c are high magniB (1 = 7.4) and sample Ci¢ = 8.2) lie between those
fication views of those two fractured locations from for sample D (« = 8.5) and sample A = 6.8). Since
Fig. 13a showing intragranular cracks and faceted fracsample A microstructure probably contains martensite,
tured surfaces. along with carbides (11.7 wt %), and since both phases
As the coefficient of friction is a direct function are hardand brittle, sample A's surface does notundergo
of the work done to deform (elastically and/or plasti- large elastic/plastic deformation. Instead, it experiences
cally) the surface material, it is not necessarily a direcimaterial loss by catastrophic failure; therefore, the work
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expended during the wear and the constant coefficierih the wear of the surfaces either in an adverse or bene-

of friction remain lowest compared to other samplesficial manner. All spectra contained only the peaks cor-

(Fig. 13). Onthe contrary, sample D, even though it contesponding to the original components (phases and par-

tains the largest amount of carbides, also contains thticles) of the samples. It appeared that no new species

largest amount of austenite phase (86 vol %). Austenitevere formed during wear.

is a very ductile phase which undergoes large deforma-

tion prior to its failure at (separation from) the surface

which involves a large amount of work to be expended,

thereby giving the highest value of the coefficient of4.4. Additional tests

friction (Fig. 13). Samples B and C, due to the presencéNone of the processed samples exhibited corrosion as

of a combination of intermediate amounts of phasesa result of the fog chamber environment. This was ex-

possess intermediate values of coefficient of frictionpected for samples, B, C and D, since in all cases they

(Fig. 8). contained more than 12 wt % chromium, although sam-
Attempts were made using X-ray diffractometry to ple A had marginal chromium for protection. Based on

find out if any by-product is produced during the wear X-ray diffraction results, it is possible that either mag-

of these surfaces, since by-products tend to participateetite or chromite appeared, but not rust.
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Figure 10 SEM micrographs of the sample A after it was subjected to dry sliding wear. Figures (b) and (c) are medium and high magnification views
of the region in Figure (a).

Figure 11 SEM micrographs of the sample B after it was subjected to dry sliding wear. Figures (b) and (c) are medium and high magnification views
of the region in Figure (a).
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Figure 12 SEM micrographs of the sample C after it was subjected to dry sliding wear. Figures (b) and (c) are medium and high magnification views
of the region in Figure (a).

Figure 13 SEM micrographs of the sample D after it was subjected to dry sliding wear. Figures (b) and (c) are medium and high magnification views
of the region in Figure (a).
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Figure 14 X-ray diffraction spectrum of worn surface of sample A.
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Figure 15 X-ray diffraction spectrum of worn surface of sample B.
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5. Conclusions must be considered when attempting to predict and con-
The addition of both elements (Cr and Ni) and carbidedrol the processed regions.
(SiC and WC) during laser surface alloying produced
competing effects in the processed layer which were not
predictable using the Schaeffler diagram and pmpertieﬁeferences
of the_ respective phases e_md carbides. 'I_'he chromlunl 0. V. AKGUN ando. T.
and nickel altered the matrix alloy properties, reducing  30(1995) 1605.
the formation of hard martensite and encouraging the2. . L. GoswAMI, D. KUMAR, A. L. PAPPACHAN,
formation of softer austenite and ferritic phases, thus A K. GROVERandK. SRIDHAR, Journal of Laser Appli-
reducing the overall hardness of the processed matrix_ C2tions? (1995) 153.

. . . 3. K. STRIDHAR,A. S. KHANNA,A. GASSERandM. B.
alloy, while the carbides increased the hardness. On the DESHMUKH, Lasers in Engineering (1996) 107.
other hand, the corrosion resistance was improved, A3, L. RENAUD,B. CHABAUD,F. FONQUET,H. MAZILLE
was the wear resistance in two of the sets. andJ. L. CROLET, Key Engineering Material46 and47 (1990)

The carbide additions dominated the microhardness 305 _
by providing an effective hardness of 2100 Knoops per > 2&5&5?&59{)?5 4";”‘“' MUKHERJE, Journal of Materials
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